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Preface

This monograph is devoted to the electrochemistry of metal chalcogenides, a group
of chemical compounds which possess very interesting properties for applications
in various areas, e.g., electronics and optics, ion-sensitive electrodes, solar energy
harvesting, fuel cells, catalysis, and passivation. The role which electrochemistry
plays in studies of metal chalcogenides is twofold: on one side it is a synthesis tool
and on the other side it can be utilized for the characterization and analysis of these
compounds. It is thus a basic requirement that the fundamentals of electrochemical
thermodynamics and kinetics of these systems are thoroughly studied and docu-
mented. The author Mirtat Bouroushian from the National Technical University of
Athens must be given full credit for presenting the first book completely devoted
to the electrochemistry of metal chalcogenides, a research topic to which he has
made numerous own contributions. This monograph gives a well-balanced descrip-
tion of the properties of chalcogens and their major chemical compounds together
with the state-of-the-art electrochemical synthesis of various metal chalcogenide
phases and their characterization, as well as an account of the wide range of appli-
cations. Everybody who works with metal chalcogenides, and of course especially
anybody dealing with the electrochemistry of these compounds, will find this mono-
graph a very rich source of carefully and critically compiled information. I am sure
that industrial electrochemists and researchers in institutes and universities as well
as graduate students of material science, physics, electronics, and chemistry will
highly appreciate to have this monograph at hands during their daily work.

January 2010 Fritz Scholz
Editor of the series Monographs in Electrochemistry
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Introduction

Metal chalcogenide (MCh) materials range from common oxides and sulfides,
selenides, and tellurides, to complex compound or solid solution systems contain-
ing different metal or chalcogen elements in various oxidation states and varying
proportions. Owing to their wide spectrum of properties, these materials relate to a
large variety of existing and potential applications in electronics, optics, magnetics,
solar energy conversion, catalysis, passivation, ion sensing, batteries, and fuel cells.

The present monograph aims for a systematic presentation of metal chalco-
genides and the electrochemical material science relevant to this family of com-
pounds. More than an introduction and less than a handbook, it is an attempt to
give a comprehensive coverage of achievements, complications, and prospects in
this area.

This book regards in particular the systems relevant to the sulfur sub-group ele-
ments, i.e., sulfur, selenium, and tellurium. The reasons for this approach are fairly
obvious. The metal compounds of the heavier congeners of oxygen, especially those
of selenium and tellurium, are notably less known and not systematically stud-
ied compared to the corresponding oxides (and also to other inorganic compounds
like halogenides). Thus, the need arises to fill this gap, which, aside from the nor-
mal pace, is stimulated further by the unprecedented advancements that have been
encountered in the chemistry and technology of these materials in the last decades.
Adoption of this approach appears to be reasonable also in view of the immense
breadth of the surveyed field and its multidisciplinary character: the common binary
MCh compounds alone, excluding the oxides as well as the compounds of actinides
and lanthanides, are more than a hundred, and it is rather difficult to contemplate
the number of multielement combinations.

The role of electrochemistry in synthesis, development, and characterization
of the MCh materials and related devices is vital and of increasing importance,
although it remains uncharted as to its content and borders. Electrochemistry as a
preparation tool offers the advantages of soft chemistry to access bulk, thin film,
and epitaxial growth of a wide range of alloys and compounds, while as a char-
acterization tool provides exceptional assistance in specifying the physicochemical
properties of materials. Moreover, quite important applications and modern devices
base their operation on electrochemical principles. Thereupon, our scope in the first
place was to organize existing facts on the electrochemistry of metal chalcogenides

xi



xii Introduction

regarding their synthesis, properties, and applications. In parallel, we hope to pro-
vide an outlook of the field that opens up for the electrochemist or material scientist
to explore, considering that not only have a lot of technologically interesting MChs
not yet been the object of electrochemical investigation, but also numerous systems
are completely unknown from this point of view.

This book is designed as follows: The fundamentals of chalcogen chemistry and
their compounds are presented in the first chapter where also a brief, though sys-
tematic, description is attempted of the metal chalcogenide solids on the basis of the
Periodic Table, in terms of their structure and key properties. A general discussion
on the electrochemistry of the chalcogens is the subject of the second chapter, where
the basic equilibrium data are also provided for the aqueous chalcogen systems.
Available facts and inferences regarding conventional films and novel structures of
MChs prepared via the electrochemical route are illustrated in Chaps. 3 and 4, fol-
lowing an introduction to the principles underlying the electrochemical formation
of inorganic compounds and alloys, along with an outline of relevant preparation
procedures. Insights into the fundamentals of photoelectrochemistry and research
results sorted either from a material-oriented point of view or by the aspect of
important light-induced processes constitute the subject matter of Chap. 5. Finally,
topics on catalysis, mainly related to fuel cells, intercalation electrodes, batteries,
and ion-sensing applications are introduced and discussed in Chap. 6.

For realizing this monograph, I am deeply indebted to the Editor, Professor Fritz
Scholz who first suggested the idea and vigorously sustained the project in every
way with great enthusiasm. I also thank Dr. T. Kosanovic (NTUA) and greatly
acknowledge her contribution to data collection and figure editing. Finally, special
thanks are due to D. Vasilakopoulos (NTUA) for his continual support.

Mirtat Bouroushian



Chapter 1
Chalcogens and Metal Chalcogenides

1.1 The Chalcogens

It is common that the three heaviest elements of the sulfur sub-group, namely sele-
nium, tellurium, and polonium, be collectively referred to as the “chalcogens,” and
the term chalcogen be addressed only for these elements – in practice, only for the
chemically and technologically important selenium and tellurium; however, accord-
ing to the official guides to inorganic nomenclature, the term applies equally to all
the elements in Group 16 of the Periodic Table, thus being proper also for oxy-
gen and sulfur. On the other hand, several textbooks imply that oxygen is excluded
from the chalcogens, this probably being the consequence of having discussed the
chemistry of oxygen in a separate chapter [1].

The term “chalcogen” was proposed around 1930 by Werner Fischer (Fig. 1.1),
when he worked in the group of Wilhelm Biltz at the University of Hannover,
to denote the elements of Group 16 [2]. It was quickly accepted among German
chemists, and it was Heinrich Remy who recommended its official use in 1938 while
being a member of the Committee of the International Union of Chemistry (later
IUPAC) for the Reform of the Nomenclature of Inorganic Chemistry. Following
this, it was internationally accepted that the elements oxygen, sulfur, selenium, and
tellurium will be called chalcogens and their compounds chalcogenides. The term
derives from the Greek terms χαλκ óς meaning copper and γ εννώ meaning giv-
ing birth, and it was meant in the sense of “ore-forming element” (cf. “hydrogen”
similarly originating from ύδωρ meaning water; also “oxygen”, etc.).

As a matter of fact, this book is concerned with sulfur, selenium, and tellurium as
components of compound or solid solution systems in which metallic or semimetal-
lic elements, whatsoever, participate as well. In particular, it is focused on the
electrochemistry of the inorganic compounds of sulfur, selenium, and tellurium with
metals and semimetals, which collectively may be termed as metal chalcogenide
(MCh) systems.

1M. Bouroushian, Electrochemistry of Metal Chalcogenides, Monographs
in Electrochemistry, DOI 10.1007/978-3-642-03967-6_1,
C© Springer-Verlag Berlin Heidelberg 2010



2 1 Chalcogens and Metal Chalcogenides

Fig. 1.1 The German
inorganic chemist Werner
Fischer (August 21, 1902,
Elberfeld–August 16, 2001,
Freiburg im Breisgau)
introduced the term
“chalcogen” [Courtesy of
Gesellschaft Deutscher
Chemiker, and photo atelier
Binz (Mannheim)]

1.1.1 History and Occurrence

Sulfur has been known from prehistoric years, and its name conveys a certain meta-
physical value due to the natural presence of the element in regions of volcanic
activity and its burning properties. Probably no other element, with the excep-
tion of gold, has received such mystical quality. Sulfur was assumed to represent
heat, one of the three elementary principles in which matter could be resolved,
the other two being solidity and liquidity, identified, respectively, with salt and
mercury. The old name of the element was brimstone (brennstein, “the stone that
burns”), and alchemists used the name sulfur to designate all combustible sub-
stances. “Brimstone” sulfur has been central to their efforts to transmute lead to
gold by transferring the yellow color of sulfur into the base metal. Sulfur was also
associated with the phlogiston theory of combustion introduced by Georg Stahl
(1660–1734). This theory proposed that the more phlogiston an object contained, the
more easily it burned. On being burned, the object lost its phlogiston and became
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a new substance incapable of being burned further. Inasmuch as sulfur could be
burned with almost no residue, it was thought to be essentially pure phlogiston.
By the end of the eighteenth century, Davy described sulfur as a resinous material
which contained hydrogen and oxygen as essential ingredients. Gay-Lussac firmly
established its elementary nature in 1809.

Selenium was discovered in 1817 by J. J. Berzelius (1779–1848) and J. G. Gahn
(1745–1818) in the sediment taken from the lead chamber of a sulfuric acid plant in
Gripsholm, Sweden. Its name was derived from the Greek word σελήνη (selene),
for moon, because of its chemical similarity to tellurium-earth.

Tellurium was the first of the three elements S, Se, and Te to be recognized
as an element. F. J. Müller von Reichenstein (ca. 1740–1825) extracted it from a
Transylvanian ore and identified it as a new “metal” in 1782, while M. H. Klaproth
(1743–1817) isolated it in 1798 and named it from the Latin tellus, meaning earth.

Sulfur exists widely in the Earth both as the free element and in a variety of
combined forms (mainly sulfides and sulfates). It ranks 16th in order of abundance
among the elements, making up about 0.05% of the Earth’s crust, while its total
contribution, both free and combined, to crystal rock is 340 ppm; this is only about
one-third the value listed for phosphorus (1,120 ppm), but it is nearly twice the value
for carbon (180 ppm). Note in comparison that oxygen is the most abundant of all
the elements (49.4% of the Earth’s crust and 23% by weight of the atmosphere).
Sulfur occurs in numerous sulfide ores of metals, including those of iron, zinc, lead,
and copper, as well as in the form of various sulfates such as gypsum and anhydrite
(CaSO4) and alums (Table 1.1). The most economically important deposits of the
element are associated with gypsum and limestone sedimentary rock formations,
while limited amounts are found in volcanic regions. Sulfur is quite reactive and
combines directly with most other elements at elevated temperatures. It does not
combine directly with certain non-metals (iodine, tellurium, nitrogen, noble gases)
or noble metals (iridium, platinum, gold). Organosulfur compounds are found in
petroleum and coal. Sulfur is an essential element for life and is found in two amino
acids, cysteine and methionine. It is important for the tertiary structure of proteins
through S–S links. It is involved in vitamins, fat metabolism, and detoxification
processes.

Table 1.1 Some minerals of the chalcogens

The most important minerals of sulfur The most abundant minerals of selenium and tellurium

Sulfides of lead (galena PbS),
molybdenum (molybdenite MoS2),
iron (pyrite FeS2), zinc (sphalerite
ZnS), and mercury (cinnabar HgS)

Selenides of lead (Pb), copper (Cu), silver (Ag),
mercury (Hg), and nickel (Ni), e.g., clausthalite
PbSe; crookesite (Cu,Tl,Ag)2Se; eucairite
(Cu,Ag)2Se

Sulfates of the Group II metals
including epsomite (MgSO4·7H2O),
gypsum (CaSO4·2H2O), celestite
(SrSO4), and barite (BaSO4)

Tellurides of lead (Pb), copper (Cu), silver (Ag), gold
(Au), and antimony (Sb), e.g., calaverite AuTe2;
nagyagite Au2Sb2Pb10Te6S15; petzite Ag3AuTe2
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Selenium and tellurium are comparatively rare elements, being 66th and 73rd,
respectively, in order of crystal abundance; selenium comprises 0.05 ppm of
the Earth’s crust (comparable to Ag 0.08 and Hg 0.015 ppm) and Te comprises
0.002 ppm (about as rare as Ir 0.001 or Au 0.004). Native selenium and tellurium
usually occur in conjunction with sulfur, in particular as selenide and telluride impu-
rities in metal sulfide ores. Selenium occurs also in volcanic eruptions, soil, and
waters in variable quantities. Many of the mineral deposits of selenium and tellurium
(Table 1.1) occur together with the sulfides of chalcophilic metals, e.g., Cu, Ag, Au,
Zn, Cd, Hg; Fe, Co, Ni; Pb, As, Bi. Sometimes the minerals are partly oxidized,
e.g., MSeO3·2H2O (M = Ni, Cu, Pb), PbTeO3, Fe2(TeO3)3·2H2O, FeTeO4,
Hg2TeO4, Bi2TeO4(OH)4. Selenolite, SeO2, and tellurite, TeO2, are also found to
occur in nature. Selenium, in trace amounts, is a biologically essential element
for vertebrates, but can be toxic when introduced in larger quantities. Elemental
tellurium has relatively low toxicity. It is converted in the body to dimethyl telluride.

Polonium, completing the elements of Group 16, is radioactive and one of the
rarest naturally occurring elements (about 3 × 10–14% of the Earth’s crust). The
main natural source of polonium is uranium ores, which contain about 10–4g of Po
per ton. The isotope 210-Po, occurring in uranium (and also thorium) minerals as an
intermediate in the radioactive decay series, was discovered by M. S. Curie in 1898.

Eighteen isotopes of sulfur, 17 of selenium, 21 of tellurium, and 27 of polonium
have been registered; of these, 4 sulfur, 6 selenium, and 8 tellurium isotopes are
stable, while there is no stable isotope of polonium. None of the naturally occurring
isotopes of Se is radioactive; its radioisotopes are by-products of the nuclear reactor
and neutron activation technology. The naturally occurring, stable isotopes of S, Se,
and Te are included in Table 1.2.

Table 1.2 Naturally occurring, stable isotopes of sulfur, selenium, and tellurium

32S 95.1% 80Se 49.82% 130Te 34.48%
34S 4.2% 78Se 23.52% 128Te 31.79%
33S 0.7% 76Se 9.02% 126Te 18.71%
36S 0.02% 82Se 9.19% 125Te 6.99%

77Se 7.58% 124Te 4.61%
74Se 0.87% 123Te 0.87%

122Te 2.46%

1.1.2 Production and Uses

Sulfur for commercial purposes is derived mainly from native elemental sulfur
mined by the Frasch process. Large quantities of sulfur are also recovered from
the roasting of metal sulfides and the refining of crude oil, i.e., from the sulfur
by-products of purified “sour” natural gas and petroleum (the designation sour is
generally associated with high-sulfur petroleum products). Reserves of elemental
sulfur in evaporite and volcanic deposits and of sulfur associated with natural gas,
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petroleum, tar sands, and metal sulfides are quite large, amounting to about 5 billion
tons. On the other hand, the sulfur in gypsum and anhydrite is almost limitless, and
some 600 billion tons of the element is contained in coal, oil shale, and shale rich in
organic matter, but low-cost methods to recover sulfur from these sources have not
been developed.

The commercial uses of sulfur are primarily in the manufacture of phosphate
and ammonium fertilizer end-products, but it is also widely used in the synthesis of
other chemicals and products (e.g., in detergents, gunpowder, matches, insecticides,
agrichemicals, dyestuffs, and fungicides), in petroleum refining, and in metallurgi-
cal applications. One of the direct uses of sulfur is in vulcanization of rubber. It
reacts directly with methane to give carbon disulfide, which is used to manufacture
cellophane and rayon. Approximately 85% (1989) of elemental sulfur is converted
to sulfuric acid, whose principal use is in the extraction of phosphate ores for the
production of fertilizer manufacturing. Other applications of sulfuric acid include
oil refining, wastewater processing, and mineral extraction. Sodium and ammonium
thiosulfate are used as fixing agents in silver-based photography. Sulfites derived
from burning sulfur are extensively used to bleach paper and as preservatives in
dried fruits.

Selenium and tellurium are rare elements widely distributed within the Earth’s
crust, so they do not occur in concentrations high enough to justify mining solely
for their content. Also, their commercial values and chemical uses are insignificant
compared to those of sulfur. Like other “minor” metals (such as Cd, In, Ga, and Ge),
Se and Te are by-products of base metal smelting. They are recovered along with
non-ferrous metal mining, mostly from the anode slimes associated with electrolytic
refining of copper. The elements are recovered from the slimes by pyrometallurgical
methods and are converted to alkali selenite and tellurite in the process. Selenium
is almost completely separated from tellurium by neutralizing the alkaline solution
with sulfuric acid. Tellurium precipitates as the hydrated dioxide, while the more
acidic selenous acid remains in solution, from which 99.5% pure selenium is pre-
cipitated by sulfur dioxide. Tellurium can be obtained by electrolysis of a solution
of tellurium dioxide in a mixture of sulfuric acid and hydrofluoric acid. If a lead
cathode is used the deposit is coherent. Metallic Te can also be obtained by elec-
trolysis of alkaline solutions of tellurium dioxide. Both elements are recovered also
from flue dusts of combustion chambers for sulfur ores of silver and gold and from
lead chambers in sulfuric acid manufacture. Electrochemical processes are used in
order to extract selenium, in separating selenium from tellurium, in refining con-
centrated sulfuric acid from selenium, and in the electrorefining of selenium. For
the electrorefining of tellurium it is desirable to prepare the electrolyte by anodic
dissolution of the element, which is carried out usually in alkaline solutions.

Owing to its major production source, the reserve base for selenium is based
on copper deposits. An assessment of US copper resources indicated that the iden-
tified and undiscovered resources total about 550 million metric tons, almost eight
times the estimated US copper reserve base. An estimated 41,000 tons of wet copper
anode slimes are generated annually. Slimes resulting from primary metal refining
can have average selenium concentrations of about 10%, increasing to as high as
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40% in a few cases. A 2006 survey of 56 worldwide electrolytic copper refiners
showed that 52 and 45 plants, respectively, reported selenium and tellurium in their
slimes. The selenium-containing slimes averaged 7% selenium by weight, with a
few containing as much as 25% selenium. Tellurium concentrations were generally
lower and averaged 2%. On the other hand, coal generally contains between 0.5 and
12 ppm of selenium, or about 80–90 times the average for copper deposits. However,
the recovery of selenium from coal, although technically feasible, does not appear
likely in the foreseeable future because of the high volatility of the element [3].

Useful information on the major industrial applications of selenium and tellurium
can be traced in the old (1942), yet still expedient review of Waitkins et al. [4], based
on most of the early (pre-war) references on the subject. Not much has changed since
then, at least with regard to the industrial uses of these elements.

Selenium has several important commercial uses, the most important being in
xerography, a process that takes advantage of the photoconductor properties of gray,
“metallic” selenium. In fact, selenium is one of the most significant semiconduc-
tors and one of the first substances found to possess photoelectric conductivity.1

Applications of semiconducting Se include rectifiers, solar cells, and photographic
exposure meters. The element exhibits excellent glass-forming properties and it
is used to color glass; its optical properties have also been extensively studied.
Chemical and pigment uses of selenium include agricultural, industrial, and phar-
maceutical applications. Despite the fact that selenium and its compounds are
poisonous, trace amounts of the element are essential for the majority of higher
animals, because of its anti-oxidative and pre-oxidative effects. Selenium colloids
have been demonstrated for uses in nutritional supplements and medical diagnos-
tics. Se-75 is one of the more useful radionuclides; it is widely used in biological
tracer experiments and diagnostic procedures, as having a convenient gamma-ray for
counting and half-life (120 days) more than adequate to allow complete chemical
separation from other activities.

Metallurgical grade selenium has been used as an additive to cast iron, copper,
lead, and steel alloys, in order to improve machinability and casting and forming
properties. Its alloy with bismuth serves as a lead substitute in plumbing fixtures, in
order to reduce lead in potable water supplies. The addition of a small amount, about
0.02% by weight, of selenium to low-antimony lead alloys used in the support grid
of lead-acid batteries improves the casting and mechanical properties of the alloy.
Cadmium sulfoselenide compounds have been used as pigments in ceramics, glazes,
paints, and plastics, but because of the relatively high cost and toxicity of Cd-based
pigments, their use is generally restricted to applications where they are uniquely
suited. Additionally, selenium is used in catalysts to enhance selective oxidation;
in plating solutions to improve appearance and durability; in blasting caps and gun
bluing; in coating digital X-ray detectors; and in zinc selenide for infrared windows
in carbon dioxide lasers. Selenium dioxide and certain organoselenium compounds

1It was discovered in 1873 that a small selenium bar in a telegraph circuit acts as a photoelectric
resistor.
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are gaining favor as versatile reagents in specialized organic syntheses, but these
applications are at present minor.

The leading use of tellurium is as metallurgical additive, namely in steel produc-
tion as a free-machining additive, in copper to improve machinability without reduc-
ing conductivity, in lead to improve resistance to vibration and fatigue, in cast iron to
help control the depth of chill, and in malleable iron as a carbide stabilizer. Tellurium
is also used in the chemical industry as a vulcanizing agent and accelerator in the
processing of rubber and as a component of catalysts for synthetic fiber production.
Other applications include its use in blasting caps and as a pigment to produce blue
and brown colors in ceramics and glass. High-purity tellurium is increasingly used
in electronic applications, such as thermal imaging, thermoelectrics, phase change
memory, and photoelectric devices. The leading end-use among these applications
is in the production of cadmium telluride-based solar cells. By 2010, it is projected
that global CdTe cell production capacity will reach 608 MW. Mercury cadmium
telluride is an important tellurium compound used in thermal imaging devices and
infrared sensors. Semiconducting bismuth telluride is used in thermoelectric cooling
devices employed in electronics and consumer products.

1.1.3 Allotropy – States of Matter

Basic physical properties of sulfur, selenium, and tellurium are indicated in
Table 1.3. Downward the sulfur sub-group, the metallic character increases from
sulfur to polonium, so that whereas there exist various non-metallic allotropic states
of elementary sulfur, only one allotropic form of selenium is (semi)metallic, and the
(semi)metallic form of tellurium is the most common for this element. Polonium
is a typical metal. Physically, this trend is reflected in the electrical properties of
the elements: oxygen and sulfur are insulators, selenium and tellurium behave as
semiconductors, and polonium is a typical metallic conductor. The temperature
coefficient of resistivity for S, Se, and Te is negative, which is usually considered

Table 1.3 Some physical properties of sulfur, selenium, and tellurium

S Se Te

Atomic mass 32.07 78.96 127.60
Atomic number 16 34 52
Electronic structure [Ne]3s23p4 [Ar]3d104s24p4 [Kr]4d105s25p4

Melting point (◦C) 119 (Sβ) 220.5 (gray) 449.8
Boiling point (◦C) 444.6 684.8 989.8
Density (g cm–3) 2.06 (Sα) 4.82 (gray) 6.25
Atomic radius (10–10 m) 1.00 1.40 1.37
X(II) covalent radius (10–10 m) 1.03 1.16 1.37
Electronegativity (Allred–Rochow;

Pauling)
2.44; 2.58 2.48; 2.55 2.01; 2.10

First ionization potential (eV) 10.38 9.75 9.01
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characteristic of non-metals. Polonium has resistivity typical of a true metal with a
positive temperature coefficient.

Numerous allotropic modifications (perhaps 30 or more) are known for solid
sulfur, more than for any other element, manifesting its exceptional ability to
form rings or chains of various atomicities and forms. Ordinary sulfur (orthorhom-
bic) is a pale-yellow solid at room temperature and consists of puckered rings of
S8 molecules. In its various allotropic forms, solid crystalline sulfur exists either
as rings of mostly 6–12 atoms (cyclo-sulfur) or as chains of sulfur atoms (catena-
sulfur). The most common ring form, cyclo-octasulfur, S8, has three principal
allotropes. Orthorhombic sulfur, Sα, the thermodynamically stable form under ordi-
nary conditions, when heated slowly changes to monoclinic sulfur at 95.5 ◦C. When
heated rapidly, orthorhombic sulfur melts at 112.8 ◦C without assuming the mono-
clinic form. Monoclinic sulfur, Sβ, crystallizes above 95.5 ◦C when melted sulfur is
cooled slowly, and melts at 119 ◦C. Sβ is stable above 95.5 ◦C but converts to Sα

when residing at room temperature. Another monoclinic allotrope, Sγ, crystallizes
when a solution of sulfur in toluene or ethanolic ammonium sulfide is evaporated to
dryness at a temperature above 95.5 ◦C. The Sγ form melts at 106.8 ◦C and slowly
changes to Sα and/or Sβ.

Because of the conversion of orthorhombic sulfur to monoclinic form, the above
values of melting points are difficult to observe, as the resulting allotropic mixture
melts at only 115 ◦C. Amorphous or “plastic” sulfur can be produced through the
rapid cooling of molten sulfur. X-ray crystallographic studies show that the amor-
phous form may have a helical structure with eight atoms per turn. This form is
metastable at room temperature and gradually reverts back to crystalline within
hours to days but this conversion can be rapidly catalyzed.

A notable property of sulfur in its molten state is that, unlike most other liquids,
its viscosity increases massively above a certain temperature, due to the formation of
polymers. Upon melting, sulfur forms a thin, straw-colored liquid, still containing S8
molecules. If liquid sulfur is heated to temperatures near 160 ◦C, the S8 rings rupture
and the ends of the chains combine to form S16, S24, and S32 species. The melt dark-
ens to a rich orange-brown, and a tremendous increase in viscosity (10,000-fold) is
observed as the long chains twist and tangle. Above 190 ◦C, however, the viscos-
ity is progressively decreased due to depolymerization as the extended chains break
into shorter fragments; when the boiling point (444 ◦C) is finally reached, liquid
sulfur is once again very thin and runny. Sulfur vapor consists of acyclic S8, S6, S4,
and S2 molecules, with the smaller molecules dominating at higher temperatures.
At 1,000 ◦C, most of the molecules are probably S2, which, like O2 molecules, are
paramagnetic. At 2,000 ◦C, it is estimated that nearly half the diatomic S2 molecules
dissociate into sulfur atoms.

The allotropy of selenium presents some analogies with that of sulfur. Most
authors distinguish three general forms: amorphous, crystalline trigonal (t-Se, con-
sisting of helical Se chains), and monoclinic (m-Se, consisting of puckered Se8
rings). Crystalline t-Se is the most stable form at ambient conditions. In fact, three
monoclinic modifications (α, β, γ) exist, distinct only by the different stacking of the
Se8 “molecules”. These convert to the trigonal form at temperatures above 110 ◦C.
The non-crystalline modifications are red (amorphous) selenium, which is a hard,
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brittle glass (stable at temperatures below 31 ◦C), and black (vitreous) selenium,
stable at 31–230 ◦C (m.p.). These convert spontaneously to the crystalline form at
70–120 ◦C.

Red selenium, originally known as α-selenium, is precipitated when aqueous
selenous acid is treated with sulfur dioxide or other reducing agents and when aque-
ous selenocyanates are acidified; it is also formed by the condensation of selenium
vapor on cold surfaces. This amorphous (glass) modification has a chain structure
resembling that of trigonal selenium, somewhat deformed. Vitreous, or black, sele-
nium – a brittle opaque, dark red-brown to bluish-black lustrous solid, obtained
when molten selenium is cooled suddenly – is the ordinary commercial form of the
element. It does not melt sharply, but softens at about 50 ◦C and rapidly transforms
to hexagonal selenium at 180–190 ◦C. Vitreous selenium is much more complex
than any other modification and its polymer rings may contain up to 1,000 atoms.

Trigonal selenium is variously called metallic gray or black selenium and occurs
in lustrous hexagonal crystals, which melt at 220.5 ◦C. Its structure, which has
no sulfur analogue, consists of infinite, unbranched helical chains. Its density,
4.82 g cm–3, is the highest of any form of the element. Trigonal selenium is a semi-
conductor (intrinsic p-type with a rather indirect transition at about 1.85 eV [5]),
and its electronic and photoelectric properties are the basis for many industrial uses
of this element.

The structural diversity of the allotropic forms of the chalcogen elements dimin-
ishes when moving from sulfur to selenium and tellurium; polymeric tellurium is
the only stable form of this element known to date, and only one crystalline form
is known for certain, a silvery white, semimetallic solid which consists of helical
polymeric chains. The structure is isomorphous with gray Se, but the chains are
appreciable closer together than are the selenium chains. Crystalline tellurium has
a metallic luster, but it is a poor conductor of heat and has the electrical properties
of a semiconductor rather than those of a metal. It is quite brittle and insoluble in
any liquid with which it does not react. Although a so-called amorphous form of tel-
lurium is precipitated when aqueous tellurous acid is treated with reducing agents,
such as sulfur dioxide, it is probable that this is merely finely divided crystalline
tellurium. Trigonal Se and Te appear to form a continuous range of solid solutions,
in which there is fairly random alternation of Se and Te atoms in the infinite chains.

The trend toward more metallic character of the elements in Group 16 is complete
at polonium, which has two allotropes, both with typically metallic structures: α-
cubic, which converts at 36 ◦C to β-rhombohedral (m.p. 254 ◦C).

Selenium is less complex than sulfur in the molten state, wherein cyclic Se6,
Se7, and Se8 species are present. The chain length of the selenium polymers in
the melt is progressively reduced with increasing temperature. In fact, according
to studies of electrical resistivity of molten selenium, it appears that as the chains
in the liquid are thermally destroyed, selenium changes from a semiconductor to a
metallic conductor. In the gas above gray or liquid selenium there is a temperature-
dependent mixture of Sen species (n = 2–10). From vapor density determinations, it
is concluded that Se8 molecules are present below 550 ◦C. The vapor is yellow at
the boiling point (685 ◦C), and dissociation to selenium species with lower atomicity
occurs at higher temperatures.
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Liquid tellurium boils at 990 ◦C to a golden yellow vapor, with density that
corresponds to the molecular formula Te2. Likewise, in polonium vapor only Po2
species are present. Clearly, the decreasing complexity of the solid state of the three
elements Se, Te, and Po, as compared to sulfur, is reflected in the vapor state.

1.1.4 Chemical Properties and Compounds

Within the main group 16, there are great differences between the chemistry of
oxygen and that of sulfur, with more gradual variations through the sequence sul-
fur to polonium. This is in accord with the general rule found for non-transition
elements, dictating that the first of those in each main group (i.e., from Li to Ne)
displays some anomalous properties relative to the later members of the group. One
manifestation of this rule is that the maximum coordination number for the first ele-
ment is four, while the maximum for the remainder of the group can be five, six, or
even seven (as in IF7). From a descriptive aspect, this is possibly due to the small
size of the elements in the first long-row period, making them unable to accommo-
date more than four large ligand atoms. In fact, the heavier elements may utilize
d orbitals in bonding, so that their maximum coordination number is not limited
to four, nor is the valence limited to two as for oxygen. Thus, sulfur forms several
hexacoordinate compounds (e.g., SF6), while for tellurium, six is the characteris-
tic coordination number. In addition, sulfur has a strong tendency to catenation,
which manifests itself not only in the many forms of the element that all contain Sn

rings of various sizes, but also in polysulfide ions (S2−
n ) – unlike oxygen for which

only the di- and trinuclear homopolyatomic anions O2−
2 , O·−

2 , and O2−
3 are known.

Although Se and Te have a smaller tendency to catenation, they also form rings
and long chains in their elemental forms. None of these chains is branched because
the valence of the element is only two. Catenation is not restricted to the elemental
forms; many compounds, particularly of sulfur, contain rings and chains, of which
the latter might be regarded as oligomers stabilized by end-stopping groups, such as
–H (polysulfanes), –Cl (polychlorosulfanes), or –SO3

–(polythionates).
Another major difference among the first row elements and the others, in the

main groups 14–16, is that C, N, and O form particularly strong π bonds with
themselves and with each other. This gives rise to allotropes (e.g., graphite, O2,
O3) and compounds (e.g., alkenes, alkynes, aromatics, CO2, NO3

–, CN–) having
no counterpart for the heavier elements. Specifically, the relatively poor capacity
for π-bonding among second long-row elements is reflected by the lack of evi-
dence for the existence of NS and NS2, i.e., the sulfur analogues of the common
oxides of nitrogen NO and NO2.2 In effect, the two π-bonded allotropes of oxygen,
O2 and O3, are unique in type, since the other group 16 members either form rings
and chains containing single bonds (S, Se, Te) or metallic lattices (Po).

2 However, on account of the particularly short C–S distances, multiple bonds (probably of the
dπ–pπ type) between hypervalent sulfur and carbon occur in a number of species.
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On account of their ns2np4 outer electronic configurations, the chemistry of the
chalcogens is predominantly non-metallic with a gradually increasing metallic char-
acter with atomic mass, the same as in each of the Groups 14–17. Thus, while there
is some evidence of metallic character appearing for selenium in the formation of
one or two basic salts in which the element might be regarded as having some
cationic properties, this trend becomes more obvious with tellurium, although all
its simple salts are still basic. Polonium forms both normal and basic salts, the latter
being formally analogous to those formed by tellurium. The high ionization energies
of chalcogens (X) rule out the possibility of a rare gas configuration produced by
loss of all six outer electrons to give X6+ ions. Even X4+ ions probably do not exist
in any compounds with the possible exception of one form of PoO2. The more usual
ways that the chalcogens complete the noble gas configuration are by forming.

(i) “chalconide” ions, i.e., doubly charged chalcogen anions (S2–, Se2–, Te2–).
These ions exist only in the salts of the most electropositive elements, such
as alkali metal sulfides, selenides, and tellurides;

(ii) two electron-pair (covalent) bonds, e.g., in H2S, (CH3)2Se, SCl2;
(iii) MX– ions with one bond and one negative charge, e.g., HS–, RS–;
(iv) “onium” cations with three bonds and one positive charge, such as those

derived from the hydroxonium, H3O+, or sulfoxonium H3S+ ions, e.g., R3S+.

The stability of chalconide (ionic) compounds decreases from oxygen to tel-
lurium; treatment with water produces XH– with X = O or S (hydroxyl and thiol
radicals, respectively), but XH2 with X = Se or Te. On warming, aqueous solutions
of HS– evolve hydrogen sulfide, evidencing that the hydrosulfide ion is much less
stable than hydroxide.

All the chalcogens form electron-pair compounds in which the element is biva-
lent, with two lone pairs of electrons, the best known examples being organic
compounds. Also, many organo-substituted onium salts are known for the whole
group and are generally prepared by addition of an alkyl iodide to a diorganochalco-
gen. In addition, many hypervalent XQ4 and XQ6 derivatives are known for all three
S, Se, Te. Therefore, in total, apart from the ionic valence –2, formal oxidation states
of 0, +2, +4, and +6 are typically encountered for the chalcogen elements.

All forms of elemental sulfur are very weakly soluble (10–8 M at 298 K) in water.
In most organic solvents, sulfur solubilizes with the ring S8 molecules maintained,
as in DMSO, DMF, CS2, and methanol. Sulfur S8 can be dissolved also through a
disproportionation process, which is reversible only in liquid ammonia. Elemental
selenium is very insoluble in aqueous systems and is generally resistant to either
oxidation or reduction. It is therefore considered non-toxic to aqueous-based, bio-
logical systems. Tellurium is insoluble in all solvents that do not react with it. All
three elements are not affected by non-oxidizing acids, but the more metallic Po will
dissolve in concentrated HCl as well as in H2SO4 and HNO3, giving solutions of
Po2+ and then Po4+.
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1.1.4.1 Hydrides

The hydrides of sulfur are called sulfanes. Hydrogen sulfide, H2S, is the most impor-
tant and most stable. It is a colorless, poisonous gas whose odor is recognized as
that of rotten eggs. In aqueous solution, H2S is a very weak acid (pKa1 7.04, pKa2
14.9). Sulfur forms also M2H2 hydrides (similar to oxygen peroxide), which are
non-planar molecules, as well as hydrides containing chains of more than two sulfur
atoms. These higher sulfanes (polysulfanes) are thermodynamically unstable with
respect to H2S and sulfur and owe their metastable existence at room temperature to
rather high activation energy for the decomposition. The H2Sn sulfanes with n = 3–8
have been isolated in a pure state, and others up to n = 17 or 18 have been obtained
in an impure form. Bulk (kilogram) quantities of the sulfanes may be made either
via acid hydrolysis of sodium polysulfides (Na2Sx) or from chlorosulfanes SyCl2.

The hydrides of selenium and tellurium, H2Se and H2Te, are extremely toxic,
highly malodorous gases, which condense to colorless liquids. Gaseous H2Se is 15
times more dangerous than H2S, based on threshold limit values; however, in fact,
H2Se turns out to be safer than H2S as it is easily oxidized biologically to non-toxic
elemental red selenium. Although the heats of formation of H2Se and H2Te gases
are positive (more endothermic for Te hydride), they decompose only slowly at room
temperature. H2Se is more stable than H2Te due to a combination of the increasing
radii from Se to Te, leading to an increased H–X bond length, and the decreasing
electronegativity, resulting in the H–Te bond being almost completely non-polar.
The gases are fairly soluble in water, dissociating to the HX– and X2– ions, and yield
acidic solutions which precipitate selenides and tellurides of many metals from solu-
tions of their salts; however, since both hydrides are easily oxidized, particularly in
aqueous solution by air, elementary Se or Te is often precipitated as well. The sta-
bility trend of the gases is observed also in the acidity of their aqueous solutions, as
shown by the increase in the acid dissociation constants; aqueous H2Se is a mod-
erately strong acid (pKa1 3.88, pKa2 11 at 25 ◦C), while aqueous H2Te is almost as
acidic as phosphoric acid and more acidic than hydrofluoric acid.

1.1.4.2 Oxides and Oxoacids

Within the sulfur sub-group, there are two main types of oxides, the dioxides XIVO2
(X = S, Se, Te, Po) and the trioxides XVIO3 (X = S, Se, Te). In addition, sulfur
also forms disulfur monoxide, S2O. Transient XO species are known in the gaseous
phase for S, Se, and Te. Polonium forms a black monoxide PoO.

When heated, S, Se, Te (and Po) burn in air to give the dioxides XO2, and
react with halogens, most metals, and non-metals at moderate temperatures to form
chalcogenides. Chalcogenides in general are thermodynamically unstable in the
presence of oxygen. Thus, when fresh sulfide surfaces are exposed during min-
ing, crushing, and grinding, or conditioned in flotation cells containing dissolved
oxygen, some degree of oxidation of the surface is expected.

Sulfur dioxide is a colorless gas with a suffocating smell, which at 10 ◦C and
normal pressure is condensed to a colorless liquid. It is made on a vast industrial
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scale by burning sulfur or H2S or by roasting sulfide ores as part of the pyromet-
allurgy of zinc, molybdenum, and other metals. The burning of high-sulfur coals
and fuel oil serves as the major source of SO2 produced as an environmental pol-
lutant. Sulfur dioxide gas is readily soluble in water (45 vol per 1 vol of water at
15 ◦C). Most of the commercially prepared SO2 is oxidatively converted to the tri-
oxide SO3, which is subsequently used to manufacture sulfuric acid. The trioxide
is a colorless, polymorphic crystalline solid (b.p. 44.52 ◦C). In the liquid and solid
states, SO3 trimerizes to form S3O9.

Selenium dioxide (naturally occurring selenolite) is a white solid, which can be
formed by burning elemental selenium in air, by oxidizing it with nitric acid, or by
dehydrating selenous acid. It is readily reduced to the elemental state by ammonia,
hydrazine, aqueous sulfur dioxide, or a number of organic compounds. It is soluble
in water (38.4 g per 100 ml at 14 ◦C) and forms selenous acid when dissolved in
hot water. Tellurium dioxide (naturally occurring tellurite) is a white solid that can
be prepared directly from the elements or by dehydrating tellurous acid or by the
oxidation of tellurium with dilute nitric acid. TeO2 is very sparingly soluble in water.

Sulfur dioxide exists as a V-shaped molecule, like water, in the gaseous state and
sulfur trioxide as a planar triangular molecule. The dioxides of Se and Te do not exist
as discrete, gas molecules. Solid sulfur dioxide contains discrete SO2 molecules.
Both SeO2 and TeO2 occur as polymeric solids; SeO2 consists of infinite chains,
whereas TeO2 is essentially an ionic solid having a rutile structure. Unlike SO3,
the trioxides SeO3 and TeO3 are not obtained by oxidation of the dioxide. They
are usually prepared by dehydration of their respective oxoacids: H2SeVIO4 and
TeVI(OH)6 (or H6TeO6).

SO2 and SO3 are (formally) the acid anhydrides of sulfurous acid and sulfuric
acid, respectively. Sulfurous acid (H2SIVO3) is a weak acid that does not exist in
the free state; SO2, although formally the anhydride of H2SO3, dissolves in water as
(SO2)aq with little or no formation of the free acid. However, many salts containing
sulfite and bisulfite ions are known, for example Na2SO3 and NaHSO3. In general,
the sulfites are stable and are commercially important in food processing, paper
industry, and photography. Sulfuric acid (H2SVIO4) is the globally most important
commercially prepared compound.

Selenium in the +IV oxidation state exists as the weak selenous acid, H2SeO3
(pKa1 2.6), and as a number of inorganic selenites, which in solution are highly
toxic. In aqueous solution, dissolved selenite exists predominantly as the biselenite
ion (pH range 3.5–9). Tellurous acid, H2TeO3, is similar to but weaker than selenous
acid. Unlike H2SO3, both H2SeO3 and H2TeO3 can be isolated in stable form. Both
are white solids that can be easily converted to the respective dioxide by dehydration
in a jet of dry air.

The higher acids, selenic (H2SeO4) and telluric (H2TeO4), containing the chalco-
gen in the +VI oxidation state, are also known; these correspond to the sulfuric acid.

Selenic acid, H2SeO4, is a strong acid (Ka1 2) and the solubility of its salts
parallels that of the corresponding sulfates. It is formed by the oxidation of sele-
nous acid or elemental selenium with strong oxidizing agents in the presence of
water. Telluric acid, H2TeO4, or tellurates are obtained by oxidation of tellurides,
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tellurium, or TeO2 with hydrogen peroxide, or chromic acid in nitric solution, or
chlorine. Tellurates can be reduced with difficulty to tellurides. Notably, unlike sul-
fur and selenium, Te(VI) forms a hexahydroxo-acid Te(OH)6 (orthotelluric acid):
on evaporation, telluric acid solutions give cubic or clinorhombic crystals of the
trihydrate TeO3·3H2O, or orthotelluric acid H6TeO6, which is very soluble in water.

The scarcity of data concerning complexation reactions especially of the heav-
ier chalcogens has led researchers to calculate a number of dissociation constants
from thermodynamic data. Séby et al. [6] provided recently a critical review and
evaluation of the accuracy of selenium acid–base equilibrium constants reported in
the literature, for the diprotic acids H2Se, H2SeO3, and H2SeO4 at 25 ◦C and 1 bar
pressure, along with the methods of their determination, the corresponding ionic
media and ionic strengths. They determined also the solubility constants of the vari-
ous solid phases, in the form of which inorganic selenium can exist for the –II, +IV,
and +VI oxidation states (metal selenides, selenites, and selenates).

Let us add here that despite the general similarities of selenium and sulfur in
their chemical properties, the chemistry of selenium differs from that of sulfur in
two important aspects: their oxoanions are not similarly reduced, and their hydrides
have different acid strengths. For example, Se(+IV) tends to undergo reduction to
Se(–II), whereas S(+IV) tends to undergo oxidation. This difference is evidenced by
the ability of selenous acid to oxidize sulfurous acid:

H2SeO3 + 2H2SO3 → Se0 + 2H2SO4 + H2O

Although the oxoacids of selenium and sulfur have comparable acid strengths
(pKa1 2.6 vs. pKa 1.9, respectively, for the quadrivalent species; pKa 3 for both
the hexavalent species), the hydride H2Se is much more acidic than H2S (pKa1 3.9
vs. 7.0). Thus, while thiols such as cysteine are mainly protonated at physiological
pH, selenols such as selenocysteine are predominantly dissociated under the same
conditions.

1.1.4.3 Thio- and Seleno-sulfates

Elemental sulfur dissolves in boiling aqueous sodium sulfite solutions with the for-
mation of sodium thiosulfate (Na2S2O3). The reaction proceeds quantitatively if
sulfur and excess sodium sulfite are boiled for some time in weakly alkaline solu-
tions. In the cold, however, practically no reaction occurs. Alternatively, thiosulfate
can be produced quantitatively in solution phase by using organic solvents to first
dissolve sulfur and then accomplish the reaction with aqueous sulfite. In a paral-
lel reaction, elemental selenium dissolves in alkaline sulfite solution to produce
selenosulfate, SeSO2−

3 :

Se(s) + SO2−
3 (aq) � SeSO2−

3 (aq)

The formation constants for this equilibrium at temperatures from 0 to 35 ◦C have
been reported by Ball and Milne [7].
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Selenosulfate is an analogue of thiosulfate wherein one of the S atoms is replaced
by a Se atom. Thiosulfate and selenosulfate anions are known to have tetrahedral
structure as constituting the S and Se analogues, respectively, of the sulfate SO2−

4
anion. The isomeric thioselenate anion SSeO2−

3 is not produced by the reaction of
sulfur with selenite nor is the selenoselenate ion Se2O2−

3 formed from selenium and
selenite. Actually, SSeO2−

3 may be produced as a metal salt by boiling an aqueous
solution of selenite with sulfur, but in aqueous solution thioselenates are not stable
and isomerize to selenosulfates.

Colloidal sulfur (selenium) can be produced readily from the disproportionation
of aqueous thiosulfate (selenosulfate) with dilute acids:

S2O2−
3 + 2H+ → S + SO2 + H2O

SeSO2−
3 + 2H+ → Se + SO2 + H2O

1.1.4.4 Polychalcogenide Ions

The characteristic strong tendency of sulfur and its heavier congeners to catenate
is reflected in the wide range of polychalcogenide ions, i.e., reduced forms of the
elements, that may be discrete in highly ionic salts or dissolved in polar solvents.

Alkali metal polysulfide solutions are known to contain unbranched, chain-like
sulfur anions S2−

n in the range n = 2–6, while in addition, S2−
7 and S2−

8 can be
crystallized by employing alkylammonium cations. Speciation analysis of aque-
ous alkali metal polyselenide solutions has shown formation of Se2−

n anions with
n = 2–5, while those with n = 3–6 have been detected in DMF [8, 9]. While it
is difficult to stabilize the long-chain free polyselenides in solution, they can be
isolated as salts through the use of long-chain quaternary ammonium or phospho-
nium cations or alkali metal crown ethers. In total, uncoordinated polyselenides
with n = 2–11 have been synthesized by a variety of methods and character-
ized in the solid state. Polytellurides Te2−

n with n = 2–4, completely analogous
to those of the lower chalcogens, have been identified also in alkali metal solu-
tions [10–12], while Te2−

n ions with n = 2–6, 8, 12, and 13 have been structurally
characterized in the solid state. One feature of the polytelluride anions is that
both the terminal and the internal bond distances are generally shorter than in
elemental tellurium. Mixed polychalcogenide anions have also been synthesized
[13, 14].

Simple cations are unknown within Group 16 (besides Po), but several highly
colored polyatomic cations (cationic clusters), like S2+

4 , S2+
8 , Se2+

4 , Se2+
8 , Te2+

4 ,
and Te4+

6 , have been isolated in non-aqueous media [15]. Some mixed chalcogen
cationic clusters have also been reported. These are all unstable in water.

Aqueous polysulfide solutions have been widely investigated as primary elec-
trolytes in photoelectrochemical solar cells (PEC; Chap. 5). The complexity of
these solutions arising from the overlap of multiple chemical equilibria is well
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documented. Giggenbach [16] has provided evidence that the species in near-neutral
aqueous sodium polysulfide solution may be related by the equilibria.

H2S � H+ + HS−

HS− � H+ + S2−

H2O � H+ + OH−

HS− + OH− � S2− + H2O

S2−
3 + HS− + OH− � 2S2−

2 + H2O

2S2−
4 + HS− + OH− � 3S2−

3 + H2O

3S2−
5 + HS− + OH− � 4S2−

4 + H2O

Dissociation of polysulfide ions into radicals S·−
2 or S·−

3 , and disproportionation
into sulfide and thiosulfate become significant at temperatures above 150 ◦C. In fact,
in near-neutral solutions, polysulfide ions are stable with respect to this dispropor-
tionation up to 240 ◦C; however, at pH > 8 polysulfide ions become metastable, even
at room temperature.

Licht et al. [17] developed a method of numerical analysis to describe the above-
quoted equilibria of the 11 participating species (including alkali metal cations) in
aqueous polysulfide solution, upon simple input to the algorithm of the temper-
ature and initial concentration of sulfur, alkali metal hydroxide, and alkali metal
hydrosulfide in solution. The equilibria constants were evaluated by compensation
of the polysulfide absorption spectrum for the effects of HS– absorption and by
computer analysis of the resultant spectra. Results from these calculations were
used to demonstrate that the electrolyte is unstable, and that gradual degradation of
polysulfide-based PECs (in the long term) can be attributed to this factor (Chap. 5).

Liquid ammonia solutions of lithium polysulfides have been characterized by
Dubois et al. [18]. The least reduced polysulfide was shown to be S2−

6 (not found
previously in aquo) lying in a strongly temperature-dependent equilibrium with the
radical S·−

3 .
Complex equilibria among multiple species are typical also of polyselenide and

polytelluride solutions. Aqueous polyselenide solutions have been employed as
electrolytes in high-efficiency PEC with photoanodes made of gallium arsenide and
cadmium chalcogenides (Chap. 5). Unlike polysulfides, the fundamental equilib-
ria constraining the distribution of polyselenide species have not been meticulously
characterized [19].

1.2 The Metal Chalcogenides

1.2.1 Solids, Complexes, and Clusters

The chalcogens have a rich metal chemistry both in molecular compounds and in
the solid state, on account of their ability to catenate and to bind to multiple metal
centers.
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The chemistry of soluble metal chalcogenide complexes, either containing
chalcogen–chalcogen bonds or only chalcogen–metal, has been studied extensively
primarily for sulfur, and after the mid-1970s for selenium and tellurium as well.
Metal–sulfur systems have a long chemical history in all aspects, but from the 1960s
the interest in the related complexes was renewed, owing to their significance in
bioinorganic chemistry and to hydrodesulfurization and other catalytic processes.
The early progress in the identification of the many possible coordination modes
available for sulfide ligands has been summarized neatly by Vahrenkamp [20]. A
large number of synthetic molecular transition metal complexes with either termi-
nal or bridging sulfide ligands have been reported and their catalytic activity has
been reviewed [21, 22]. The coordination modes and structural types of soluble
metal selenides and tellurides, synthesized in solution or in the solid state, have
been sorted and described in the seminal review by Ansari and Ibers [23]. An excel-
lent introduction to the synthetic and structural coordination chemistry of inorganic
selenide and telluride ligands, covering all the facts up to 1993, can be found in
Roof and Kolis [24], with the emphasis on compounds of mostly molecular nature.

The metal–polychalcogenide chemistry in the liquid and solid states has expe-
rienced unprecedented development in the past two decades [9]. Various types of
polychalcogenide anionic clusters have been found, which serve as chelating ligands
to transition metals retaining the typical terminal or bridging coordination mode of
the simple chalcogenide ions and augmenting their bonding versatility by participat-
ing in 3- to 8-membered chelate rings. Polychalcogenide chains are characterized by
conformational flexibility and variable nuclearity, being thus highly suitable bridg-
ing ligands for the construction of solid-state polychalcogenido-metalate networks
in the presence of structure-directing counter cations. Notably, compounds of sele-
nium and tellurium show structural types, some of which are unknown in sulfur
chemistry. In particular, tellurium, with its larger size, diffuse orbitals, and increased
metallic character, is found to possess a much more non-classical chemistry than its
congeners, evidencing a presently well-documented potential for unusual structures
and bonding. Kanatzidis [25] has summarized the experience and prospective in the
field of inorganic chemistry of tellurium, stressing that both the compositions and
structures of tellurides are unpredictable.

A large diversity of stoichiometries and structures, which is rather difficult to
rationalize briefly, even considering only the binary combinations, is found in
the solid chalcogenide compounds/alloys of the main group and transition metals
and metalloids. In addition, non-stoichiometry in a single phase abounds for these
solids, particularly for the transition metal compounds, where electronegativity dif-
ferences are minimal and variable valency is favored. In general, “chalcogen-rich”
and “metal-rich” phases occur for almost all systems of interest, and very often com-
plex bonding is assumed in order to account for the observed structural features. For
instance, according to the degree of sulfur–sulfur bonding, the transition metal sul-
fides would be classified as “sulfur-rich” phases featuring S–S bonding, usually in
the form of persulfido units S2−

2 (as exemplified principally by FeS2) or compounds
like TiS3 and TaS3 containing both per- and monosulfido units. There would be
also a broad class of transition metal sulfides including members with isolated sul-
fide (S2–) centers, e.g., MoS2 and FeS. On the other hand, one would encounter
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metal-rich phases (like Ta3S2) exhibiting metal–metal bonding, even to the point
that they should be considered as being metallic alloys. Clearly, atom sizes, valence
electron concentrations, and metal-to-non-metal proportions play key roles in the
determination of structural features and types.

Metal chalcogenides have played a major role in the field of low-dimensional
solids. It was the unraveling of the origin of the resistivity anomalies observed
in layered transition MChs that stimulated the interest in low-dimensional inor-
ganic materials. Metal clustering and low-dimensional structures are frequently
found among transition MChs, as a consequence of the fact that, in contrast to
the ionic 3D-type oxides, these compounds tend to form covalent structures, so
that the reduced relative charge on the metal favors metal–metal bonding. In the
metal-rich compounds,3 preferred coordination polyhedra occur for the non-metal
(chalcogen) atoms. The linkage of these polyhedra takes place in such a way that
they often end up with an arrangement identical to that known from isolated metal
clusters. However, clusters are rarely isolated in the chalcogenide structures. They
condense by sharing common vertices, edges, or faces, or more unusually they may
be connected via significant chemical bonding between the vertices. They also form
columns, in which the central metal atoms interact to give chains running in the
same direction. In layered chalcogenides, which have enough d-electrons for signif-
icant M–M bonding in two dimensions, the dimensionality of M–M interactions is
increased to two. Further, in certain cases, the cluster network is best regarded as a
3D metal framework, i.e., as a metal packing arrangement. It may be emphasized
in this connection that the occurrence of M–M bonds in MChs has substantiated
the use of classification schemes based on structural elements rather than oxidation
numbers, rationalizing thus the coincidental integer values of the oxidation state of
transition metals and consequently the apparent stoichiometries [26].

The complexes in which metal clusters are coordinated by chalcogenide or poly-
chalcogenide ligands occupy a special position among the so-called inorganic or
high-valence clusters, the most characteristic being those of 4d- and 5d-metals of
Groups 5–7. Currently, the chalcogenide cluster chemistry of the main group and
d-transition metals is firmly established. The area has been the subject of several
reviews [27, 28]. A recent survey of new and older results for the early transition
MChs has been given by Fedorov et al. [29]. Considerably less developed is the
cluster chemistry of the lanthanoids. Ionic lanthanides form comparatively unstable
compounds with S, Se, and Te, so that as-composed clusters are rare [30].

The fabrication of inorganic nanoclusters4 on a surface, or inside a homoge-
neous medium, lies at the cutting edge of nanoscience, design, and technology of
applications. Mesoscopic inorganic clusters, bearing both molecular and solid-state

3 Actually, those containing M–M bonds.
4 The term “nanosized cluster” or “nanocluster” or simply “cluster” is used presently to denote a
particle of any kind of matter, the size of which is greater than that of a typical molecule, but is too
small to exhibit characteristic bulk properties. Such particles enter the size regime of mesoscopic
materials.
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characteristics, represent a unique prospect to developing novel materials with supe-
rior physical properties. Thereupon a wide scientific and technological interest has
been directed to clusters derived from MChs that may serve as models for solid-
state compounds and can be used as precursors in the production of unusual “bulk”
phases. Synthetic studies with covalent metals (Zn, Cd, Hg, Cu, Ag) have produced
extremely large metal chalcogenide cluster compounds with precisely defined clus-
ter surfaces and internal, chalcogenido-encapsulated metal atoms, or metal clusters
surrounded by protecting chalcogenide ligands ([31] and references therein). Most
of the internal atoms in these species have coordination environments that resemble
the environments found in bulk solid-state materials. Important uses in this connec-
tion are in the synthesis of new catalysts (Chap. 6), superconductors, and non-linear
optical materials [32]. In parallel, developments in this field have provided con-
siderable insight into the size-dependent physical properties of quantum-confined
systems [33, 34].

1.2.2 Common Solid Structures

Binary metal chalcogenides of great variety occur, since with a given chalcogen
many metals and metalloids form several compounds and sometimes long series of
compounds. Although complex structures are not unusual, for a large part the binary
compounds belong or relate to the very basic structural types and may be approached
easily in a descriptive manner. “Three-dimensional” structures, commonly the cubic
NaCl (rock salt; RS) and zinc blende (ZB), or the hexagonal NiAs and wurtzite
(W) types, as well as “2D” layer-lattice varieties related to the CdI2 type, are the
major structure types observed (Fig. 1.2). The simple compounds formed by sele-
nium and tellurium are generally isomorphous with their sulfide analogues, although
there are differences, especially for tellurides. Polonium is distinctly metallic in
many aspects; however it also shows non-metal characteristics by forming numer-
ous polonides (MPo), which are often isostructural with tellurides and appear to be
fairly ionic.

Chalcogenides can be formally derived from the hydrides; in particular, the
more electropositive metals (e.g., Groups 1 and 2) may be considered to give
chalconide “salts” of the corresponding hydrides. Passing by the 4:8-coordinated
anti-fluorite forms of alkali metal chalcogenides, one finds that the alkaline earth
compounds as well as many other monochalcogenides of rather less basic metals
(e.g., the monosulfides of Pb, Mn, La, Ce, Pr, Nd, Sm, Eu, Tb, Ho, Th, U, Pu)
adopt the 6:6 NaCl-type structure. With cations of increasing polarizing power and
increasingly readily polarized chalcogenide anions, the ionic RS structure gives
way to the ZB and W types, in both of which the ions are in tetrahedral coordi-
nation (but different packing arrangement). Thus, the increasing covalency of many
metals in the later transition-element groups affords chalcogenide structures with
lower coordination numbers; for example, the monosulfides of Be, Zn, Cd, and Hg
adopt the ZB structure, while those of Zn, Cd, and Mn adopt the W one; also, the
sesquichalcogenides (M2X3) of main group III (13) metals have defect tetrahedral,
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Fig. 1.2 Crystal structures of the major sulfides (metal atoms are shown as smaller or black
spheres): (A) galena (PbS) structure (rock salt); (B) sphalerite (ZnS) structure (zinc blende);
(C) wurtzite (ZnS) structure; (D) pyrite structure and the linkage of metal–sulfur octahedra along
the c-axis direction in (i) pyrite (FeS2) and (ii) marcasite (FeS2); (E) niccolite (NiAs) struc-
ture; (F) covellite (CuS) structure (layered). (Adapted from Vaughan DJ (2005) Sulphides. In
Selley RC, Robin L, Cocks M, Plimer IR (eds.) Encyclopedia of Geology, MINERALS, Elsevier
p 574 (doi:10.1016/B0-12-369396-9/00276-8))

mainly W, structures with various patterns of vacant lattice sites. When the bonding
becomes more metallic, the 6:6 NiAs structure is observed, where the metal is now
of octahedral coordination. This can be regarded as transitional between the RS
structure and the more highly coordinated structures typical of pure metals. Most
first row (3d) transition metal monochalcogenides MX (M = Ti, V, Cr, Fe, Co, Ni)
come under this case. These compounds often contain vacancies at the metal site,
so that the crystal becomes distorted owing to vacancy ordering which varies with
temperature as well as composition. Their magnetic and electrical properties are
generally complex and depend on the type of vacancy order.

Most transition elements react with chalcogen atoms to give dichalcogenides
MX2 with a precise 1:2 stoichiometry, crystallizing in either 2D or 3D structures, as
originating from the competition between cationic d levels and anionic sp levels. The
“2D” layered structures, which can be formulated as MIV+(XII–)2, consist of sand-
wiched sheets of the X–M–X form, separated by a “van der Waals” gap between the
X layers of adjacent sheets. Inside the sheets, the coordination of the metal ions is
sixfold, either octahedral (as in the 1T polytype, which is more commonly denoted
as the CdI2 structure) or a body-centered trigonal prism (2H polytype) (Fig. 1.5).
Note that the layered structures may be thought of as originating from vacancy
ordering of the basic 3D types, in view of the fact that a defect NiAs structure in
which every other plane of Ni atoms has been removed corresponds to the ideal 1T
(CdI2) arrangement.
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Fig. 1.3 Elements forming layered sulfides or selenides with the metal in octahedral or trigonal
prismatic coordination (niobium and tantalum are found in both). (Adapted from [35])

Two-thirds of the about 60 MX2 compounds assume layered structures, found in
particular for all the early transition metals of Groups 4–7 (with the exception of
manganese) (Fig. 1.3). The non-layered MX2 compounds assume a quite different
structure motif and occur exclusively in Group VIII and beyond. Most of these mate-
rials are composed of infinite “3D” networks of metal atoms and discrete X2 units
with an X–X distance almost equal to that expected for an X–X single bond. Two
structures of close similarity exist in this connection: pyrite (e.g., for the disulfides
of Fe, Mn, Co, Ni, Cu, Ru, Os) and marcasite (known only for FeS2 among the disul-
fides). Dichalcogenides of this type can be formulated, respectively, as MII+(X2)II–

or MI+(X2)I–. The marcasite structure (C18) is closely related to that of rutile (C4)
adopted by many of the MO2 oxides (e.g., TiO2). In addition, a special 3D structure
with half the anions present as X2 pairs occurs, denoted as the IrSe2 type. In the
predominantly 3D region of the d-block compounds, one finds also the PdS2 and
PdSe2 phases which exhibit a specific 2D arrangement owing to the special square
coordination exerted by the palladium atom.

The layered transition metal dichalcogenides, although comprising a structurally
and chemically well-defined family, display a number of remarkable characteristics,
such as broad homogeneity ranges, order–disorder transitions, strong d–p covalent
mixing, and fast ionic diffusion. They cover actually a wide spectrum of electrical
properties ranging from insulators like HfS2, through semiconductors like MoS2 and
semi-metals like WTe2 and TcS2, to true metals like NbS2 and VSe2; they exhibit
also intriguing magnetic and metal–insulator transitions, unusually high melting
points, or superconductivity at high temperatures. In effect, this class of compounds
has been most important in pioneering investigations on unusual electronic phe-
nomena such as superconductivity, quantum size effects, and charge density waves
(i.e., coupled fluctuations of electronic density and atomic positions along a con-
ducting chain or layer). Moreover, their 2D nature is associated with a very
rich intercalation chemistry with many potential applications. For an extensive
description of the various arrangements and polytypes in the layered MX2 phases,
the reader should consult the reviews of Whittingham [35] and Rouxel [36].
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Noteworthy also is the extensive compilation of early data on layered MX2 given
by Wilson and Yoffe [37], who worked out a group-by-group correlation of trans-
mission spectra of the compounds to available electrical and structural data and
produced band models in accord with a molecular orbital approach.

1.2.3 Ternary Compounds and Alloys

The ternary compounds of chalcogens with two different metal or metalloid con-
stituents comprise several families and classes of materials. To quote but a single
example, a major family of ternary chalcogenides with very interesting properties
and applications is those having the AB2X4 stoichiometry (A, B = metal cations,
X = S, Se, Te), of which several structural types have been identified, namely
Th3P4, CaFe2O4, K2SO4, olivine, spinel, Cr3Se4, Ag2HgI4, Yb3S4, monoclinic
types, MnY2S4, etc. [38]. In particular, chalcogenide spinels (AB2X4), such as
the chalcochromites MCr2X4 (M = Ba, Cd, Co, Zn, Fe, Cu, Hg; also CuCr2S3Se,
CuCr2S2.5Se1.5); thiocobaltites MCo2S4 (M = Cu, Co); thiorhodites MxRh3–xS4
(M = Cu, Co, Fe); thioaluminates MAl2S4 (M = Zn, Cr) [39], very often feature
unusual combinations of magnetic, semiconducting, and optical properties.

Examples of known ternary (and quaternary) chalcogenide compounds, classi-
fied according to a formal valence combination scheme, are given in Table 1.4.
These compounds were collected from a compilation of Madelung [40] regarding
semiconductor materials. To be sure, numerous other systems exist. Some impor-
tant ternary compounds or classes will be considered in the relevant sections of the
present chapter.

Solid solutions are very common among structurally related compounds. Just
as metallic elements of similar structure and atomic properties form alloys, certain
chemical compounds can be combined to produce derivative solid solutions, which
may permit realization of properties not found in either of the precursors. The
combinations of binary compounds with common “anion” or common “cation” ele-
ment, such as the “isovalent alloys” of IV–VI, III–V, II–VI, or I–VII members, are
of considerable scientific and technological interest as their solid-state properties
(e.g., electric and optical such as type of conductivity, current carrier density, band
gap) modulate regularly over a wide range through variations in composition. A
general descriptive scheme for such alloys is as follows [41].

Consider the ternary system AxB1–xC, having some range of mutual solid solu-
bility for its binary constituents AC and BC at some composition and temperature
range. Given that this system would be definitely observed to have a single phase
with a structure denoted as α, it can be classified structurally into one of three
possible types:

– If the binary constituents AC and BC both have the structure α as their stable
form in the temperature range {T}, then the alloy is of “Type I” and one observes
a single Bravais lattice of the type α at all alloy compositions for which solid



1.2 The Metal Chalcogenides 23

Table 1.4 Some ternary (and quaternary) semiconductor chalcogenides

Formal valence
combination Examples

Ix–IIIy–VIz ABX2 chalcopyrites (A = Cu, Ag; B = Al, Ga, In, Tl; X = S, Se, Te);
Cu3In5Se9, Cu3Ga5Se9, Ag3In5Se9, Cu2Ga4Te7, Cu2In4Te7, CuIn3Te5,
AgIn3Te5, AgIn5Se8, AgIn9Te14, AgIn5Se8, Cu5TlSe3

Ix–IVy–VIz I8–IV–VI6: Ag8GeS6, Ag8SnS6, Ag8SiSe6, Ag8GeSe6, Ag8SnSe6,
Ag8GeTe6, Cu8GeS6;

I4–IV3–VI5: Cu4Ge3S5, Cu4Ge3Se5, Cu4Sn3Se5;
Cu4SnS4, Ag3Ge8Se9

Ix–Vy–VIz A3BX3, ABX2, and ABX (A = Cu, Ag; B = As, Sb, Bi; X = S or Se)
IIx–IIIy–VIz II–III2–VI4: ZnIn2X4, CdGa2X4, CdIn2X4, CdTl2X4, HgGa2X4 (ordered

vacancy compounds);
II–III–VI2: ZnTlX2, CdInX2, CdTlX2, HgTlX2;
Zn2In2S5, Zn3In2S6, Hg5Ga2Te8, Hg3In2Te6 (ordered vacancy compounds)

IIx–Vy–VIz Hg3PS3, Hg3PS4
IIIx–Vy–VIz TlAsX2, TlBiX2, Ga6Sb5Te, In6Sb5Te, In7SbTe6
IVx–Vy–VIz Sn2P2S6, PbSb2S4, GeSb2Te4, GeBi2Te4, GeSb4Te7, GeBi4Te7, PbBi4Te7
IVx–Vy–VIz PbNb2S5, PbNb2Se5, PbNbS3, SnNb2Se5, SnVSe3
I2–II–IV–VI4 Cu2ZnSiS4, Cu2ZnSiSe4, Cu2ZnGeS4, Cu2ZnGeSe4 (44 compounds of the

type)
I–III–IV–VI4 CuAlGeSe4, CuAlSnSe4, CuGaGeSe4, CuGaSnSe4, CuInGeSe4, CuInSnSe4;

AgAlGeSe4, AgAlSnSe4, AgGaGeSe4, AgGaSnSe4, AgInGeSe4,
AgInSnSe4

solubility exists. Actually, such is the case for the vast majority of the isovalent,
“pseudobinary” IV–VI, III–V, II–VI, and I–VII alloys which, despite substitu-
tional disorder or tendencies to order, retain in solution their diamond-like, zinc
blende, wurtzite, and rock salt “substructures,” respectively.

– An alloy is said to be of “Type II” if neither the AC nor the BC component has
the structure α as its stable crystal form at the temperature range {T}. Instead,
another phase (β) is stable at {T}, whereas the α-phase does exist in the phase
diagram of the constituents at some different temperature range. It then appears
that the alloy environment stabilizes the high-temperature phase of the constituent
binary systems. Type II alloys exhibit a α � β phase transition at some critical
composition xc, which generally depends on the preparation conditions and tem-
perature. Correspondingly, the alloy properties (e.g., lattice constant, band gaps)
often show a derivative discontinuity at xc.

– If neither the AC nor the BC component exhibits in any part of its (zero pres-
sure) (x, T) phase diagram the structure α, which though exists in their solid
solution, then the latter is of “Type III”. In this case, the alloy environment stabi-
lizes a structure which is fundamentally new to at least one of its components.
Such alloy-stabilized phases with no counterpart in the phase diagram of the
constituent components can be formed in bulk equilibrium growth and may be
distinguished from the unusual alloy phases that are known to form in extreme
non-equilibrium growth methods and in epitaxial forms.
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Pseudobinary II–VI systems or ternaries containing manganese will be discussed
in the respective sections.

1.2.4 Intercalation Phases

The concept of tailoring the properties of materials by intercalating guest species
in a host crystal is not only of major academic interest because of the intriguing
structural and electric properties of the as-formed intercalation phases, but also of
technological significance in various fields including battery and sensor develop-
ment (Chap. 6). Chalcogenide hosts are usually adequately conductive, so that the
extent of intercalation of ionic species is affected and can be controlled by oxida-
tion/reduction of the host lattice, conveniently carried out by electrochemical charge
transfer.

The 2D layered structures of Group 4–6 transition metal dichalcogenides MX2
(M = Ti, Zr, Hf, Nb, Ta, Mo, W) as well as of the ternary alkali metal/3d-metal
systems AMX2 (A = alkali metal; M = Ti, V, Cr, Mn, Fe, Co, Ni) are capable of
intercalating various guest species. The most well investigated is the intercalation
of alkali metals (A) to dichalcogenide hosts, resulting in the formation of AxMX2
phases (0 < x ≤ 1; M = Ti, Zr, Hf, V, Nb, Ta, Mo, W; X = mainly S, Se), which,
in effect, have served for fundamental studies of the intercalation-induced struc-
tural changes and charge transfer. Transition metal derivatives of layered sulfides
and selenides are also known, forming intercalates of the type M′

xMX2 (M′ = 3d
transition metal, M = Nb, Ta; X = S, Se). Interestingly, ditellurides form metal-rich
layer compounds rather than intercalation phases, such as MM′Te2 (M′ = Fe, Co,
Ni; M = Nb, Ta), stabilized by strong bonding interactions between early and late
transition metals (see Sect. 1.2.7.5 for Group VA). Intercalation processes regard
also 3D lattices, i.e., the Chevrel phases MxMo6X8 (intercalation into intersecting
channels – Sect. 1.2.7.6 for Group VIA), Nb3X4 (X = S, Se), AxTi3S4, TlxV3S4
(intercalation into tunnels), as well as 1D structures, i.e., MX3 (M = Ti, Zr, Hf;
X = S, Se), AFeS2 (A = Na to Cs), AMo3X3 (A = alkali metal; X = S, Se)
[28, 42–44].

Of special interest to intercalation studies are complex non-stoichiometric sys-
tems, such as the so-called “misfit” layer chalcogenides that were first synthesized
in the 1960s [45]. Typically, the “misfit compounds” present an asymmetry along the
c-axis, evidencing an inclination of the unit cell in this direction, due to lattice mis-
match in, say, the b-axis; therefore these solids prefer to fold and/or adopt a hollow-
fiber structure, crystallizing in either platelet form or as hollow whiskers. One of the
first studied examples of such a misfit compound has been the kaolinite mineral.

1.2.5 Chalcogenide Glasses

The unique features of chalcogenide glasses (Chap. 6), such as quasi-stability,
photoconductivity, infrared transparency, non-linear optical properties, and ionic
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conduction, have led to a wealth of applications, several of which are commercially
available or practically utilized [46].

By quasi-stability (or bi-stability) it is meant that these materials undergo an
easily reversible thermally driven change from amorphous to crystalline phase, a
phenomenon that can be exploited for electrical or optical switching purposes or
for encoding binary information. Electrical switching in chalcogenide semiconduc-
tors came to prominence in the 1960s, when the amorphous Te48As30Si12Ge10
system was found to display sharp, reversible transitions in electrical resistance
above a threshold voltage, upon bias [47]. Local switching by optical means is
already of great commercial significance in erasable high-density optical memo-
ries (CD-RWs) utilizing semiconductor lasers and chalcogenides such as GeSbTe
in the form of films with a thickness of ∼15 nm. In these systems, data writing is
done by means of laser light heating and data reading by measuring the difference
in reflectivity of the laser light from each of the two phases. The reversibility of the
transition between the amorphous and crystalline states is remarkable and has been
shown to be stable over 1012 repeated read–write cycles. Alternatively, bringing
on the amorphous–crystalline transformation by electrical means forms the basis
of phase-change random-access memory (PC-RAM), which operates much as the
flash memory and magnetoresistive RAM (MRAM), as far as the electrodes are con-
cerned, except that the memory bit cell consists of a bi-stable chalcogenide material.
The phase change of CeSbTe glasses is accompanied by several orders of magnitude
change in conductivity, thus providing a high reading signal-to-noise ratio [48].

On account of their photoconductive properties, chalcogenides glasses are used
in applications such as photoreceptors in copying machines and X-ray imag-
ing plates. Regarding purely optical applications, they are utilized for IR optical
components such as lenses and windows and also IR-transmitting optical fibers.
Chalcogenide fibers incorporating rare-earth ions, such as Er3+, have been consid-
ered promising for optical amplifier applications.

As exhibiting significant ionic conductivities, chalcogenide glasses are utilized
for the fabrication of high-sensitivity ionic sensors. In this connection, lithium-
containing glasses have been investigated as solid-state electrolytes in all-solid-state
batteries. Ionic transport in such materials can be useful also for data storage;
a functional solid electrolyte consisting of crystalline metallic islands of Ag2Se dis-
persed in an amorphous semiconducting matrix of Ge2Se3 was described recently
[49]. Technologies exploiting phase-change and electrolytic chalcogenide devices
are evolving convergently. Both technologies present exciting opportunities that
are not restricted to memory applications, but include cognitive computing and
reconfigurable logic circuits [49].

1.2.6 Materials Synthesis

Various microstructures and configurations are possible for useful solid mate-
rials, including bulk single crystals and epitaxial layers, polycrystalline articles
or thin films with controlled grain size (including micro- and nanocrystalline
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phases), amorphous materials, composites, structured materials (e.g., multilayers,
superlattices), hybrids, and combinations thereof. Synthetic methods available for
solid-state chemistry include the conventional direct combination high-temperature
techniques, synthesis from fluxes and melts, vacuum/high-temperature deposition
from gas phase, hydrothermal synthesis, and synthesis from solutions. Emerging
approaches include synthesis of alloys from suspensions of pre-formed metal
nanoparticles, synthesis of extended frameworks by directed assembly of large
molecular building blocks, low-temperature synthesis of nanostructured metal
oxides and chalcogenides, salt-inclusion synthesis, and a range of preparation
techniques for porous materials [50].

Traditional solid-state synthesis involves the direct reaction of stoichiometric
quantities of pure elements and precursors in the solid state, at relatively high
temperatures (ca. 1,000 ◦C). Briefly, reactants are measured out in a specific ratio,
ground together, pressed into a pellet, and heated in order to facilitate interdiffu-
sion and compound formation. The products are often in powdery and multiphase
form, and prolonged annealing is necessary in order to manufacture larger crystals
and pure end-products. In this manner, thermodynamically stable products under the
reaction conditions are obtained, while rational design of desired products is limited,
as little, if any, control is possible over the formation of metastable intermediates.5

Direct combination of chalcogen elements with most metals at temperatures
400–1,000 ◦C in the absence of air leads to the formation of MCh phases. For exam-
ple, binary II–VI and IV–VI chalcogenides such as the selenides and tellurides of
Cd, Hg, Pb, Sn, and Ge may be effectively prepared by mixing the elements in a
quartz ampoule and heating to a temperature little above the melting point of the
compound, in a rocking furnace. After reaction (for several hours) the ampoule is
either quenched (giving amorphous phases) or slowly cooled to room temperature.
Post-annealing of the product for 1–2 weeks under high vacuum without melting is
usually required for the completion of the reactions. The nature of the products for
a given reaction usually depends on the ratios of reactants, the temperature of the
reaction, and other conditions.

Low-temperature solid-state synthesis is preferred in most cases, where appropri-
ate, for obvious reasons such as energy and cost economy and process safety or for
critical concerns regarding the accessibility of compounds that are stable only at low
temperatures or non-equilibrium phases, i.e., compounds thermodynamically unsta-
ble with respect to the obtained phase (e.g., a ternary instead of binary phase). The
use of low-temperature eutectics as solvents for the reactants, hydrothermal growth

5 The mechanism of these reactions is generally not considered, unlike the reactions lying in the
realm of molecular chemistry, i.e., organic reactions, where kinetic control over intermediate and
product species allows for recognizing details of the mechanism, that is, of the structure of func-
tional groups present in a molecule. Note also that with organic reactions the true thermodynamic
minimum for a particular combination of elements is usually irrelevant. (Stein A, Keller SW,
Mallouk TE (1993) Turning down the heat: Design and mechanism in solid-state synthesis. Science
259: 1558–1564.)
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Fig. 1.4 SEM images of
caved cuboctahedral
hexagonal copper sulfide
(CuS covellite) crystals,
synthesized by a solvothermal
process in ethylene glycol, at
140 ◦C. (Reprinted in gray
scale with permission from
[52]. Copyright 2009,
American Chemical Society)

conditions, and solution growth are possible routes to accomplish a range of possi-
bilities in materials synthesis. Much effort has been put during the last years toward
solvothermal synthesis of MChs. In a typical process, a metal and/or a metallic
salt is heated in a solvent (benzene, toluene, pyridine, ethylenediamine, water, etc.)
at 100–200 ◦C in the presence of an excess of chalcogen (e.g., [51]). An astonish-
ing example of obtaining well-defined cuboctahedral crystals of copper sulfide by a
solution reaction in ethylene glycol [52] is shown in Fig. 1.4.

Many inorganic materials having vital roles in advanced technologies are pre-
pared in the form of thin films. Methods of thin film preparation/processing can be
divided into dry processes carried out in gas phase and wet processes carried out
in liquid phase. The first group includes techniques such as vacuum evaporation,
chemical vapor deposition (CVD), molecular beam epitaxy (MBE), and sputtering.
These gas-phase techniques require high vacuum and/or temperature and have the
advantages of high controllability in film growth and the feasibility to obtain a pure
material, since one can simply exclude the unwanted chemical species from the sys-
tem. A fine control of the growth process is possible due to many tunable variables,
such as substrate conditions and gas pressure. Shortcomings are the high energy
needed for the film processing, along with emission of gaseous waste materials [53].

Electrodeposition, anodization, electroconversion, electrophoresis, electroless
deposition, spray pyrolysis, dip growth, and chemical bath deposition comprise
some of the wet growth techniques, which are rather indispensable when it comes
to the deposition/growth of large-area thin films, as dictated by considerations of
simplicity, economics, and input energy. In particular, such processes implemented
in water have the highest advantages in suppressing cost and environmental impact
[54, 55]. Wet processes at low/ambient temperature and pressure are elegantly called
soft-solution processing (SSP) techniques. They are found to be most appropriate
when the alteration of the substrate must be avoided or limited to the surface, as in
the formation of buffer layers on a photoactive material in solar cell applications.

Metal chalcogenides, apart from their technological significance in industrial
applications, have played an important role in the development of new synthetic
concepts and methods in the area of solid-state chemistry. A great example is alkali
metal intercalation into TiS2 (Chap. 6) first reported three decades ago, which high-
lighted the then-novel synthetic approach called “soft chemistry” (chimie douce).
This low-temperature process allows for new compounds to be obtained while
retaining the structural framework of the precursor. Related to this concept is the
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reactive flux method that has proven to be widely applicable to the preparation
of multinary MChs, especially low-dimensional polychalcogenides with unprece-
dented structures [56]. We should underscore finally the developing approaches for
low-temperature synthesis of MChs in small length (nanometric) scales, which have
proved quite fruitful [57].

1.2.7 An Account of the Periodic Table

1.2.7.1 Group IA (1). Lithium, Sodium, Potassium, Rubidium, Cesium

The alkali metals (A) react directly with sulfur at moderate temperatures in the
absence of air to form compounds of formula A2Sn (n = 1, 2, 3, 4, 5, or 6). The
bonding in these sulfides is generally complex, and the polysulfide ions are present
in the crystal lattice as zigzag chains. The higher sulfides are more conveniently
prepared by reaction of the elements in anhydrous liquid ammonia. Similar alkali
metal polyselenides, A2Sen, have been made by dissolving selenium in aqueous
alkali metal selenide or by reacting the metal with an excess of selenium in anhy-
drous liquid ammonia. Analogous polytellurides exist, while alkali metal hydrogen
sulfides and selenides, AHX, are also known. All of these compounds are, however,
rather unstable and are readily oxidized in air.

The dialkali compounds A2X (A = Li to Rb; X = S, Se, Te) adopt, under nor-
mal conditions, the anti-fluorite structure (4:8 coordination), where the alkali metal
ions occupy the F positions and the chalcogen ions the Ca positions of a fluorite
cell. The Cs2X compounds crystallize in an anti-PbCl2 type structure (the oxide,
Cs2O, assumes the anti-CdCl2 type). Rb2Te is an exception within the dialkali
monochalcogenides, as it can exist in two modifications at room temperature: a
metastable one of the anti-CaF2 type and a stable anti-cotunnite type, while there
exist also further polymorphic high-temperature phases [58]. The anti-CaF2 type
A2X compounds have large lattice spacing due to their large ionic radius of cations
and many of them are wide-band gap semiconductors with transparency.

All the dialkali monosulfides are soluble in water and give alkaline solutions.
The tellurides are instantly decomposed by air. They are soluble in water, but the
solutions are easily oxidized to red polytellurides. The alkali metal tellurides are
strong reducing agents which reduce tellurites to metallic tellurium.

Tellurium-rich alkali metal tellurides are quite interesting novel chalcogenides
with remarkable structural and transport properties. These materials have a tendency
to contain defective square planar tellurium lattices as part of their structures and
encompass a low-dimensional metallic nature. Notable are the recently synthesized
cesium tellurides Cs3Te22, Cs4Te28, and Cs2Te13 [59]. The discovery of the cyclo-
Te8 octatellurium ring in the solid-state structure of Cs3T22 has been an important
landmark in polychalcogenide chemistry. The Te8 “molecule”, the stability of which
has been debated by chemists for a long time, completes the chalcogen series
S8, Se8, and Te8; this tellurium derivative has the expected puckered ring structure
even though it is rather not a true allotrope since it coexists with other components
in Cs3T22 and related materials.
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Most commonly available alkali metal chalcogenides6:
Lithium sulfide, Li2S; sodium selenide, Na2Se; sodium sulfide, Na2S;

sodium hydrogen sulfide dihydrate, NaHS·2H2O; sodium sulfide nonahydrate,
Na2S·9H2O; sodium sulfide pentahydrate, Na2S·5H2O; potassium selenide, K2Se;
potassium sulfide, K2S; potassium hydrogen sulfide, KHS; potassium hydrogen
sulfide hemihydrate, KHS·1/2H2O; potassium sulfide pentahydrate, K2S·5H2O;
rubidium selenide, Rb2Se; rubidium sulfide, Rb2S.

1.2.7.2 Group IIA (2). Beryllium, Magnesium, Calcium, Strontium, Barium

The monosulfides of the alkaline earth metals crystallize in the rock salt (MgS, CaS,
SrS, BaS) and zinc blende (BeS) structures. BaS is insoluble in water, while the
other monosulfides are sparingly soluble but hydrolyzed on warming (except MgS
that is completely hydrolyzed). The monoselenides are isomorphous to the sulfides.
The monotellurides CaTe, SrTe, BaTe adopt the rock salt structure, while BeTe has
the zinc blende and MgTe the wurtzite structure. Alkaline earth polysulfides may be
prepared by boiling a solution or suspension of the metal hydroxide with sulfur, e.g.,

3Ca(OH)2 + 12S � 2CaS5 + CaS2O3 + 3H2O

Beryllium chalcogenides BeX (X = S, Se, Te) are covalent compounds that have
similar structure and bonding with the Group III–IV semiconductors (in particular
with the boron compounds BN, BP, BAs, and BSb). They present large band gaps
(2.7–5.5 eV), and are potentially attractive materials for semiconductor–insulator
applications such as blue-green laser diodes and laser-emitting diodes. The lattice
constants of BeSe and BeTe are close to those of GaAs and ZnSe.

Most commonly available alkaline earth metal chalcogenides7:
Beryllium sulfide, BeS; beryllium selenide, BeSe; beryllium telluride, BeTe;

beryllium polonide, BePo; magnesium sulfide, MgS; magnesium selenide, MgSe;
magnesium telluride, MgTe; calcium sulfide, CaS (oldhamite); calcium selenide,
CaSe; calcium telluride, CaTe; strontium sulfide, SrS; strontium selenide, SrSe;
barium sulfide, BaS; barium selenide, BaSe; barium hydrosulfide, Ba(HS)2; barium
hydrosulfide tetrahydrate, Ba(HS)2–4H2O.

1.2.7.3 Group IIIA (3). Scandium, Yttrium, Lanthanoids, Actinoids

The rare earth elements (R) are those from atomic numbers 57–71, emanating as a
particular series from the parent element lanthanum (atomic no. 57). The set of 14
elements from cerium (58) through lutetium (71) inclusive are commonly known
as the lanthanoid (or lanthanide; Ln) series. The rare earths form a bridge at the

6 As listed in MatWeb database: http://www.matweb.com/search/MaterialGroupSearch.aspx.
Mineral names and corresponding exact or empirical formulas of the substances are given, as
found.
7 Ibid., p. 29.
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sixth period between the very reactive metallic elements Cs and Ba and the transi-
tion element series beginning with hafnium (Hf). They represent the largest group
of chemically similar elements, but their physical properties differ markedly due
to subtle features of electronic structure. Because of the similarity between all of
the R elements, their separation and recovery in pure form have been extremely
difficult. The d transition metal elements yttrium and scandium are sometimes
included in the group of R elements; in fact, there are adequate reasons to consider
Y as a rare earth, but the inclusion of Sc is less common and more controversial
[60].

The rare earth elements form chalcogenides of stoichiometry similar to those
of the oxides (e.g., RX2, R2X3, R3X4, and RX); however, these materials are very
different from the oxides and cannot be treated by using the same concepts, due to
mixed valence effects. In general, binary and ternary rare earth chalcogenides adopt
a wide range of structure types and display a variety of physical properties, having
potential applications as semiconducting, luminescent, magneto-optical materials,
and infrared windows.

Most monochalcogenides of the Group 3 metals adopt the rock salt (NaCl) struc-
ture. Note that the crystal chemistry of divalent europium is very similar to that of
the alkaline earths, particularly strontium, as the radius of Eu2+ is almost the same
as that of Sr2+. For the Yb compounds, the cell dimensions are practically identical
with those of the Ca compounds.

The sesquichalcogenides R2X3 (X = S, Se, Te) crystallize in many modifications
(α, β, γ, δ, η, ε). The most common is the high-temperature γ modification which
has a cubic Th3P4-type structure. The Ln2X3 compounds (Ln = La to Gd) crystal-
lize principally in a defect-type Th3P4 structure involving a random arrangement of
metal atoms in the 8-coordinate positions, of which Ce2S3 is a well-known example.
Ce3S4 assumes a closely related structure, differing with respect to Ce vacancies,
as all the metal positions are occupied. Interestingly, the cubic cell dimension of
cerium sulfides decreases with increase in metal content, i.e., from Ce2S3 to Ce3S4,
presumably due to additional metallic bonding or a change in type of bonding, from
ionic in the red Ce2S3 to metallic in the gray-black Ce3S4. In general, increasing the
metal content from the stoichiometric R2X3 changes the material from an insulator
or semiconductor to a semimetal and finally to a metallic substance. Thus, stoichio-
metric compounds Ln2X3 are wide gap semiconductors with a wide transparency
range and high refraction. Increasing the metal content leads to superconductivity
in the LaS1.5 to LaS1.33 system and magnetic ordering in most of the remaining
rare-earth systems which have an unfilled 4f subshell.

An unusual variety of metal-rich chalcogenides is found among the earliest
transition metals. Scandium and yttrium as well as their heavier 4f analogues (lan-
thanides) have been recent sources of a number of new metal-rich chalcogenide
structures, such as the telluride Sc2Te, featuring chain or puckered sheet aggre-
gates of metal atoms that are separated by a layer of individual chalcogenide atoms;
or Sc8Te3, containing two types of complex-puckered metal sheets separated by
chalcogenide anions. The known structures can be divided into two groups: (1) those
unique (so far) to Sc, Y, etc., and (2) those for which an electron-richer isotype is
also stable for a group IVA metal, Ti or Zr especially [61].
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From the immense variety of the known ternary rare earth chalcogenides we may
refer first to A:R:X systems containing heavy alkali metals (A = K, Rb, Cs; R = Sc,
Y, La, Ce to Lu; X = S, Se, Te) with different molar ratios of the three components.
The ARX2 compounds with α-NaFeO2 or β-RbScO2 type trigonal or hexagonal lay-
ered structures feature octahedral coordination for the R3+ cations and octahedral
(α-NaFeO2 type) or trigonal prismatic coordination (β-RbScO2 type) for the A+

cations. A large R3+ variety for A3R7X12-type compounds of the Cs3Y7Se12-type
structure can be found, having poorer alkali metal composition A:R:X = 1:21/3:4
with A = K, Rb, Cs and X = S, Se, Te; also, the even smaller ratio of A:R:X =
1:3:5 is reported, represented so far only by the selenide compound CsEr3Se5. The
structures of these compounds consist of edge- and vertex-sharing [RX6]9– octahe-
dra frameworks, just like the layered ARX2 phases that provide channels to take up
the A+ cations. For the A3R7X12-type compounds, “triple” channels are present able
to accommodate three A+ cations at a time, while CsEr3Se5 displays “double” chan-
nels able to incorporate two of them. Analogous “single” channel A:R:X = 1:5:8
structures were found recently to be represented by the RbSc5Te8 telluride [62].

We note also ternary alkaline earth materials suitable for high-temperature
thermoelectric applications, such as

– the lanthanide sulfides La3–x AxS4 (A = Ca, Ba; x = 0–0.8) crystallizing in a
Th3P4-type structure [63];

– the recently characterized BaR2Te4 telluride series (R = Y, Sm to Tm), crys-
tallizing in the calcium ferrite type CaFe2O4, i.e., a 3D network of edge- and
corner-sharing RTe6 octahedra;

– the newly discovered SrSc2Te4 and BaSc2Te4, which comprise electron-precise
materials exhibiting band gaps 0.1 and 0.2 eV, respectively [64].

Finally, known are the lanthanide-ytterbium series LnYbX3 (Ln = La, Ce, Pr,
Nd, and Sm); the lanthanide chalcogenides with group IVB elements Ln2QX5
(Q = Ge, Sn); and the IA- or IIB-metal rare earth systems: Cu3RX3, Cu5RX4,
ZnR2X4, CdR2X4 (R = Sc, Y, La, Pr, Sm, Gd, Tb to Lu).

Quaternary chalcogenides of the type A:Ln:M:X, containing three metal ele-
ments from different blocks of the Periodic Table (A is an alkali or alkaline earth
metal, Ln is an f-block lanthanide or scandium, M is a p-block main group or a
d-block transition metal, and X is S or Se) are also known [65].

The actinoid elements (or actinides; An) constitute a series of 14 elements which
are formed by the progressive filling of the 5f electron shell and follow actinium
in the periodic table (atomic numbers 90–103). All of the isotopes of the actinide
elements are radioactive and only four of the primordial isotopes, 232Th, 235U, 238U,
and 244Pu, have a sufficient long half-life for there to be any of these left in nature.

The structural chemistry of the actinides is often similar to that of lighter transi-
tion metals, such as Zr and Hf, and to that of the lanthanides; however, the diffuse
nature of the 5f orbitals leads to some differences and specifically to interesting
magnetic and electrical properties. The actinide sulfides are generally isostructural
with the selenides, but not with the analogous tellurides. The binary chalcogenides
of uranium and thorium have been discussed in detail [66], but the structural
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chemistry of the transuranium element chalcogenides is far less developed. The
monosulfides adopt defect NaCl structures (uranium monosulfide, US, is referred
to as simple cubic rather than fcc), without being, however, simple ionic crystals.
The sesquisulfides of Th, U, and Np have the Sb2S3 (chain) structure, while those
of Ac, Pu, and Am have structures closely related to that of Th3P4.

Semimetallic behavior and non-stoichiometry are observed for the actinide
chalcogenides; the ionic, NaCl-type, AnX as well as the tetragonal UX2 and UXY
compounds (with X and Y being elements of Group 15 or 16) are good conductors of
heat and electricity, due to a partially filled conduction band. Further, An3X4 com-
pounds (with bcc structures) are known to be metallic [67]. A few ternary actinide
systems have been studied. The perovskite structure is the type adopted by ternary
uranium sulfides and selenides of the formula ABX3. Uranium compounds of this
stoichiometry are known for Sc, V to Ni, Pd, Ru, Rh, and Ba. Thorium compounds
are known for Cr, Fe, and Mn. No telluride analogues have been reported.

Most commonly available Group 3–16 binary chalcogenides8:
Scandium sulfide, Sc2S3; scandium selenide, Sc2Se3; scandium telluride,

Sc2Te3; yttrium sulfide, Y2S3; lanthanum sulfide, La2S3; lanthanum sulfide,
LaS; cerium(III) sulfide, Ce2S3; cerium(II) sulfide, CeS; praseodymium sulfide,
Pr2S3; praseodymium telluride, Pr2Te3; neodymium sulfide, Nd2S3; neodymium
telluride, Nd2Te3; samarium(III) sulfide, Sm2S3; samarium(III) telluride, Sm2Te3;
europium(II) sulfide, EuS; europium(II) selenide, EuSe; europium(II) telluride,
EuTe; gadolinium(III) sulfide, Gd2S3; gadolinium selenide, GdSe; gadolinium(III)
telluride, Gd2Te3; terbium sulfide, Tb2S3; dysprosium(III) sulfide, Dy2S3; holmium
sulfide, Ho2S3; erbium sulfide, Er2S3; erbium telluride, Er2Te3; thulium sul-
fide, Tm2S3; ytterbium sulfide, Yb2S3; lutetium sulfide, Lu2S3; lutetium telluride,
Lu2Te3; thorium selenide, ThSe2; thorium sulfide, ThS2.

1.2.7.4 Group IVA (4). Titanium, Zirconium, Hafnium

The early transition metals (Groups 4 and 5) form a wide variety of binary
chalcogenides, which frequently differ in both stoichiometry and structure from
the respective oxides. All the Group 4 dichalcogenides, MX2, occur in layered
CdI2-type structures (1T stacking polytype). TiS2, TiSe2, TiTe2, ZrTe2, and HfTe2
compounds may be roughly classified as metallic materials due to an overlap of the
chalcogenide s and p states with the metal d states, whereas ZrS2, ZrSe2, HfS2, and
HfSe2 are more ionic in nature [68].

Titanium monosulfide, TiS, assumes two forms, both of which are of the NiAs
type. In Ti3S4, the packing of sulfur is of the ABAC type, with alternate layers of
metal sites being fully occupied but the intermediate sites half filled. A series of
intermediate phases Ti2+xS4 (0.2 < x < 1) also occurs. The trisulfide TiS3 is best
represented as TiS2–(S2)2–. The trichalcogenides of Group IVA elements are typified

8 Ibid., p. 29.
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by ZrSe3, which exhibits a monoclinic structure consisting of chains of trigonal
prismatic [ZrSe6] units sharing opposite faces and has semiconducting properties.

In the titanium–selenium system, various stoichiometries such as Ti2Se, Ti3Se,
TiSe0.95, TiSe1.05, Ti0.9Se, Ti3Se4, Ti0.7Se, Ti5Se8, TiSe2, and TiSe3 have been
identified. A variety of phases are known also for the titanium–tellurium sys-
tem, including the compounds Ti5Te4, Ti3Te4, Ti2Te3, Ti5Te8 (and TiTe2) [69].
Three-dimensional bonded metal arrays are found in the isotypic Ti8S3 and Ti8Se3.

In the hafnium–tellurium system, the Te-rich HfTe5, HfTe3, and HfTe2 phases
have been identified, as also the Hf-rich Hf3Te2 with a layered structure that is topo-
logically related to the bcc high-temperature modification of elemental hafnium.
The most reduced telluride of the system, i.e., Hf2Te, is a high-temperature phase
with a structure isotypic to Nb2Se. It transforms in the solid state into Hf3Te2 and a
solid solution Hf1–xTex [70].

The elements Zr and Hf are generally more similar in their chemistry than any
other pair of congeneric elements as having nearly identical atomic or ionic radii,
electronegativities, and elemental structures (actually, the similarities of Nb and Ta
are nearly as close); however, their metal-rich chemistry is often surprising in its
structural and physical aspects with fairly sharp distinctions emerging between the
two elements [71].

Most commonly available 4–16 binary chalcogenides9:
Titanium(II) sulfide, TiS; titanium(III) sulfide, Ti2S3; titanium(IV) sulfide, TiS2;

zirconium sulfide, ZrS2; hafnium selenide, HfSe2; hafnium sulfide, HfS2.

1.2.7.5 Group VA (5). Vanadium, Niobium, Tantalum

A plethora of stoichiometries and structural types are found for the chalcogen com-
pounds of the Group 5 metals. Phases approximating to the composition MX have
the NiAs-type structure, whereas the MX2 compounds have layer structures related
to MoS2, CdI2, or CdCl2 types. Sometimes complex layer sequences occur in which
the 6-coordinate metal atom is alternatively octahedral and trigonal prismatic.

The vanadium–chalcogen system comprises metal-rich (V3S, V2Se, V5Te4) and
chalcogen-rich (VS4, VSe2, VTe2) compositions. Many of the relevant compounds
exist over wide ranges of composition, on account of the close relation between
the NiAs and CdI2 structure types they adopt. Low dimensionality is a common
feature of many niobium and tantalum chalcogenides, such as the binary com-
pounds MX2 (M = Nb, Ta; X = S, Se, Te), MX3 (X = S, Se), MTe4, Nb3X4
(X = S, Se, Te), and Ta2X (X = S, Se). The dichalcogenides adopt layer structures,
whereas chain arrangements are found in tri- and tetrachalcogenides. In the latter
case, only telluride chains exist independently; selenide chains have to be stabilized
by counter-ions or -chains [72]. The same effect is observed in NbSe3 and TaSe3,
which have structures similar to the analogous Group IVA compounds (ZrSe3), but

9 Ibid., p. 29.
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the planes of connected chains are somewhat puckered, due to some Se–Se bonding
between chains as well as intra-chain diselenide formation.

Particularly spectacular is the metal-rich chemistry of Nb and Ta chalcogenides.
Metal-rich compositions, such as the tantalum systems Ta6S, Ta2S, Ta3S2, Ta2Se,
Ta6Te5, Ta2Te3, assume unique structures, often departing largely from the sand-
wich sequence of typical layered solids. For example, the metal frameworks of Ta2S
and Ta6S consist of distorted, centered Ta13 icosahedra, which extend along a “five-
fold axis of symmetry” to form chains; or Ta2Se and the structurally similar ternary
compounds Ta2(S,Se), Ta2(Se,Te) represent quasi-2D solids, where the layers of
metal and chalcogen atoms are arranged in the same way as in the structure of bcc
tantalum.

Most of the considered phases exhibit metallic conductivity; magnetic properties
range from diamagnetic (e.g., VS4), through paramagnetic (VS, V2S3), to anti-
ferromagnetic (V7S8). All the Nb and Ta materials, whether distorted or not, are
superconducting, and the truly metallic ones also show band-antiferromagnetism
below about 150 K.

Several ternary phases occur, others exhibiting 3D structures (like BaVS3,
BaTaS3) and others containing discrete tetrahedral anions, such as the [VS4]3– unit
in M3VS4 (M = Na, K, Tl, NH4).

Strongly intermetallic bonding in early–late transition metal chalcogenides leads
to the formation of an expanding class of ternary compounds with remarkable struc-
tural and electronic properties. The considered phases comprise NbMTe2, TaMTe2,
M2Ta9S6, M2Ta11Se8 (M = Fe, Co, Ni); NbMTe5 (M = Ni, Pd); TaMTe5 (M = Ni,
Pt); Ta2Ni3S8, NiTa8Se8, Ta2Pt3Se8, Ta3Pd3Te14; and MTa4Te4 (M = Si, Al, Cr,
Fe, Co, Ni). Some members of this family are known for their important intercala-
tion chemistry or feature superconductivity, charge density waves, and anisotropic
electrical and optical behavior. Band calculations have also revealed a number of
interesting features in their electronic structure. For example, both NbFeTe2 and
NbCoTe2 crystallize in a layered structure type and are metallic. But, while the
temperature-dependent conductivity of NbCoTe2 is typical of that for a metal, it
reveals some unusual features for NbFeTe2. Also, NbCoTe2 exhibits Pauli param-
agnetic behavior, whereas the magnetic susceptibility data of NbFeTe2 indicate local
moment formation on Fe [73, 74].

Related to the above systems are the complex layered tellurides of general com-
position [(M2Te2)(QTe2)](MTe2)n (or MnQTe2n: Q = Ga, Si, Ge; 0 ≤ n ≤ 1) that
are electronically stabilized by extensive bonding between early transition metals
(M) and main group heteroatoms. These compounds have been synthesized and
studied as main group counterparts of the layered metal-rich transition metal tel-
lurides. Their special features include the unusual square planar Te-coordination
of the main group atoms Ga, Si, and Ge and their modular (tinker toy) structure
based on four building blocks. Size effects are important for the structural stability
of the modular phases; for instance, attempts to substitute Ga by the group homo-
logues boron or indium lead to the formation of alternate phases such as Ta4BTe8
containing metal clusters with interstitial atoms or intercalate phases such as
InxNb3Te4 [75].
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Most commonly available 5–16 binary chalcogenides10:
Vanadium(III) sulfide, V2S3; niobium(IV) sulfide, NbS2; niobium(IV) selenide,

NbSe2; niobium(IV) telluride, NbTe2; tantalum(IV) sulfide, TaS2; tantalum(IV)
selenide, TaSe2; tantalum(IV) telluride, TaTe2.

1.2.7.6 Group VIA (6). Chromium, Molybdenum, Tungsten

Along with the Fe–S, Fe–Te, and Co–Te, the chromium–sulfur system provides
instances of defect structures intermediate between the NiAs type and the CdI2 one,
containing vacant metal sites. The chromium–sulfur system is very complex, with
two forms of Cr2S3 (trigonal and rhombohedral) and several intermediate phases
between those and CrS, i.e., the trigonal CrS, Cr7S8, Cr5S6, Cr3S4 phases, related
to each other by first-order transitions [76]. Rhombohedral Cr2S3 has complex elec-
trical and magnetic properties. The monosulfide CrS is formally isotypic with CuO
but is best regarded as a unique structure type, intermediate between that of NiAs
and PtS. Cr3S4 is found to have a wide range of homogeneity; deviations from stoi-
chiometry within this range due to point defects have been described with the aid of
a Wagner–Schottky model.

Molybdenum and tungsten dichalcogenides MX2 (M = Mo, W) occur in the
(hexagonal) 2H stacking polytype, while MoS2, MoSe2, WS2 occur in addition
in the (rhombohedral) 3R polytype. Also, tetragonal 1T-MoS2 has been observed
for single layers exfoliated from 2H- or 3R-MoS2 crystals [77]. The bonding in

Fig. 1.5 The (rhombohedral) 3R and (hexagonal) 2H stacking polytypes of MoS2. Adjacent layers
in the 2H polytype are rotated by 60◦, whereas those in the 3R polytype can be superimposed with
a translation only. (Reproduced with permission from [77], Copyright 2009, American Chemical
Society)

10 Ibid., p. 29.
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MoS2, MoSe2, WS2, and WSe2 is predominantly covalent. Both 2H- and 3R-MX2
are composed of covalent X–M–X layers in which a metal atom is located in trig-
onal prismatic coordination with six chalcogens. The X–M–X layers are stacked in
vdW contact with one another along the c-axis of the material (Fig. 1.5). Certainly,
because of the layered structure, a pronounced anisotropy of electrical conduction is
observed, which is considerably (two to three orders of magnitude) larger parallel to
the planes. Perpendicular to the planes, conduction occurs by a hopping mechanism.

The layered MX2 compounds have received much attention due to their optical,
electrochemical, and mechanical properties, as well as their rich intercalation chem-
istry. In effect, the preponderate motivation for the study of transition metal sulfides
has been associated with the utility of MoS2 and related materials as catalysts for the
hydrodesulfurization of petroleum. The MoX2 (X = S, Se, Te) and WX2 (X = S, Se)
are all semiconductors (WTe2 is considered rather as a semi-metal) with band gaps
well matched to the solar spectrum (e.g., both 3R- and 2H-MoS2 show an indirect
transition at 1.2 eV and a direct at 1.95 eV) and inherent corrosion resistance, since
their energy gaps are derived from non-bonding molecular orbitals (Chap. 5). Their
applications include solid-state and photoelectrochemical solar cells, rechargeable
batteries, and solid lubricants.

Let us note in addition that the layered sulfides MoS2 and WS2 have been found
to form nanotubes and other fullerene-type structures, on account of their highly
folded and distorted nature that favors the formation of “rag” and “tubular” struc-
tures. Such materials have ‘been synthesized by a variety of methods [78] and
exhibit morphologies, which were described as inorganic fullerenes (IF), single
sheets, folded sheets, nanocrystals, and nested IFs (also known as “onion crystals”
or “Russian dolls”).

The structure and chemistry of molybdenum chalcogenide complexes and clus-
ters is remarkably diverse. The trinuclear clusters with Mo3X4+

4 core (X = S, Se),
along with the analogous complexes of tungsten, comprise the most studied family
of all the early transition metal clusters. Other trinuclear core systems exist such
as Mo3S5, Mo3Te7, Mo3O(S2)3, Mo3O(Te2)3, Mo3S(Se2)3; also tetranuclear as in
GaMo4X8 (X = S, Se), and the isostructural mixed chalcogenides GaMo4(XX′)8
(X, X′ = S, Se, Te); or the hexanuclear Mo6X6 in M′

2Mo6Se6 (M′= Na, In, K,
TI), M′

2Mo6S6 (M′ = K, Rb, Cs), and M′
2Mo6Te6 (M′ = In, TI) [79]. Special

reference should be made to the class of ternary molybdenum chalcogenides known
as the “Chevrel phases”, which are described by the formula MMo6X8, where M
stands for about 40 elements and X = S, Se, Te [80]. These compounds are well-
established catalysts for hydro-desulfurization, -nitrogenation, -deoxygenation,
and hydrogenation reactions in industrial oil-refining applications [81–83]. Also,
their intercalation and conductive properties make them very attractive for energy
storage applications (Chap. 6).

Most commonly available Group 6–16 binary chalcogenides11:
Chromium(III) sulfide, Cr2S3; chromium selenide, CrSe; chromium(III)

telluride, Cr2Te3; molybdenum(IV) sulfide, MoS2 (molybdenite); molybde-
num(IV) selenide, MoSe2; molybdenum(IV) telluride, MoTe2; tungsten(IV) sulfide,

11 Ibid., p. 29.
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WS2 (tungstenite); tungsten(VI) sulfide, WS3; tungsten(IV) selenide, WSe2;
tungsten(IV) telluride, WTe2.

1.2.7.7 Group VIIA (7). Manganese, Technetium, Rhenium

Manganese dichalcogenides, MnX2 (X = S, Se, Te), adopt pyrite-type structures,
with lattice parameters several percent larger than the other transition metal MX2
compounds. These are paramagnetic compounds having five unpaired spins; owing
to strong electron correlation, they do not form energy bands and become antiferro-
magnetic. The Néel temperature,12 TN, is 48, 47, and 87 K for MnS2, MnSe2, and
MnTe2, respectively. The Mn(II) monochalcogenides crystallize in either the rock
salt structure (MnS and MnSe) or the NiAs type (MnTe). The stable red sulfide MnS
is strongly antiferromagnetic (TN 121 ◦C), as also is MnSe (TN 100 ◦C). MnTe is a
p-type semiconductor with a very high density of impurity charge carriers and a
direct band gap of 1.3 eV with a potential for photovoltaic applications.

Along with other transition metal elements, manganese is a common contam-
inant in II–VI semiconductors, like CdTe. The Mn alloys of II–VI compounds
(AII

1−xMnxBVI) provide a unique link between impurity and alloy physics in rela-
tion to magnetism and semiconductivity. Their role in material properties has been
studied in the form of dilute magnetic semiconductors (DMS) (or semimagnetic
semiconductors), the term commonly referring to alloys which are formed by ran-
domly distributing magnetic ions on the cation sites of a II–VI semiconductor [84].
These systems are distinct from conventional octet isovalent semiconductor alloys
(e.g., II–II–VI or III–III–V alloys) in that they include an open shell Mn d5 ion
and differ from dilute d-electron impurity systems (e.g., 3d impurities in II–VI or
III–V semiconductors) in that MnX compounds show considerable solid solubility
in common-anion II–VI compounds despite large lattice mismatches and different
crystal structures. The Cd1–xMnxTe system is probably the most extensively studied
member of the AII

1−xMnxBVI group [41, 85]. It crystallizes in a single-phase zinc
blende structure up to a composition x = 0.7, above which multiphase structures
prevail.

The rhenium chalcogenides ReS2 and ReSe2 are diamagnetic semiconductors
(band gaps 1.33, 1.15 eV, respectively) that belong to the family of the layered
dichalcogenides. However, unlike most of the latter, ReS2 and ReSe2 adopt a CdCl2-
type structure distorted by a Re–Re bonding network, leading to triclinic symmetry
that may be described by a unit cell containing four or eight ReX2 formula units. In
contrast, crystals of the ditelluride, ReTe2, do not show a plate-like habit, and their
structure may be viewed on the basis of an orthorhombic unit cell. The technetium
compounds TcS2 and TcSe2 are also semiconductors (band gaps 1.00 and 0.88 eV,
respectively), having layer lattices of triclinic symmetry, but their structures are
different from those of the corresponding rhenium compounds. Unit cell dimensions
of TcS2 indicate that stacking in this compound resembles that of Cd(OH)2 [86].

12 Analogous to the Curie temperature for ferromagnetic materials, the Néel temperature is the one
at which an antiferromagnetic material becomes paramagnetic. At TN, the thermal energy becomes
large enough to destroy the macroscopic magnetic ordering within the material.
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The telluride TcTe2 has been found to crystallize in a monoclinic layer structure.
The disulfides of Re and Tc, unlike the pyrite-type MnIIS2, contain monoatomic
S2– units.

Technetium and rhenium favor higher oxidation states than manganese in their
binary chalcogenides.13 Both form black diamagnetic heptasulfides, M2S7, which
are isomorphous and decompose to MIVS2 and sulfur on being heated. It has been
suggested [87] that Re2S7 is closely related structurally to the compound ReS4,
these two materials being members of a continuum of Re(S)1.5–1(S2)1–1.5 struc-
tures that differ in terms of their S2−

2 /S2− ratio. Chain structures accommodate
these considerations and are consistent with a largely reversible electrochemistry
that regenerates (ReS4)–. Tc and Re have much stronger metallic bonding than Mn
and the occurrence of cluster compounds with M–M bonds is a dominant feature
of rhenium(III) chemistry. The sulfides of rhenium have attracted attention because
Re–S compositions are particularly active hydrodesulfurization and hydrogenation
catalysts. Re2S7 has been used for the hydrogenation of species that poison Pt metal
catalysts, e.g., NO and SO2.

Most commonly available 7–16 binary chalcogenides14:
Manganese(II) sulfide, MnS (alpha, beta, gamma); manganese sulfide, MnS,

cubic; manganese sulfide, MnS, hexagonal; manganese sulfide, MnS (alabandite);
manganese sulfide, MnS2 (hauerite); manganese(II) selenide, MnSe, cubic; man-
ganese selenide, MnSe, hexagonal; manganese(II) telluride, MnTe; rhenium(IV)
sulfide, ReS2; rhenium(IV) telluride, ReTe2; rhenium(VII) sulfide, Re2S7.

1.2.7.8 Group VIII (8–10). Iron, Cobalt, Nickel

The ferrous sulfide, “FeS”, system provides the most renowned example of non-
stoichiometric sulfides, involving iron-deficient phases of NiAs structure, in which
the framework of S atoms remains intact while some of the lattice iron positions are
vacant in a random way. The simple NiAs structure is stable over only a small range
of composition, which even if one includes the closely related structures is still a few
at.% S. Vacancy compounds that have been identified in this range include Fe1–xS
with x < 0.075 and Fe7S8. The magnetic and electrical properties of these materials
depend on the type of vacancy order, which varies with temperature as well as with
composition. Fe1–xS, occurring in mineral pyrrhotite or in magnetic pyrites, is an
anti-ferromagnetic compound (TN 598 K) and an insulator at low temperatures. It
undergoes an (a-) transition at ca. 420 K (concentration dependent), whereby the lat-
tice parameters, magnetic susceptibility, and electrical resistivity measured along the
c-axis change very sharply, while the resistivity perpendicular to the c-axis does not
change significantly. The mechanism responsible for this transition is still not clear.

13 The +2 state is here of little importance. Lower formal oxidation states are stabilized, however,
by M–M bonding in ternary chalcogenides containing alkali metals such as A4M6Q12 or 13 (A
= alkali metal; M = Re, Tc; Q = S, Se). The structures of such systems are all based on the
face-capped, octahedral M6X8 cluster unit found in Chevrel phases and in the dihalides of Mo
and W.
14 Ibid., p. 29.
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The most prevalent modification of the disulfide, FeS2, is pyrite, which may
be visualized as a distorted NaCl structure where the Fe atoms occupy sodium
positions and S2 groups are placed with their centers at the chloride positions.
Pyrite is a largely occurring crystal with semiconductor properties (Eg = 0.95 eV).
Another modification of FeS2 is the very similar to pyrite but somewhat less regular
marcasite structure.

The NiS compound (NiAs structure) shows an insulator to metal transi-
tion at 263 K with increasing temperature. The low-temperature phase is anti-
ferromagnetic, and the high-temperature phase is paramagnetic. The insulator phase
is known to be of a charge transfer type and it is considered to be at the metal–
insulator boundary. An energy gap of 0.1 eV has been obtained for NiS. The
paramagnetic state of NiS is not considered to be of a usual Pauli type. The disul-
fide, NiS2, adopts the pyrite structure and is semiconductive and anti-ferromagnetic.
Band description for this compound is not relevant as it constitutes a strongly
correlated electron system (the band calculations predict NiS2 to be a Mott–
Hubbard insulator because of the existence of a half-filled 3d band at the Fermi
level).

A number of selenium and tellurium compounds of the presently discussed met-
als show a quite different behavior from the Fe–S system. Iron and selenium form
two “compounds”: “FeSe” with a broad stoichiometry range and FeSe2 with a much
narrower composition field. Below 400 ◦C, the non-stoichiometric Fe1–xSe exists
by creation of iron vacancies and can have compositions lying between Fe7Se8
and Fe3Se4. At low temperatures there exist two phases: an α (PbO type) and a β

(NiAs type) phase. The crystal structure of the diselenide, FeSe2, is an orthorhom-
bic, C18 (marcasite) type. In the Fe–Te system, the defect NiAs structure is found
at a composition close to FeTe1.5, as about one-third of the Fe atoms are missing.
At compositions around FeTe the behavior is complex, and the β-phase has the PbO
structure (like FeSe) but with additional metal atoms (i.e., Fel.lTe).

An even more extreme example of non-stoichiometry is provided by the Co–Te
system. Here a phase with the NiAs structure is stable over the entire composition
range: CoTe to CoTe2. It is possible to pass continuously from the former to the
latter by progressive loss of Co atoms from alternate planes until, at the composition
CoTe2, every other plane of Co atoms present in CoTe has completely vanished
giving a CdI2-type C6 structure. The same behavior is found in other systems (V–Se,
Ti–Se, Ti–Te, and Ni–Te) and is responsible, for example, for the variety of formulae
assigned to the mineral melonite, which can have any composition between those
corresponding to NiTe and NiTe2.

Both CoS2 and CoSe2 are metallic. The former is ferromagnetic with a Curie
temperature of 125 K and the latter appears to be a Curie–Weiss type paramagnet.
The solid solutions Co(SxSe1–x)2 in the composition region 0.12 ≤ x ≤ 0.40 show
a very interesting meta-magnetic transition at 4.2 K, successfully explained on the
basis of the energy band structure.

Most commonly available 8–16 binary chalcogenides15:

15 Ibid., p. 29.
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Iron(II) sulfide, FeS (troilite); iron(II,III) sulfide, Fe3S4 (greigite); iron disulfide,
FeS2 (marcasite); iron disulfide, FeS2 (pyrite); iron sulfide, Fe0.885S (pyrrhotite);
iron sulfide, Fe0.980S (pyrrhotite); iron sulfide, Fe7S8 (pyrrhotite); iron sulfide,
FeS (mackinawite); iron(II) selenide, FeSe; iron(II) selenium, FeSe2 (ferroselite);
iron(II) telluride, FeTe; iron(II) tellurium, FeTe2 (frohbergite).

Cobalt(II) sulfide, CoS; cobalt disulfide, CoS2; cobalt(III) sulfide, Co2S3;
cobalt(II) selenide, CoSe; cobalt selenium, CoSe2 (trogtalite); cobalt(II) telluride,
CoTe.

Nickel(II) sulfide, NiS (millerite); nickel(II, III) sulfide, Ni3S4 (polymidite);
nickel(III) sulfide, Ni3S2; nickel sulfide, Ni3S2 (heazelwoodite); nickel sulfide, NiS2
(vaesite); nickel selenide, NiSe2; nickel(II) selenide, NiSe; nickel telluride, NiTe2
(melonite).

1.2.7.9 Group VIII (8–10). Platinum Group Metals (Ru, Os, Rh, Ir, Pd, Pt)

The platinum group metals form several binary, pseudo-binary, and ternary chalco-
genides. The outstanding features of these compounds as related to catalysis and
materials science have been widely reported and reviewed [88].

The disulfides of ruthenium and osmium, RuS2 and OsS2, as well as the ruthe-
nium diselenide and ditelluride compounds, RuSe2 and RuTe2, are known and
assume the pyrite structure. Examples of pseudo-binary systems are Ru1–xOsxS2
and NixRu1–xS2. Examples of ternaries with various structure types are the spinels
M′M2X4 (M′ = Cr, Mn, Fe, Co, Ni, Cu; M = Rh, Ir; X = S, Se, Te); Tl2Pt4X6
(X = S, Se, Te); MoRuS, etc. Several of these chalcogenides occur in nature as min-
erals, for instance, laurite (mixed sulfide (Ru5Os)S2), braggite (PdPt3S4), luberoite
(Pt5Se4), and Pd6AgTe4.

Rhodium and iridium form a variety of chalcogenide compounds with diverse
structural types, which display metallic to semiconducting behavior. They form the
monotellurides RhTe and IrTe with a NiAs-type structure and the usual wide range
of dichalcogenides, MX2 (M = Rh, Ir; X = S, Se, Te), which adopt pyrite- and
CdI2-type structures. Other chalcogenides of these elements include M2X3 (Rh2S3,
Rh2Se3, Ir2S3); Rh3X4 (X = S, Se, Te); and M3X8 (Rh3Se8, Rh3Te8, Ir3Te8).

Although it has been reported, rhodium disulfide, RhS2, appears not to exist as
a pure compound, since the attempts to prepare it result in formation of Rh2S3,
RhS3, and other phases. The low-temperature modification of RhSe2 is similar to
marcasite, as also are the structures of IrSe2 and IrS2. RhTe2 adopts the pyrite struc-
ture, but does not exist as a stoichiometric compound above 550 ◦C. The telluride
IrTe2 shows polymorphism with three phases: CdI2-type, pyrite type, and mono-
clinic. The sesquisulfides and selenides Rh2S3, Rh2Se3, and Ir2S3 are isostructural,
with the metal atoms in octahedral configuration and octahedron pairs arranged in
layers of stacking sequence ABAB. The Rh3X4 compounds (X = S, Te) crystal-
lize in a monoclinic modification of the NiAs structure. The compounds Rh3Se8,
Rh3Te8, Ir3Te8 crystallize in a rhombohedral modification of a pyrite type. Other
rhodium chalcogenides that have been isolated include Rh17S15, RhSe2+x, RhTe,
and Rh3Te2.



1.2 The Metal Chalcogenides 41

The binary compounds of palladium and platinum show a higher diversity of
structures than found for the Rh–Ir and Ru–Os systems. Aside from several other
reported binary phases, four general families can be distinguished:

• MX (PdS, PdSe, PdTe, PtS, PtSe, PtTe);
• Pd3X (X = S, Se, Te);
• Pd4X (X = S, Se, Te);
• MX2 (PdS2, PdSe2, PdTe2, PtS2, PtSe2, PtTe2).

PtS and PdS exhibit a square planar coordination of Pd2+ and Pt2+ (4:4 PdO struc-
ture) emphasizing covalent rather than ionic bonding. They are prepared from the
bivalent metal cations in aquo with H2S or Li2S, while heating with sulfur results in
formation of the disulfides. PdS2 and PdSe2 exist in a deformed pyrite-type struc-
ture confirming the preference for the divalent state for palladium, i.e., with a Pd2+

(S2−
2 ) formula unit. The remaining MX2 adopt the CdI2 structure. Other phases like

Pd2.2S, Pd3S, and Pd4S (the last two both alloy-like) are known. Similarly to Rh and
Ir, the tellurides PdTe, PtTe exist and have the NiAs structure.

In the palladium–tellurium system, at least eight binary phases (PdTe, PdTe2,
Pd3Te2, Pd7Te3, Pd8Te3, Pd9Te4, Pd17Te4, and Pd20Te7) have been identified. The
platinum–tellurium system exhibits only four binary phases (PtTe, PtTe2, Pt2Te3,
and Pt3Te4). These compositions are constant and there is no appreciable compo-
sitional range. The Pt2Te3 is stable up to ∼ 675 ◦C whereas Pt3Te4 melts above
1,000 ◦C. Semiconducting behavior for some of these compounds has been reported.

Most commonly available platinum group chalcogenides16:
Ruthenium(II) sulfide, RuS2 (laurite); iridium(III) sulfide, Ir2S3; iridium(IV)

sulfide, IrS2; palladium(II) sulfide, PdS; platinum(II) sulfide, PtS (braggite,
cooperite); platinum(IV) sulfide, PtS2.

1.2.7.10 Group IB (11). Copper, Silver, Gold

Various stoichiometries and polymorphs are known for the binary copper chalco-
genides, which exhibit defect phases with large ranges of homogeneity. In the
copper–sulfur system, at the “copper-rich” side lies chalcocite, Cu2S, and at the
“copper-deficient” side the pyrite-type CuS2, with such intermediate phases as
Cu2−xS (Cu1.96S, Cu1.94S, Cu1.8S), Cu7S4, Cu9S8, and CuS (covellite) [89].
Likewise, the copper–selenium system includes Cu2Se, Cu2−xSe, Cu7Se4, Cu3Se2,
Cu5Se4, CuSe, and CuSe2 stoichiometries, some of which (in one polymorphic form
or another) occur as minerals, e.g., berzelianite (Cu2−xSe), umangite (Cu3Se2),
and klockmannite (α-CuSe). Homogeneous, non-stoichiometric phases of the
copper–tellurium system have been found for Cu/Te ratios approximating Cu2Te,
Cu7Te5 (rickardite), Cu3Te4, CuTe, and CuTe2 [90].

Cuprous chalcogenides, Cu2X, are basically dimorphic. The low-chalcocite
Cu2S (an important and widely distributed ore mineral of copper) has a structure

16 Ibid., p. 29.
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based on hexagonal close-packed sulfur stacking and a complex arrangement of
copper atoms, most having triangular coordination and a few being tetrahedrally
coordinated. Above 103 ◦C, the copper ions disorder to form high chalcocite, a much
simpler hexagonal structure. The Cu2Se is similar, whereas the low-temperature
form of Cu2Te assumes a unique hexagonal structure with mean coordination
number seven (7-vertex polyhedra: Cu:Cu4Te3, Te2:Cu6Te). The high-temperature
modifications of these compounds have defect structures, normally metal-deficient,
such as in the (high-digenite) Cu2–xS, where the anions together with half of
the metal ions form a ZB structure, in the interstices of which copper ions are
statistically distributed.

Cupric sulfide, CuS, occurring as the mineral covellite (also known as covelline),
exhibits a very unusual structure, in which the Cu is again partly 3-coordinate and
partly 4-coordinate, with two-thirds of the sulfur atoms existing as S2 groups like
those in pyrites. The low-temperature form of CuSe has also a covellite structure, the
high-temperature modification (β-CuSe) being orthorhombic. All CuX2 compounds
assume pyrite-type structures.

A few binary chalcogenides of silver and gold are known. Ag2S is a very insolu-
ble (ksp ∼10–51) black substance exhibiting three polymorphs; 2- and 3-coordination
is found in the low-temperature form, while at high temperatures the compound is
an ionic conductor due to the mobility of silver atoms within the framework of
sulfurs. Interest in Ag2S has arisen from its use as an ion-specific electrode, its
comparatively high electronic and ionic conductivity, the well-known tarnishing of
silver in sulfur-containing media, and its uses in the processing of minerals. Gold
sulfide Au2S has the cuprite structure. Little is known about the Au2X3 (X = S,
Se, Te) system. The non-stoichiometric gold tellurides Au2Te3, Au3Te5, and AuTe2
have been reported. In AuTe2 “calverite,” gold atoms have 4- and 2-coordination by
tellurium.

The structural complications with IB-chalcogenides indicate that the apparent
simplicity of stoichiometry (and electronic structures) of compounds such as CuX
or CuX2 is deceptive. One way to account for the ambiguous valency of the metal
and chalcogen atoms in such compounds is by using the concept of mixed valence.
Thereby, CuS (covellite), taken as an ionic structure, would be represented as
(Cu+)4(Cu2+)2(S–)2(S2–)2, while AuS and AuSe would be of the form AuIAuIIIX2,
with diagonal gold(I) and square planar gold(III).

Numerous ternary copper chalcogenides are known; for example, the
copper–iron sulfides CuFeS2 (chalcopyrite), CuFe2S3 (cubanite), Cu3Fe4S6,
Cu5FeS4 (bornite), and Cu5FeS6. Most, if not all, of these complex sulfides (and
related selenides) have structures in which the metal atoms occupy tetrahedral
holes between close-packed chalcogen atoms. Closely associated are quaternary
compounds of the stannite (Cu2FeSnS4) family, such as Cu2CdSe4Sn, CoCu2S4Sn,
Cu2GeHgS4, Cu2HgS4Sn, and Ag2FeS4Sn, exhibiting superstructures of the ZB
type with tetrahedral coordination of all the metal atoms.

Chalcopyrite or copper pyrite, CuFeS2, is one of the major ores of copper, esti-
mated to account for about 50% of all the element’s deposits. Compounds of the
chalcopyrite type of the general formula ABC2 (with A = Cu, Ag; B = Al, Ga, In;
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and C = S, Se, Te) form a large group of semiconducting materials with diverse
optical, electrical, and structural properties. These compounds may be regarded as
the ternary I–III–VI2 analogues of the Group IVB (Si, Ge) or the isovalent II–
VI (or III–V) semiconductors, a view that is supported by the close relationship
of the chalcopyrite structure to the diamond and ZB ones, from which it can be
derived by simple unit cell doubling because of cation ordering. However, despite
the general structural similarity between the I–III–VI2 systems and their binary
II–VI analogues, the band gaps of the former are substantially smaller than those of
the latter, and some absorb very strongly in the visible. Both copper and silver chal-
copyrite semiconductors present band gaps decreasing in the B-component order:
Al > Ga > In, for the same chalcogen, and in the C-component order: S > Se > Te,
for the same main group B element [91].

Extensive structural, optical, and electronic studies on the chalcopyrite semicon-
ductors have been stimulated by the promising photovoltaic and photoelectrochem-
ical properties of the copper–indium diselenide, CuInSe2, having a direct gap of
about 1.0 eV, viz. close to optimal for terrestrial photovoltaics, and a high absorption
coefficient which exceeds 105 cm–1. The physical properties of this and the other
compounds of the family can be modulated to some extent by a slight deviation from
stoichiometry. Thus, both anion and cation deficiencies may be tolerated, induc-
ing, respectively, n- and p-type conductivities; a p-type behavior would associate to
either selenium excess or copper deficiency.

CuInSe2 has been utilized as the absorber layer in high-efficiency photovoltaic
solar cells (e.g., p-CuInSe2/n-CdS) either in single-crystal form or as thin film. The
analogous sulfide CuInS2 with an optical band gap of 1.50 eV and an absorption
coefficient 104 cm–1 at λ = 500 nm is also suitable for solar cell applications.
Copper–aluminum diselenide, CuAlSe2, a wide band gap semiconductor (2.67 eV),
has been investigated for blue LED applications and can be thought of as an attrac-
tive material to replace CdS (2.4 eV) as window/buffer layer in thin film solar cells,
although CuAlSe2 thin films are generally p-type while window/buffer layers like
CdS are n-type. The p- to n-type conversion in these ternaries can be managed by
varying the Cu/Al ratio or by extrinsic doping by elements like Zn and Cd. The
silver–gallium sulfide AgGaS2 is a p-type semiconductor, with a direct band gap
of ca. 2.68 eV, while the tellurides AgAlTe2, AgGaTe2, and AgInTe2 have direct
energy gaps at 2.35, 1.36, and 1.04 eV, respectively (at 77 K). All three can be made
usefully p-type, but only AgInTe2 has been made n-type [92].

The insight and achievements in the chemistry of ternary and quaternary chalco-
genides of Group IB elements within the last 20 years are remarkable. The basic
reason for this interest is that the crystals containing X2– and/or X2−

2 chalcogen
“ions” span a broad spectrum of electrical and magnetic properties, ranging from
dielectric to superconducting and from diamagnetism to temperature-independent
paramagnetism. Most of these crystals are semiconductors, with fast ion-transport
properties. Some exhibit (semi)metallic properties and superconductivity at low
temperatures (e.g., CuS, CuS2, CuSe2, CuTe2, AgTe∼3, and Au3Te5) or afford
transitions to states with charge density waves (CDW). The metallic state in these
systems and the CDW phenomena are closely associated to the variable valence and
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charge ordering effects. Notably, it has been observed that thio-, seleno-, and telluro-
cuprates provide a substantially wider range of physicochemical properties than the
corresponding oxides and have large potential as high-temperature superconductors.
The most essential differences with the oxides consist in the higher covalence of the
metal–chalcogen bonds, the ability of chalcogen atoms to form bonds with each
other resulting in molecular anions, and the higher ability of metal atoms to form
metal–metal bonds (due to the lower formal charge) [93, 94].

Most commonly available 11–16 chalcogenides17:
Copper(I) sulfide, Cu2S (chalcocite, high chalcocite, high digenite); cop-

per(I) selenide, Cu2Se (berzelianite); copper(I) telluride, Cu2Te; copper(II) sulfide,
CuS (covellite); copper(II) selenide, CuSe (klockmannite); copper(II) telluride,
CuTe; copper selenide, Cu3Se2 (umangite); copper sulfide, Cu1.79S (digenite);
copper indium selenide, CuInSe2; copper indium sulfide, CuInS2; copper indium
telluride, CuInTe2; copper aluminum sulfide, CuAlS2; copper aluminum selenide,
CuAlSe2; copper aluminum telluride, CuAlTe2; copper antimony sulfide, Cu3SbS4
(famatinite); copper antimony selenide, Cu3SbSe4; copper arsenic sulfide, Cu3AsS4
(enargite); copper arsenic selenide, Cu3AsSe4 (famatinite); copper cadmium tin
sulfide, Cu2CdSnS4; copper gallium selenide, CuGaSe2; copper gallium sul-
fide, CuGaS2; copper gallium telluride, CuGaTe2; copper germanium selenide,
Cu2GeSe3; copper germanium sulfide, Cu2GeS3, high-temperature form; copper
germanium sulfide, CuGeS3, low-temperature form; copper germanium telluride,;
Cu2GeTe3; copper iron selenide, CuFeSe2; copper iron sulfide, CuFeS2 (chal-
copyrite); copper lanthanum sulfide, CuLaS2; copper phosphorus sulfide, Cu3PS4;
copper silicon sulfide, Cu2SiS3, high-temperature form; copper silicon sulfide,
Cu2SiS3, low-temperature form; copper silicon telluride, Cu2SiTe3; copper thal-
lium selenide, CuTlSe2, low-temperature form; copper thallium sulfide, CuTlS2;
copper tin selenide, Cu2SnSe3; copper tin sulfide, Cu2SnS3; copper tin telluride,
Cu2SnTe3.

Silver(I) sulfide, Ag2S (argentite, high argentite, acanthite); silver(I) selenide,
Ag2Se (high naumanite); silver(I) telluride, Ag2Te (hessite); silver aluminum
selenide, AgAlSe2; silver aluminum sulfide, AgAlS2; silver aluminum telluride,
AgAlTe2; silver antimony selenide, AgSbSe2; silver antimony telluride, AgSbTe2;
silver bismuth selenide, AgBiSe2, high-temperature form; silver bismuth sul-
fide, AgBiS2, high-temperature form; silver bismuth telluride, AgBiTe2, high-
temperature form; silver gallium selenide, AgGaSe2; silver gallium sulfide,
AgGaS2; silver gallium telluride, AgGaTe2; silver germanium selenide, Ag2GeSe3;
silver germanium telluride, Ag2GeTe3; silver indium selenide, AgInSe2; silver
indium sulfide, AgInS2, low-temperature form; silver indium telluride, AgInTe2;
silver iron sulfide, AgFeS2; silver tin selenide, AgSnSe3; silver tin telluride,
Ag2SnTe3.

Gold(I) sulfide, Au2S; gold(III) sulfide, Au2S3; gold(III) selenide, Au2Se3.

17 Ibid., p. 29.
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1.2.7.11 Group IIB (12). Zinc, Cadmium, Mercury

All the 12 monochalcogenides of the IIB metals crystallize in the tetrahedral zinc
blende (ZB) or wurtzite (W) structures, as shown in the table below, with the
exception of HgS that exists also in a distorted rock salt (RS) form.

S Se Te

Zn W, ZB ZB W, ZB
Cd W, ZB W, ZB ZB
Hg ZB ZB ZB

Zinc blende (ZnS) is the most widespread ore of zinc and the main source of
the metal. Zinc sulfide (ZnS) is an industrially important phosphor used in televi-
sion and X-ray fluorescent screens, as also in scintillation, fluorescent or luminous
paints, sensors, and lasers. Under stimulation by cathode rays, X-rays, and radioac-
tivity, ZnS fluoresces in a variety of colors which can be extended by the addition
of traces of various metals (activators) or the replacement of Zn by Cd and of S
by Se. ZnS activated with silver (ZnS:Ag) is one of the most efficient cathodolumi-
nescent phosphors known, exhibiting a blue luminescence. Changing the activator
to copper (ZnS:Cu) and other co-dopants gives a green luminescence. The high-
luminescence quantum efficiency obtained from Mn-doped ZnS nanocrystals has
stimulated efforts to dope ZnS nanoparticles with rare earth and transition metal
ions, from which stable visible light emissions with different colors have been
achieved [95]. In addition, ZnS is emerging presently as a potential candidate for
replacing CdS window for both CdTe- and Cu(In,Ga)Se2 (CIGS)-based photovoltaic
cells. The use of ZnS as a window layer allows a more effective photocurrent gen-
eration due to its larger band gap (3.6 eV) compared to that of CdS (2.4 eV) and
benefits also for the fabrication of cadmium-free CIGS devices. ZnS is also used
as catalyst for the photooxidation and photoreduction of organic groups. Nicolau
et al. [96] summarized some important requirements, as regards the microstructure
(i.e., crystallinity, morphology, composition) of ZnS and derivative alloy films used
in various solid-state applications.

Zinc selenide (ZnSe) is used in conjunction with ZnS as a phosphor. On account
of its electronic and structural properties, it appears to be expedient for the fabrica-
tion of blue-light photoelectronic diodes. On the basis of band gap energy (direct
transition at 2.7 eV), ZnSe can be used as a buffer or window layer in lower
gap chalcogenide (CdSe, CdTe, chalcopyrites)-based thin film solar cells. Zinc tel-
luride (ZnTe) has also a high potential for optoelectronic and photovoltaic device
applications because of an even lower but still wide 2.26 eV band gap and p-type
doping ability. ZnTe ohmic contacts are used in high-efficiency photovoltaic cells
like those based on p-type CdTe and GaAs, while polycrystalline thin (<100 nm)
ZnTe films serve as passivating layers, instead of CdS, in CdTe- and also in
CdSe-based SIS solar cells.
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All three zinc chalcogenides are important materials in the fabrication of
heteroepitaxial solid-state devices, like those involving ZnSe/GaAs, ZnSe/Ge,
ZnS/GaP, ZnS/Si, ZnTe/InAs, and ZnTe/GaSb interfaces. In fact, ZnSe is rather the
most extensively investigated wide-gap II–VI compound in heteroepitaxy, in terms
of interface chemistry, growth mechanism, and defect generation in epilayers. It con-
stitutes also one of the basic materials for the construction of heterojunction devices
under lattice matching conditions by adopting suitable alloy systems of other II–VI
compounds.

Cadmium monochalcogenides, with their low energy band gaps (CdS: 2.4 eV,
CdSe: 1.7 eV, CdTe: 1.4 eV), have been thoroughly studied both theoretically,
as model semiconductor materials, and technologically, for applications ranging
from solar photocatalysis to solar photovoltaic (photoelectrochemical) conversion.
Activated CdS and CdSe have also been used extensively as phosphors; their
application, however, is now limited by the toxicities of cadmium and selenium,
although they are still used in radar displays and high-resolution storage tubes.
CdSe and CdTe find application in solar cells, thin film transistors, memory as well
as magneto-optical and optoelectronic devices, photoelectrochemical cells (CdSe),
photoconductors, and γ-ray or infrared (CdTe) detectors. Notably, CdTe has been
recognized theoretically (Loferski [97]) as the semiconductor yielding the highest
efficiency of photovoltaic solar energy conversion (ca. 24%, defined as the ratio
of the maximum electrical power output to the solar power flux incident to the
semiconductor surface).

Mercuric sulfide (HgS) is dimorphic. The more common form, cinnabar (red
α-form), has a distorted RS, trigonal structure which is unique among the monosul-
fides, for the crystal is built of helical chains in which Hg has two nearest neighbors
at 2.36 Å, two more at 3.10 Å, and two at 3.30 Å. Bulk α-HgS is a large-gap semi-
conductor (2.1 eV), transparent in the red and near IR bands. The rare, black mineral
metacinnabarite is the β-HgS polymorph with a ZB structure, in which Hg(II) forms
tetrahedral bonds. Upon heating, β-HgS is converted to the stable α-form. The ZB
structure of HgS is stabilized under a few percent admixture of transition metals,
which replace Hg ions in the lattice.

The zinc blende mercuric chalcogenide crystals are “zero-gap” degenerate semi-
conductors with the inverted band structure, hence are of special interest for
fundamental studies. The negative energy gap of β-HgS is close to –1.19 eV
[98]. HgSe has an inverted bulk gap of − 0.27 eV; recently a direct band gap of
0.81 eV and an indirect of 0.45 eV were reported in epitaxial films [99]. Bulk
HgTe exhibits a band overlap of less than 10–3 eV as was verified by measure-
ments of electrical resistivity and Hall coefficient on crystals grown by the modified
Bridgman technique [100]. Seminal studies of the electronic structure of the IIB–
VI chalcogenides and their unique features have been carried out by Wei and
Zunger [101].

Of particular interest is the fundamental science and technology of the solid
solutions between II–VI binary compounds. These isovalent alloys may be classi-
fied according to the scheme introduced previously (see Sect. 1.2.3) – a convenient
matrix diagram comprising their observed structures can be found in a publication
of Wei and Zunger [102].
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The “type I” alloys prevail both for pseudobinary (i.e., common anion or com-
mon cation), e.g., ZnSxSe1–x, CdxHg1–xTe, and for pseudoternary (mixed anion
and mixed cation quaternary) systems, e.g., (ZnTe)x(CdSe)1–x. The same is true
for systems with complete miscibility range, e.g., ZnSexTe1–x, HgSxSe1–x, as
well as for systems exhibiting limited solubility, e.g., ZnSxTe1–x. The pseudobi-
nary CdxHg1–xTe alloy exhibits electrical properties ranging from semimetallic for
x = 0 (HgTe) to semiconducting for x ≥ 0.15 and has a composition-modulated
direct band gap that can be tailored to the desired optoelectronic application. A
major part of the research on this system has focused on the narrow band gap,
mercury-rich alloys (0.1 < x < 0.4), which are important materials in the field of IR
detection. Investigations involving cadmium-rich compositions of CdxHg1–xTe have
shown these alloys to be of value in solar cell technologies. CdTe single crystal is
advantageously used as a substrate for HgCdTe epitaxy.

A smaller class of “type II” alloys of II–VI binaries also exists, includ-
ing the (CdS)x(ZnSe)1–x, (CdS)x(ZnTe)1–x, (CdSe)x(ZnSe)1–x, (CdS)x(CdTe)1–x,
(CdSe)x(CdTe)1–x, and (CdS)x(ZnS)1–x systems, which transform at some critical
composition from the W to the ZB structure. Importantly, the transition temperatures
are usually well below those required to attain a thermodynamically stable wurtzite
form for the binary constituents (e.g., 700–800 ◦C for pure CdS and > 1,020 ◦C for
pure ZnS). The type II pseudobinary CdxZn1–xSe is of considerable interest in thin
film form for the development of tandem solar cells as well as for the fabrication of
superlattices and phosphor materials for monitors. The CdSexTe1–x alloy is one of
the most investigated semiconductors in photoelectrochemical applications.

Finally, there exist the rather rare “type III” alloys, which (at “zero” pressure)
show structural forms that either are not adopted by the binary constituents for any
pressure (e.g., wurtzite HgS, HgSe or NiAs-type ZnTe, CdTe) or exist only at high
pressures (e.g., RS CdS and CdSe). To this class belong the (HgSe)x(CdSe)1–x and
(CdS)x(CdTe)1–x systems (exhibiting a composition range where a single-phase W
form exists, whereas HgS and HgSe are not known to have this structural form) and
the magnetic semiconductor alloys between MnX (X = S, Se, Te) and a II–VI com-
pound, namely (MnS)x(CdS)1–x and (MnSe)x(CdSe)1–x (showing a single-phase RS
form which CdS and CdSe do not have) or (MnTe)x(ZnTe)1–x and (MnTe)x(CdTe)1–x

(showing a single-phase NiAs structure which ZnTe and CdTe do not have, as well
as a single-phase ZB structure which MnTe does not have).

Numerous ternary systems are known for II–VI structures incorporating elements
from other groups of the Periodic Table. One example is the Zn–Fe–S system: Zn(II)
and Fe(II) may substitute each other in chalcogenide structures as both are diva-
lent and have similar radii. The cubic polymorphs of ZnS and FeS have almost
identical lattice constant (a = 5.3 Å) and form solid solutions in the entire range
of composition. The optical band gap of these alloys varies (rather anomalously)
within the limits of the ZnS (3.6 eV) and FeS (0.95 eV) values. The properties of
ZnxFe1–xS are well suited for thin film heterojunction-based solar cells as well as
for photoluminescent and electroluminescent devices.

Most commonly available 12–16 binary and ternary chalcogenides18:

18 Ibid., p. 29.
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Zinc sulfide, ZnS, sphalerite (zinc blende); zinc sulfide, ZnS, wurtzite; zinc
selenide, ZnSe; zinc telluride, ZnTe, cubic; zinc telluride, ZnTe, hexagonal;
zinc polonide, ZnPo; zinc aluminum selenide, ZnAl2Se4; zinc indium selenide,
ZnIn2Se4; zinc indium telluride, ZnIn2Te4.

Cadmium sulfide, CdS, cubic (hawleyite); cadmium sulfide, CdS, hexagonal
(greenockite); cadmium selenide, CdSe, cubic; cadmium selenide, CdSe, hexag-
onal (cadmoselite); cadmium telluride, CdTe, cubic; cadmium telluride, CdTe,
hexagonal; cadmium polonide, CdPo; cadmium aluminum selenide, CdAl2Se4; cad-
mium aluminum sulfide, CdAl2S4; cadmium gallium selenide, CdGa2Se4; cadmium
gallium sulfide, CdGa2S4; cadmium gallium telluride, CdGa2Te4; cadmium indium
selenide, CdIn2Se4.

Mercury(II) sulfide, HgS (black, red, cinnabar, metacinnabarite); mercury(II)
selenide, HgSe (tiemannite); mercury(II) telluride, HgTe (coloradoite); mercury alu-
minum sulfide, HgAl2S4; mercury aluminum selenide, HgAl2Se4; mercury gallium
sulfide, HgGa2S4; mercury gallium selenide, HgGaSe4; mercury indium selenide,
HgIn2Se4; mercury indium telluride, Hg5In2Te8.

1.2.7.12 Group IIIB (13). Boron, Aluminum, Gallium, Indium, Thallium

The Group 13 elements are often designated as poor metals, except boron that is
considered as a metalloid. Several boron compounds of the type (BX2)n (X = S, Se)
have been identified that exhibit layered structures with zigzag chains of intercon-
nected 1,2,4-trithia(selena)-3,5-diborolane rings oriented in a parallel manner within
the plane and antiparallel to the strands of neighboring layers. Note that the “nor-
mal” boron sulfide B2S3 (according to the valencies) adopts also a layered structure
comprising sheets of interconnected B3S3 and B2S2 rings extending throughout the
crystal. Molecular cyclic boron–chalcogen compounds with organic or halogen lig-
ands have been characterized, primarily in the gas phase and recently also in the
form of single crystals. Structural characterizations have been reported for a vari-
ety of thio- and selenoborates, mostly with alkali metals (e.g., Cs2B2S4, Na3B3S6),
but also with alkaline earth and p-block metals (e.g., BaB2S4, TlBS2, Pb2B4S10),
as well as for perchalcogenoborates (e.g., Li2B2S5, K2B2S7; 1D infinite polymers).
Lithium thio- and selenoborates, being ionic conductors in the glassy state, have
potential for applications in battery and fuel cell systems. In effect, the boron–
sulfur and boron–selenium systems provide an overwhelming number of versatile,
chemically, and technologically interesting structures, which call for the develop-
ment of preparation techniques capable of producing high-purity material in glassy,
microcrystalline, and single-crystalline form [103, 104].

The chalcogen compounds of Al, Ga, In, and Tl exhibit intrinsic vacancy
structures possessing semiconductor properties. For aluminum, the only stable
chalcogenides at normal temperatures are the Al2X3 with X = S, Se, or Te. The
small size of Al relative to the chalcogens dictates tetrahedral coordination and the
various Al2X3 polymorphs are related to wurtzite structure, two-thirds of the avail-
able metal sites being occupied in either an ordered (α) or a random (β) fashion. The
Ga, In, and Tl chalcogenides are much more numerous and at least a dozen different
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structure types have been established. Similar to Al, the M2X3 crystals (M = Ga,
In, Tl; X = S, Se, Te) are mostly based on M-defect tetrahedral structures,
namely W (Ga2S3, In2Se3) and ZB (Ga2Se3, Ga2Te3, In2Te3). At atmospheric
pressure, In2S3 can be present in three modifications. The low-temperature α-form
is a cubic close-packed structure of S atoms, where 70% of the In atoms are ran-
domly distributed on octahedral sites and the rest remain on tetrahedral sites. The
β-form is related to the spinel structure, and the γ-modification is hexagonal.

Al2Se3, with a band gap of 3.1 eV, is of interest for heterostructures with Ga2Se3,
offering potential for a larger band gap analogue to optoelectronic devices based
on AlAs, GaAs, and to the band gap engineering provided by AlxGa1−x As alloys.
Ga2Se3, with its lower band gap of 1.9–2.6 eV [105], has potential for optoelectronic
devices, memory switching, and light-emitting diodes in combination with GaP
substrate. Both Ga2Se3 and Al2Se3 have the advantage of being latticed matched
to silicon (0.1 and 1.3% mismatch, respectively) and, therefore, may be readily
integrated with silicon-based technologies [106]. In2S3 is an intrinsic n-type semi-
conductor with an optical direct band gap of ca. 2 eV. In2Te3 with its 1 eV band gap
has a suitable match to the solar spectrum, while presenting an anomalously high
radiation stability and electrical conductivity remarkably insensitive to impurities.

The MX compounds such as GaS, GaSe, GaTe, InS, and InSe are known to form
layered semiconductor crystals comprising a regular stacking of X–M–M–X lay-
ers, whereas InTe, TlS, and TlSe consist of chains of edge-shared tetrahedra. These
systems are not derivatives of M(II), and mixed valence has to be considered to
cope with the complexity of their structures. For example, in TlSe half the metal
atoms are present as Tl(I) and half as Tl(III); therefore the compound should be for-
mulated as an ionic thallous–thallic selenide, TlI(TlIIISe2). Note also that TlTe is a
variant of the complex W5Si3-type structure, while thallous sulfide, T12S, is known
to crystallize in a distorted CdI2 layer form, with Tl(I) in trigonal coordination.

Most commonly available 13–16 binary chalcogenides19:
Boron sulfide, B2S3; aluminum sulfide, Al2S3; aluminum selenide, Al2Se3;

aluminum telluride, Al2Te3; gallium(II) sulfide, GaS; gallium(III) sulfide, Ga2S3;
gallium(III) selenide, Ga2Se3; gallium(II) selenide, GaSe; gallium(III) telluride,
Ga2Te3; gallium(II) telluride, GaTe; indium(III) telluride, In2Te3, high-temperature
form; indium(II) sulfide, InS; indium(III) sulfide, In2S3; indium(III) selenide,
In2Se3; thallium(I) selenide, Tl2Se; thallium(I) sulfide, Tl2S.

1.2.7.13 Group IVB (14). Germanium, Tin, Lead

Most metalloid elements form sulfides either of a molecular nature or having poly-
meric structures involving sulfur bridges. Thus, carbon disulfide, CS2, consists of
finite molecules, while silicon disulfide, SiS2, consists of infinite chains of SiS4
tetrahedra sharing opposite edges, the chains being held to one another by vdW
forces.

19 Ibid., p. 29.
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For the metallic elements of Group 14, all nine MX compounds (M: Ge, Sn,
Pb; X: S, Se, Te) are known. Their crystalline structure can be viewed as distortion
of the NaCl type to an extent depending on the components. The distortion ampli-
tude is larger for the lighter compounds (GeS, SnS), which exhibit layer structures
similar to that of the isoelectronic black phosphorus, and vanishes for the heavier
compounds (GeTe, SnTe). The crystal symmetry of the layered structures involves
corrugated planes of 3-coordinated covalently bonded atoms. This instability cre-
ates a gap at the Fermi energy and is responsible for the semiconducting nature of
these compounds.

Various polymorphs have been reported for SnS with band gap widths in the
range 1.0–1.5 eV, depending on the preparation method. The α-SnS (herzenbergite)
is the most frequently occurring phase and is a p-type semiconductor with a direct
optical transition at 1.3 eV and a high absorption coefficient (> 104 cm–1). The
orthorhombic δ-SnS phase possesses a direct gap between 1.05 and 1.09 eV.

The lead compounds PbS, PbSe, PbTe are narrow-gap semiconductors that
have been widely investigated for infrared detectors, diode lasers, and thermo-
photovoltaic energy converters. Their photoconductive effect has been utilized in
photoelectric cells, e.g., PbS in photographic exposure meters. Integrated pho-
tonic devices have been fabricated by their heteroepitaxial growth on Si or III–V
semiconductors.

Lead(II) sulfide occurs widely as the black opaque mineral galena, which is the
principal ore of lead. The bulk material has a band gap of 0.41 eV, and it is used as
a Pb2+ ion-selective sensor and IR detector. PbS may become suitable for optoelec-
tronic applications upon tailoring its band gap by alloying with II–VI compounds
like ZnS or CdS. Importantly, PbS allows strong size-quantization effects due to a
high dielectric constant and small effective mass of electrons and holes. It is consid-
ered that its band gap energy should be easily modulated from the bulk value to a
few electron volts, solely by changing the material’s dimensionality.

PbSe, with a direct gap lower than 0.3 eV, is widely used for manufacturing IR
emitters, photodetectors, photoresistors, but also for laser diodes and thermovoltaic
energy converters. Great attention has been paid to the investigation of the quantum
size dependent properties of PbSe and therefore for production of relevant nanos-
tructures. PbTe, with a similar band gap, makes a good candidate for photodetectors
in the mid- and far-IR bands and mid-IR quantum-well laser diodes by providing
high quantum efficiency, low noise level, and ability to tune peak wavelength by
adjusting alloy composition (e.g., PbSnTe). PbTe and its derivative alloys are among
the most efficient materials for thermoelectric power generation in the intermedi-
ate range of temperature (500–900 K) as they have high thermoelectric figure of
merit combined with favorable material properties. However, the bulk material is
not usually commercially available and the conductivity control is not easy.

Other binary metal compounds in this group include GeS2, GeSe2, SnS2, SnSe2,
Sn2S3, and Sn3S4. Germanium disulfide, GeS2, presents a unique structure consist-
ing of a 3D framework of GeS4 tetrahedra. SnS2 has a CdI2-type (C6) structure
characterized by adjoining planes of weakly bound S atoms allowing a cleav-
age in [001] direction. Nominally it behaves as an n-type semiconductor with an
indirect energy gap of 2.2 eV. Solid solutions SnSxSe2–x are obtained over the entire
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composition range from SnS2 to SnSe2. These comprise also CdI2-type layered
semiconductors. Sn2S3 (orthorhombic symmetry) is a semiconductor with an optical
band gap at ca. 0.95 eV.

Ternary compounds of the type MM′S3 with M = Sn, Pb and M′ = Ge, Sn,
i.e., PbSnS3, SnGeS3, and PbGeS3, form two isotypic groups with orthorhombic
(MSnS3) and monoclinic (MGeS3) symmetry, respectively. These compounds are
semiconductors with optical band gaps ranging from 1.05 eV (PbSnS3) to 2.23 eV
(SnGeS3) and 2.40 eV (PbGeS3).

Most commonly available Group 14 (Ge, Sn, Pb)–16 chalcogenides20:
Germanium(IV) sulfide, GeS2; germanium(II) sulfide, GeS; germanium(IV)

selenide, GeSe2; germanium(II) selenide, GeSe; germanium(II) telluride, GeTe;
tin(II) sulfide, SnS (herzenbergite); tin(IV) sulfide, SnS2; tin(II) selenide, SnSe;
tin(IV) selenide, SnSe2; tin(II) telluride, SnTe; lead(II) sulfide, PbS (galena);
lead(II) selenide, PbSe (clausthalite); lead(II) telluride, PbTe (altaite).

1.2.7.14 Group VB (15). Antimony, Bismuth

The binary chalcogenides of antimony and bismuth are highly colored compounds
that are readily prepared by direct reaction of the elements at 500–900 ◦C. They have
rather complex ribbon or layer structures and exhibit semiconductor properties.

For the sesquichalcogenides M2X3 (M = Sb, Bi), the intrinsic band gap energy
decreases from Sb to Bi for a given chalcogen and in the sequence S > Se > Te
for a given metal. Both n- and p-type materials can be obtained by appropriate
doping. Stibnite, Sb2S3, is regarded as a prospective material for solar energy owing
to its direct band gap of 1.8–2.5 eV and finds applications in television cameras and
various optoelectronic and switching devices. Bismuth sulfide, Bi2S3 (of a stibnite
structure), with its direct band gap of 1.3 eV has a large potential in optoelectronics
and also finds applications in thermoelectric refrigeration. The selenide and telluride
semiconductors Bi2Se3, Bi2Te3, and Sb2Te3, along with their solid solutions, are
well-known thermoelectric materials.

Bismuth(III) telluride (Bi2Te3) and its alloys are currently the most widely used
thermoelectric materials for room-temperature applications. Bi2Te3 has a layered,
tetradymite structure (rhombohedral) and a narrow band gap of ca. 0.18 eV at 300 K.
In the phase diagram of the Bi–Te system, the Bi2Te3 phase exists within a range
of 59.5–60.5 at.% Te. Composition ranges of 59.0–62.6 at.% Te for p-type and
62.6–66.0 at.% Te for n-type semiconducting Bi2Te3 have been reported. Bi2Se3,
with a similar crystal structure and a band gap of 0.35 eV, is usually used as a
dopant in Bi2Te3 to form Bi2Te3−ySey solid solution. Sb2Te3 is also used as an
isomorphous alloying component to form p-type (Bi1−xSbx)2Te3 solid solution.

Most commonly available Group 15 (Sb, Bi)–16 binary chalcogenides21:
Antimony(III) sulfide, Sb2S3 (stibnite); antimony(V) sulfide, Sb2S5; anti-

mony(III) selenide, Sb2Se3; antimony(III) telluride, Sb2Te3; bismuth(III) selenide,

20 Ibid., p. 29.
21 Ibid., p. 29.
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Bi2Se3; bismuth selenide, BiSe; bismuth(III) sulfide, Bi2S3 (bismuthinite); bis-
muth(III) telluride, Bi2Te3 (tellurobismuthite); bismuth telluride, BiTe.
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Chapter 2
Electrochemistry of the Chalcogens

2.1 General References

Because of their multiple oxidation states, the chalcogens, particularly sulfur, can
engage in numerous redox couples participating in acid–base, oxidation–reduction,
precipitation, and complexation equilibria.

In the anion electrochemical series, sulfur, being the less noble element com-
pared to its heavier congeners, occupies an intermediate position between iodine
and selenium [(+)F, Cl, Br, I, S, Se, Te(–)]. Selenium, regarded as a metalloid, is
a relatively noble element. Tellurium is rather an amphoteric element: it can enter
into solution in the form of both cations and anions. Regarded as a metal, i.e., with
respect to its cations, tellurium occupies a position between copper and mercury.
Regarded as a metalloid, i.e., with respect to its anions, it is located on the extreme
right of the above series.

A comprehensive survey of the classical electrochemical facts for sulfur, sele-
nium, and tellurium, as documented until about 1970, can be found in the reviews
of Zhdanov [1], wherefrom we cite the lists of standard and formal potentials for
aqueous solutions, in Tables 2.1, 2.2, and 2.3, respectively. Many of these potentials
have been calculated thermodynamically since the experimental determinations are
few. The listed data are largely drawn from the monograph by Pourbaix (below), and
the interested reader should validate the measurement conditions for the indicated
potentials or the scatter in their values (not given here in detail). In these tables, the
redox systems are assorted by decreasing formal valency of chalcogen in the oxi-
dized state, while at a given valency of the oxidized state they appear in the order
of decreasing valency of chalcogen in the reduced state. Latimer [2] has compiled
useful aqueous redox transition potential diagrams (reproduced also in Zhdanov’s
monographs) that are convenient as a quick guide in practical problems and for
perceiving the oxidation–reduction properties of some chalcogen hydride and oxy-
chalcogenide species. Standard potentials of chalcogens in non-aqueous media are
generally not known, at least in a systematic manner.

A standard approach for the theoretical presentation of electrochemical equilibria
is the use of Pourbaix, or potential–pH predominance area diagrams, which incor-
porate chemical and electrochemical thermodynamics simultaneously in a straight-
forward manner. These diagrams comprise an extremely useful, yet fundamental,
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starting point for the study of electrochemical systems. Certainly, the ability to
predict, understand, and ultimately control electrochemical reactions requires also
knowledge of process kinetics.

Reproduced below are the potential–pH diagrams for the chalcogen–water
systems as originally derived and illustrated by Pourbaix [3], along with some
accompanying data. These will serve as a guide to all subsequent discussion on
aqueous systems used for electrochemical preparations of metal chalcogenides. The
reader may take notice of the chalcogen-containing substances that are considered
to be present in the electrolytes and their stability domains. The diagrams repre-
sent, almost exclusively, the important “valencies” of the chalcogens, namely –2,
+4, and +6 (and not effective oxidation states corresponding, e.g., to polysulfides
and the like). Still, all known substances for each chalcogen, either stable in water
or not, are registered here, in order to serve as a useful basis for the formulae and
nomenclature used in the rest of the book. Note that the parts of the Pourbaix dia-
grams outside the zero activity lines (log C = 0) regard ideal solutions containing
1 M of dissolved chalcogen in the forms considered, and the parts inside these lines
regard solutions saturated with solid chalcogen (plus TeO2 in the case of tellurium).
The diagrams are valid only in the absence of substances with which the respective
chalcogen can form soluble complexes or insoluble salts.

It is considered useful to include here the potential–pH diagram for some redox
systems related to oxygen (Fig. 2.1) [4]. Lines 11′ and 33′ correspond to the (a)
and (b) dashed lines bounding the stability region of water, as depicted in all the
subsequent Pourbaix diagrams.

Fig. 2.1 Potential–pH diagram for oxygen reactions. (L’ Her [4] Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission)
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2.1.1 Tables of Aqueous Standard and Formal Potentials

Table 2.1 Sulfur reactions

Half-reaction
Standard or formal potential
(V vs. SHE at 25 ◦C)

S2O2−
8 + 2e− → 2SO2−

4 +2.01

S2O2−
8 + 2H+ + 2e− → 2 HSO−

4 +2.123

2SO2−
4 + 4H+ + 2e− → S2O2−

6 + 2H2O −0.22

SO2−
4 + 4H+ + 2e− → H2SO3 + H2O +0.17

SO2−
4 + 4H+ + 2e− → SO2 + 2H2O +0.138

SO2−
4 + H2O + 2e− → SO2−

3 + 2OH− −0.93
HSO−

4 + 7H+ + 6e− → S(s) + 4H2O +0.339

SO2−
4 + 8H+ + 6e− → S(s) + 4H2O +0.357

HSO−
4 + 9H+ + 8e− → H2S(aq) + 4H2O +0.289

SO2−
4 + 10H+ + 8e− → H2S(aq) + 4H2O +0.303

SO2−
4 + 9H+ + 8e− → HS− + 4H2O +0.252

SO2−
4 + 8H+ + 8e− → S2− + 4H2O +0.149

SO2−
4 + 10H+ + 8e− → H2S(g) + 4H2O +0.311

S2O2−
6 + 4H+ + 2e− → 2H2SO3 +0.57

S2O2−
6 + 2H+ + 2e− → 2HSO−

3 +0.455

S2O2−
6 + 2e− → 2SO2−

3 +0.026

3H2SO3 + 2e− → S3O2−
6 + 3H2O +0.30

2H2SO3 + H+ + 2e− → HS2O−
4 + 2H2O −0.08, −0.056

2SO2−
3 +2H2O+2e− → S2O2−

4 +4OH− −1.12

2SO2−
3 + 4H+ + 2e− → S2O2−

4 + 2H2O +0.416
2HSO−

3 +3H+ +2e− → HS2O−
4 +2H2O +0.060

2HSO−
3 + 2H+ + 2e− → S2O2−

4 + 2H2O −0.013, −0.009

4H2SO3 + 4H+ + 6e− → S4O2−
6 + 6H2O +0.51

4HSO−
3 + 8H+ + 6e− → S4O2−

6 + 6H2O +0.581
4SO2(g) + 4H+ + 6e− → S4O−2

6 + 2H2O +0.510

2H2SO3 + 2H+ + 4e− → S2O2−
3 + 3H2O +0.40

2SO2−
3 +3H2O+4e− → S2O2−

3 +6OH− −0.58

2SO2−
3 + 6H+ + 4e− → S2O2−

3 + 3H2O +0.705
H2SO3 + 2H+ + 2e− → H2SO2 + H2O < +0.4

2HSO−
3 + 4H+ + 4e− → S2O2−

3 + 3H2O +0.491

5H2SO3 +8H++10e− → S5O2−
6 +9H2O +0.41

H2SO3 + 4H+ + 4e− → S(s) + 3H2O +0.45
SO2−

3 + 3H2O + 4e− → S(s) + 6OH− −0.66
SO2(g) + 4H+ + 4e− → S(s) + 2H2O +0.451, +0.470

SO2−
3 + 6H+ + 6e− → S2− + 3H2O +0.231

S4O2−
6 + 2e− → 2S2O2−

3 +0.08, +0.219, −0.10

S4O2−
6 + 12H+ + 10e− → 4S(s) + 6H2O +0.416
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Table 2.1 (continued)

Half-reaction
Standard or formal potential
(V vs. SHE at 25 ◦C)

H2SO2 + 2H+ + 2e− → S(s) + 2H2O >+0.5

S2O2−
3 + 6H+ + 4e− → 2S(s) + 3H2O +0.465

S5O2−
6 + 12H+ + 10e− → 5S(s) + 6H2O +0.484

SO(g) + 2H+ + 2e− → S(s) + H2O +1.507

5S2O2−
3 +30H++24e− → 2S2−

5 +15H2O +0.331

S2O2−
3 + 8H+ + 8e− → 2HS− + 3H2O +0.200

S2O2−
3 + 6H+ + 8e− → 2S2− + 3H2O −0.006

S2Cl2 + 2e− → 2S(s) + 2Cl− +1.23

5S(s) + 2e− → S2−
5 −0.340, −0.315

4S(s) + 2e− → S2−
4 −0.33

S(s) + 2H+ + 2e− → H2S(aq) +0.141
S(s) + 2H+ + 2e− → H2S(g) +0.171
S(s) + H+ + 2e− → HS− −0.065
S(s) + H2O + 2e− → HS− + OH− −0.52
S(s) + 2e− → S2− A large number of measurements and

calculated values are available. These vary
from −0.48 to −0.58 V, but most are closer
to −0.48 V

4S2−
5 + 2e− → 5S2−

4 −0.441

S2−
5 + 5H+ + 8e− → 5HS− +0.003

S2−
5 + 10H+ + 8e− → 5H2S(g) +0.299

3S2−
4 + 2e− → 4S2−

3 −0.478

S2−
4 + 2e− → S2− + S2−

3 −0.52

S2−
4 + 4H+ + 6e− → 4HS− +0.033

2S2−
3 + 2e− → 3S2−

2 −0.506

S2−
3 + 2e− → S2− + S2−

2 −0.49

S2−
3 + 3H+ + 4e− → 3HS− +0.097

S2−
2 + 2e− → 2S2− −0.48, −0.524

S2−
2 + 2H+ + 2e− → 2HS− +0.298

Table 2.2 Selenium reactions

Half-reaction
Standard or formal potential
(V vs. SHE at 25 ◦C)

HSeO−
4 + 3H+ + 2e− → H2SeO3 + H2O +1.090

SeO2−
4 + 4H+ + 2e− → H2SeO3 + H2O +1.15

SeO2−
4 + 3H+ + 2e− → HSeO−

3 + H2O +1.075

SeO2−
4 + 2H+ + 2e− → SeO2−

3 + H2O +0.880

SeO2−
4 + 2e− + H2O → SeO2−

3 + 2OH− +0.05
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Table 2.2 (continued)

Half-reaction
Standard or formal potential
(V vs. SHE at 25 ◦C)

H2SeO3 + 4H+ + 4e− → Se(s) + 3H2O +0.740

HSeO−
3 + 5H+ + 4e− → Se(s) + 3H2O +0.778

SeO2−
3 + 6H+ + 4e− → Se(s) + 3H2O +0.875

SeO2−
3 + 4e− + 3H2O → Se(s) + 6OH− −0.366

Se4+ + 4e− → Se(s) +0.846

H2SeO3 + 6H+ + 6e− → H2Se + 3H2O +0.360

HSeO−
3 + 7H+ + 6e− → H2Se + 3H2O +0.386

HSeO−
3 + 6H+ + 6e− → HSe− + 3H2O +0.349

SeO2−
3 + 7H+ + 6e− → HSe− + 3H2O +0.414

SeO2−
3 + 6H+ + 6e− → Se2− + 3H2O +0.276

Se2Cl2 + 2e− → 2Se(s) + 2Cl− +1.1

Se(s) + 2H+ + 2e− → H2Se −0.40

Se(s) + H+ + 2e− → HSe− −0.510

Se(s) + 2e− → Se2− −0.92

Se(s) + 2H+ + 2e− → H2Se(g) −0.369

Table 2.3 Tellurium reactions [TeO2aq(s) refers to hydrated TeO2 crystals]

Half-reaction
Standard or formal potential
(V vs. SHE at 25 ◦C)

H2TeO4 + 6H+ + 2e− → Te4++ 4H2O +0.920
H2TeO4 + 3H+ + 2e− → HTeO+

2 + 2H2O +0.953
H2TeO4 + H+ + 2e− → HTeO−

3 + H2O +0.631
HTeO−

4 + 2H+ + 2e− → HTeO−
3 + H2O +0.813

HTeO−
4 + H+ + 2e− → TeO2−

3 + H2O +0.584

TeO2−
4 + 2H+ + 2e− → TeO2−

3 + H2O +0.892
H2TeO4 + 2H+ + 2e− → TeO2(s) + 2H2O +1.020
H2TeO4 + 2H+ + 2e− → TeO2aq(s) + 2H2O +0.854
HTeO−

4 + 3H+ + 2e− → TeO2(s) + 2H2O +1.202
HTeO−

4 + 3H+ + 2e− → TeO2aq(s) + 2H2O +1.036

TeO2−
4 + 4H+ + 2e− → TeO2(s) + 2H2O +1.509

TeO2−
4 + 4H+ + 2e− → TeO2aq(s) + 2H2O +1.343

TeO3(s) + 2H+ + 2e− → TeO2(s) + H2O +1.020
TeO3(s) + 2H+ + 2e− → TeO2aq(s) + H2O +0.850
Te4+ + 4e− → Te(s) +0.584 (2–3 M HCI), +0.568, +0.556
HTeO+

2 + 3H+ + 4e− → Te(s) + 2H2O +0.551
H2TeO3 + 4H+ + 4e− → Te(s) + 3H2O +0.589
HTeO−

3 + 5H+ + 4e− → Te(s) + 3H2O +0.713

TeO2−
3 + 6H+ + 4e− → Te(s) + 3H2O +0.827

TeO2(s) + 4H+ + 4e− → Te(s) + 2H2O +0.521
TeO2aq(s) + 4H+ + 4e− → Te(s) + 2H2O +0.604
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Table 2.3 (continued)

Half-reaction
Standard or formal potential
(V vs. SHE at 25 ◦C)

Te(OH)2−
6 + 4e− → Te(s) + 6OH− −0.412

TeCl2−
6 + 4e− → Te(s)+ 6Cl− +0.55, +0.630 (2–3 M HCI)

2Te4+ + 10e− → Te2−
2 +0.286

2 HTeO+
2 + 6H+ + 10e− → Te2−

2 + 4H2O +0.273

2 HTeO−
3 + 10H+ + 10e− → Te2−

2 + 6H2O +0.402

2 TeO2−
3 + 12H+ + 10e− → Te2−

2 + 6H2O +0.493
Te4+ + 2H+ + 6e− → H2Te +0.132
HTeO+

2 + 5H+ + 6e− → H2Te + 2H2O +0.121
Te2+ + 2e− → Te(s) +0.40
Te2S + 2e− → 2Te(s) + S2− −0.90

2Te(s) + 2e− → Te2−
2 −0.840, −0.790, −0.74

2Te(s) + 2H+ + 2e− → H2Te2 −0.365 (30 ◦C)

3Te2 + 8e− → 2Te2−
2 + 2Te2− −0.92

Te(s) + 2H+ + 2e− → H2Te −0.739, −0.50 (30 ◦C)
Te(s) + 2H+ + 2e− → H2Te(g) −0.717
Te(s) + 2e− → Te2− −0.913, –1.14

Te2−
2 + 4H+ + 2e− → 2H2Te −0.638

Te2−
2 + 2H+ + 2e− → 2HTe− −0.795

Te2−
2 + 4H+ + 2e− → 2H2Te(g) −0.595

Te2−
2 + 2e− → 2Te2− −1.445

2.1.2 Pourbaix Diagram for Sulfur–Water

Solid substances considered: S (sulfur, light yellow, orthorhombic).
Dissolved (in aquo) sulfur substances considered:
H2S (hydrogen sulfide, colorless), HS– (hydrogen sulfide ion, colorless), S2–

(sulfide ion, colorless), S2−
2 (disulfide ion, orange), S2−

3 (trisulfide ion, orange),
S2−

4 (tetrasulfide ion, orange), S2−
5 (pentasulfide ion, orange), H2S2O3 (thiosul-

furic acid, colorless), HS2O−
3 (acid thiosulfate ion, colorless), S2O2−

3 (thiosulfate
ion, colorless), S5O2−

6 (pentathionate ion, colorless), S4O2−
6 (tetrathionate ion, col-

orless), HS2O−
4 (acid dithionite ion, colorless), S2O2−

4 (dithionite ion, colorless),
S3O2−

6 (trithionate ion, colorless), H2SO3 (sulfurous acid, colorless), HSO−
3 (bisul-

fite ion, colorless), SO2−
3 (sulfite ion, colorless), S2O2−

6 (dithionate ion, colorless),
H2SO4 (sulfuric acid, colorless), HSO−

4 (bisulfate ion, colorless), SO2−
4 (sulfate ion,

colorless), S2O2−
8 (dipersulfate ion, colorless).

In Fig. 2.2, the potential–pH diagram is represented for the stable equilibria
of the system sulfur–water at 25 ◦C, i.e., equilibria comprising the forms H2S,
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Fig. 2.2 Potential–pH diagram for the stable equilibria of the system sulfur–water at 25 ◦C
(gaseous hydrogen sulfide is designated in italic letters) (Reproduced from [3], Copyright NACE
International 2010)

HS–, S2–, S, HSO−
4 , SO2−

4 , and S2O2−
8 , which contain sulfur only in the oxidation

states –2 and +6 (aside from the solid element); other species, such as thiosulfates,
dithionites, sulfites, and polythionates are in “false” equilibrium in aqueous solution.
Note also that the persulfates (S2O2−

8 ) are unstable in water, so that if the equilib-
ria were attained, only the remaining six forms would be present in solution. The
limits of the domains of relative predominance of the dissolved substances included
in the Pourbaix diagram (plus solid sulfur) regard the following homogeneous and
heterogeneous (solid/liquid, gas/liquid) equilibria, involving redox and non-redox
processes:
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Limits of the domains of relative
predominance of dissolved substances Redox equilibria

(1′) H2S/HS– (41′) S2O2−
8 + 2e– → 2SO2−

4

(2′) HS–/S2– (40′) S2O2−
8 + 2H++ 2e– → 2HSO−

4
(52′) H2S(g)/H2S(aq) (50′) HSO−

4 + 7H++ 6e– → S(s) + 4H2O
(53′) H2S(g)/HS– (51′) SO2−

4 + 8H++ 6e– → S(s) + 4H2O
(11′) HSO−

4 /SO2−
4 (20′) HSO−

4 + 9H++ 8e– → H2S(aq) + 4H2O
(21′) SO2−

4 + 10H++ 8e– → H2S(aq) + 4H2O

(22′) SO2−
4 + 9H++ 8e– → HS–+ 4H2O

(23′) SO2−
4 + 8H++ 8e– → S2–+ 4H2O

(58′) SO2−
4 + 10H++ 8e– → H2S(g) + 4H2O

(42′) S(s) + 2H++ 2e– → H2S(aq)
(60) S(s) + 2H++ 2e– → H2S(g)
(43′) S(s) + H++ 2e– → HS–

2.1.3 Pourbaix Diagram for Selenium–Water

Solid substances considered: Se (selenium, gray, trigonal).
Dissolved (in aquo) selenium substances considered:
H2Se (hydrogen selenide, colorless), HSe– (acid telluride ion, colorless), Se2–

(selenide ion, colorless), H2SeO3 (selenous acid, colorless), HSeO−
3 (acid selenite

ion, colorless), SeO2−
3 (selenite ion, colorless), H2SeO4 (selenic acid, colorless),

HSeO−
4 (acid selenate ion, colorless), SeO2−

4 (selenate ion, colorless).

Limits of the domains of relative
predominance of dissolved substances Redox equilibria

1′ HSe–/H2Se 12′ HSeO−
4 + 3H++ 2e– → H2SeO3 + H2O

2′ Se2–/HSe– 13′ SeO2−
4 + 4H++ 2e– → H2SeO3 + H2O

3′ HSeO−
3 /H2SeO3 14′ SeO2−

4 + 3H++ 2e– → HSeO−
3 + H2O

4′ SeO2−
3 /HSeO−

3 15′ SeO2−
4 + 2H++ 2e– → SeO2−

3 + H2O

6′ SeO2−
4 /HSeO−

4 19 H2SeO3 + 4H++ 4e– → Se(s) + 3H2O
24 HSe–/H2Se(g) 20 HSeO−

3 + 5H++ 4e– → Se(s) + 3H2O

21 SeO2−
3 + 6H++ 4e– → Se(s) + 3H2O

7′ H2SeO3 + 6H++ 6e– → H2Se + 3H2O
8′ HSeO−

3 + 7H++ 6e– → H2Se + 3H2O
9′ HSeO−

3 + 6H++ 6e– → HSe– + 3H2O

10′ SeO2−
3 + 7H++ 6e– → HSe– + 3H2O

11′ SeO2−
3 + 6H++ 6e– → Se2– + 3H2O

16 Se(s) + 2H++ 2e– → H2Se
17 Se(s) + H++ 2e– → HSe–

18 Se(s) + 2e– → Se2–

22 Se(s) + 2H++ 2e– → H2Se(g)
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Fig. 2.3 Potential–pH equilibrium diagram for the system selenium–water, at 25 ◦C (gaseous
hydrogen selenide is designated in italic letters) (Reproduced from [3], Copyright NACE
International 2010)

The potential–pH diagram for the system selenium–water at 25 ◦C is given in
Fig. 2.3. This diagram was constructed by using the homogeneous and heteroge-
neous (solid/liquid, gas/liquid) equilibria listed in the previous page, in which all of
the above-referred dissolved substances of selenium (as well as solid Se) participate.

2.1.4 Pourbaix Diagram for Tellurium–Water

Solid substances considered:
Te (tellurium, brown black, amorphous), TeO2 (tellurous anhydride, white),

TeO2 hydr. (tellurous acid, H2TeO3 or TeO2·H2O, white, amorphous), TeO3 hydr.
(orthotelluric acid, H6TeO6 or TeO3·3H2O, colorless, cubic or monoclinic).
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Dissolved (in aquo) tellurium substances considered:
H2Te (hydrogen telluride, colorless), HTe– (hydrogen telluride ion, colorless),

Te2– (telluride ion, colorless), Te2−
2 (ditelluride ion, red), Te4+ (tellurous ion),

HTeO+
2 (telluryl ion), HTeO−

3 (acid tellurite ion, colorless), TeO2−
3 (tellurite ion,

colorless), H2TeO4 (telluric acid, colorless), HTeO−
4 (acid tellurate ion, colorless),

TeO2−
4 (tellurate ion, colorless).

The potential–pH diagram for the system tellurium–water at 25 ◦C is given in
Fig. 2.4. It was constructed by using the following homogeneous and heteroge-
neous (solid/liquid, gas/liquid) equilibria, involving redox and non-redox processes,
in which all of the above-referred dissolved substances of tellurium, as well as the
solid ones, participate:

Limits of the domains of relative
predominance of dissolved substances Redox equilibria

1′ H2Te/HTe– 17′ H2TeO4+ 6H++ 2e– → Te4++ 4H2O
2′ HTe–/Te2– 18′ H2TeO4+ 3H++ 2e– → HTeO+

2 + 2H2O
3′ Te4+/HTeO+

2 19′ H2TeO4+ H++ 2e– → HTeO−
3 + H2O

4′ HTeO+
2 /HTeO−

3 20′ HTeO−
4 + 2H++ 2e– → HTeO−

3 + H2O
5′ HTeO−

3 /TeO2−
3 21′ HTeO−

4 + H++ 2e– → TeO2−
3 + H2O

6′ H2TeO4/HTeO−
4 22′ TeO2−

4 + 2H++ 2e– → TeO2−
3 + H2O

7′ HTeO−
4 /TeO2−

4 38′ H2TeO4 + 2H++ 2e– → TeO2(s) + 2H2O
39′ HTeO−

4 + 3H++ 2e– → TeO2(s) + 2H2O
Two dissolved substances in the presence of
Te (solution saturated with elementary Te)

24 TeO3(s) + 2H++ 2e– → TeO2(s) + H2
TeO3(s) + 2H++ 2e– → TeO2aq(s) + H2O

34′ Te4++ 4e– → Te(s)
8′′ H2Te/Te2−

2 35′ HTeO+
2 + 3H++ 4e– → Te(s) + 2H2O

14′′ HTeO+
2 /Te2−

2 36′ HTeO−
3 + 5H++ 4e– → Te(s) + 3H2O

15′′ HTeO−
3 /Te2−

2 37′ TeO2−
3 + 6H++ 4e– → Te(s) + 3H2O

16′′ TeO2−
3 /Te2−

2 23 TeO2(s) + 4H++ 4e– → Te(s) + 2H2O
11′ Te4++ 2H+ + 6e– → H2Te

One solid substance and one dissolved
substance

12′ HTeO+
2 + 5H++ 6e– → H2Te + 2H2O

33′ 2Te(s) + 2e– → Te2−
2

32′ Te(s) + 2H+ + 2e– → H2Te
25′ Te4+/TeO2 45′ Te(s) + 2H+ + 2e– → H2Te(g)
26′ HTeO+

2 /TeO2 8′ Te2−
2 + 4H++ 2e– → 2H2Te

27′ TeO2/HTeO−
3 9′ Te2−

2 + 2H++ 2e– → 2HTe–

28′ TeO2/TeO2−
3 44′ Te2−

2 + 4H++ 2e– → 2H2Te(g)

One gaseous substance and one dissolved
substance

10′ Te2−
2 + 2e– → 2Te2–

42′ H2Te(g)/HTe–
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Fig. 2.4 Potential–pH equilibrium diagram for the system tellurium–water, at 25 ◦C. (The form
of TeO2 considered in this diagram is the anhydrous one, which is more stable than the hydrated
form TeO2·H2O. Gaseous hydrogen telluride is designated in italic letters) (Reproduced from [3],
Copyright NACE International 2010)

2.2 General Discussion

2.2.1 Sulfur

In the Pourbaix diagram, solid sulfur appears to be stable in a very narrow trian-
gular domain, which lies completely within the stability domain of water. Sulfur is
therefore stable in the presence of water and in acid solutions free from oxidizing
agents. It is unstable, however, in alkaline solutions, in which it tends to dispropor-
tionate to give HS–, S2– (and polysulfides), SO2−

4 , and other oxidation products. In
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practice, these reactions are slow and take place only in hot, very alkaline media.
The sulfides of the alkali metals and the alkaline earth metals are soluble in water,
whereas the other sulfides are insoluble but dissolve in varying degrees in acid
solutions.

The various oxidation states of sulfur have been determined by polarography.
The electrochemical oxidation of sulfide ions in aqueous solution may lead to the
production of elementary sulfur, polysulfides, sulfate, dithionate, and thiosulfate,
depending on the experimental conditions. Disulfides, sulfoxides, and sulfones are
typical polarographically active organic compounds. It is also found that thiols (mer-
captans), thioureas, and thiobarbiturates facilitate oxidation of Hg resulting thus in
anodic waves.

The electroreduction behavior of elemental sulfur with formation of polysul-
fide anions in classical organic solvents (DMF, DMA, DMSO, CH3CN, etc.) as
well as in liquid ammonia is well documented [5]. Significant progress has been
achieved in the interpretation of this process in dimethylformamide (DMF) [6]. On
the other hand, electrooxidation of the element to form polysulfur cations is only
known in molten salts and in fluorosulfuric acid [7]. The electrochemical dispro-
portionation of sulfur has been studied in strongly basic media, e.g., in NaOH+H2O
melts [8, 9]. A large number of investigations regard the electrochemical properties
of the sulfur–sulfide system in molten mixtures of sulfur and polysulfide [10] or
molten chlorides [11, 12] in connection with the production of alkali sulfur batteries
(Chap. 6).

The very low solubility of elemental sulfur in water does not allow the study of its
electrochemical reduction in aqueous media. Thus, the electrochemical behavior of
sulfide (HS−, S2−) and polysulfide ions in water is much less documented than for
non-aqueous solvents, while the relevant investigations bare often speculative con-
clusions since the experimental results do not display strong evidence for chemical
species involved in the proposed mechanisms. Anyhow, a number of investigations
have been carried out on the electrochemical properties of the aqueous sulfur–sulfide
system on different substrate electrodes regarding the involved redox behavior, the
formation or adsorption of sulfur and sulfur species on the electrodes, and speciation
of sulfur species in solution or on the electrode surface. Differences in the method
of formation of sulfur layers, stimulated by diverse interests, have led to apparently
conflicting observations regarding, for example, the formation or not of polysulfide
species as intermediates in the oxidation of sulfide ions to sulfur [13–16]. Analogous
dispute is found for the electroreduction of sulfur to sulfide ions [17, 18], since
the understanding of these processes requires the unambiguous identification of the
reduced forms of sulfur, i.e., polysulfides.

The surface chemistry of sulfur on metals has been intensively studied as being
extremely important in several technologies, including metallurgy, metal corrosion,
and heterogeneous catalysis. For example, alkali sulfides have been widely used for
a long time in the flotation of base metal oxide and sulfide minerals [19, 20]; or well
known are the corrosive effects of sulfide ions on iron based alloys during the pro-
cessing of crude oil and natural gas. The adsorption of sulfur on metal surfaces may
have a remarkable effect on the surface reactivity, notably on the electrochemical



2.2 General Discussion 69

properties. Well documented is the effect of sulfur adsorbent layers on the anodic
dissolution rate of metals such as copper, silver, gold, nickel or on the conditions for
silver electrodeposition, the overvoltage for hydrogen evolution on nickel and iron,
etc. (see previous references). The blocking effect of sulfur on hydroxyl adsorption
sites of the electrode with subsequent inhibition of the electrochemical oxidation
reaction (passivation) is well known, as also is the inhibitory effect of sulfur lay-
ers on the electrocatalytic activity of noble metals (especially when the reactants are
strongly adsorbed on the electrode). Interestingly, it has been observed that adsorbed
sulfur significantly enhances the electrocatalytic activity of some metals causing an
increase in the reaction rates. The electroreduction of ferric ions on Pt electrodes
in acid media has been used as a model reaction for investigation of the effect of
chemisorbed sulfur on the charge transfer across the metal–solution interface. This
effect has been interpreted on the basis of the Marcus theory of electron transfer
[21, 22].

In the context of environmental chemistry, various polarographic techniques have
been successfully used to measure elemental sulfur and sulfide (H2S and HS−)
concentrations in a variety of media, down to nanomolar concentrations.

Redox reactions of sulfur involving reduction–oxidation of sulfate, sulfide, and
sulfur species/clusters are of extreme biological, geochemical, and environmental
importance. The progress in the electrochemistry of sulfido-clusters is connected
with better understanding of the processes that occur in living systems with involve-
ment of transition metals, since at least seven of those (V, Mo, W, Fe, Ni, Cu,
and Zn) are bonded quite often to sulfur (and/or selenium) atoms and are vital for
various biological functions. For example, the association of sulfur and iron into
simple to more complex molecular assemblies allows a great flexibility of elec-
tron transfer relays and catalysis in metalloproteins, which play a major role in
terminal respiration, photosynthesis, and dinitrogen reduction. Iron–sulfur cluster
synthesis in the laboratory and the subsequent study of their electrochemical prop-
erties has been stimulated by the occurrence and characterization of such centers
in many redox enzymes and provides, in turn, valuable insight into natural reaction
mechanisms [23].

2.2.2 Selenium

Selenium is stable in water and in aqueous solutions over the entire pH interval in
the absence of any oxidizing or reducing agent. Selenium can be electrochemically
reduced to hydrogen selenide or to selenides that are unstable in water and aqueous
solutions. It can be oxidized to selenous acid or selenites and further (electrolyti-
cally) to perselenic acid (H2Se2O8). Selenic and selenous acids and their salts are
stable in water. The selenides, selenites, and selenates of metals other than the alkali
metals are generally insoluble.

The polarographic behavior of selenium in aqueous solutions has been studied
in great detail, being in fact far simpler than that of sulfur because the sele-
nium compounds exhibit electrochemical activity essentially in only two different
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valent states, i.e., Se(–II) and Se(+IV) [24, 25]. In polarography, the number and
shape of the recorded waves as well as the half-wave potential values are influ-
enced considerably by the composition and pH of the solution, mainly through
variations in the distribution of the possible solution species (H2Se, HSe–, Se2–,
SeO2−

3 , HSeO−
3 , H2SeO3). Quadrivalent selenium exhibits polarographic waves

in a number of electrolytes including hydrochloric, sulfuric, nitric, and perchloric
acids, potassium nitrate, ammonium acetate, ammonia–ammonium chloride, and
orthophosphate buffer solutions [26].

As with sulfur, deposition of Se monolayers tends to passivate electrode surfaces.
Selenide compound formation involving the electrode material was evident already
from the early studies. Thus, changes in the polarographic waves of Se(IV) upon
standing were attributed to the formation of “HgSe” compound [27], while other
electrode materials, such as Ag, Cd, Cu, and In, are all known to react chemically
with either Se(0) or Se(–II) species. Some electrodes (e.g., Au) promote the UPD
of Se(0) via strong metal–Se interactions: Andrews and Johnson [28] reported two
waves for the reduction of Se(IV) at an Au electrode in 0.1 M HClO4; the one at the
more positive potential was assigned to a UPD process. The authors argued that the
electrodeposition of Se(IV) produces Se in three distinct states of activity, one by
one corresponding to the three anodic stripping peaks observed for large quantities
of deposited Se. The authors claimed that, in effect, approximately a monolayer
is initially deposited which is stabilized by 1D interaction with the Au electrode
surface. The formation of a bulk deposit produces a large activity gradient which
is the driving force for irreversible diffusional transport of Se into the Au electrode
forming Au–Se alloy of unknown stoichiometry. Surface-adsorbed selenium and
bulk selenium correspond, respectively, to the other two activity states detected by
stripping voltammetry.

The mechanism of Se(IV) reduction has been debated a lot in the last four
decades. The early polarographic data, as also most recent voltammetric studies,
were interpreted in terms of a two-step Se(+IV) → Se(0) → Se(–II) scheme, where
the reduction of Se(0) takes place at the more negative potentials. However, elec-
troreduction of Se(IV), being generally more sluggish than of Te(IV), tends to favor
a direct six-electron route at relatively positive potentials. In fact, as first recognized
by Skyllas-Kazacos and Miller [29], and emphasized by Wei et al. [30], the 6e– pro-
cess generating Se(–II) ions, although not recognized in the majority of the earlier
studies at least in neutral and acidic media, is considered very likely to occur in
competition to the 4e– reduction pathway. Certainly, for a given bath composition,
voltammetric or other experiments may reveal which reaction will predominate at
any potential.

The observed complexity of the Se(IV) electrochemistry due to adsorption
layers, formation of surface compounds, coupled chemical reactions, lack of elec-
troactivity of reduction products, and other interrelated factors has been discussed
extensively. Zuman and Somer [31] have provided a thorough literature-based
review with almost 170 references on the complex polarographic and voltammet-
ric behavior of Se(+IV) (selenous acid), including the acid–base properties, salt
and complex formation, chemical reduction and reaction with organic and inorganic
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sulfur compounds, polarographic and stripping analysis in the presence of heavy
metal ions, as well as the principles and applications of stripping analyses for
determination of ultratraces of Se(IV). Important information was given also on
the electroanalytical behavior of Se(IV) on gold, silver, platinum, carbon, copper,
titanium, and tin oxide electrodes.

Selenium films have been prepared by electrodeposition via both the cathodic and
anodic routes. An informative report embodying findings of early practical work has
been given by von Hippel and Bloom [32] who used aqueous selenous/selenic acid
mixtures as plating baths. These authors pointed out that the main obstacle in elec-
troplating selenium lies in the polymorphism of the element, and that unless special
conditions are chosen the material deposits as a non-conductor and interrupts the
current flow. They also reported that the electrodeposition of amorphous selenium
practically ceases in the dark but could be continued under strong illumination.
Graham et al. [33] described the deposition of thick amorphous Se deposits from
SeO2 baths containing a surfactant agent. A serious drawback was the short life
of the bath before defective deposits were obtained. The nature of the cathode
material was seen to exert a profound influence on the appearance and structure
of the deposits. Bright-nickel plating was the best of the substrates examined, which
included Pb, Ag, Au, Rh, Cu, dull Ni, bright Cr, black Cr electrodeposits, and Pt
sheets. Cattarin et al. [34] studied the Se electrodeposition onto Ti electrodes from
acidic selenite baths, as a function of SeO2 concentration, presence of surfactant,
electrode illumination, and temperature. Cyclic voltammetry showed a reduction
peak followed by a “passive” and then a “transpassive” domain at more nega-
tive potentials. Growth of the Se film at potentials within the “reduction” domain
stopped at a limiting thickness. The film could be grown further in the “transpassive”
potential domain.

Trigonal, “metallic” selenium has been investigated as photoelectrode for solar
energy conversion, due to its semiconducting properties. The photoelectrochemistry
of the element has been studied in some detail by Gissler [35]. A photodecompo-
sition reaction of Se into hydrogen selenide was observed in acidic solutions. Only
redox couples with a relatively anodic standard potential could prevent dissolution
of Se crystal.

2.2.3 Tellurium

Tellurium is stable in the presence of water and aqueous solutions free from oxi-
dizing agents, except in very alkaline solutions, in which it is possible to dissolve
with the simultaneous formation of tellurite, TeO2−

3 , and ditelluride, Te2−
2 , ions.

In oxygenated water, tellurium becomes covered with the dioxide TeO2, which is
non-protective if the tellurium is freshly precipitated, but in the compact state it
constitutes a protective film. Tellurium can be cathodically reduced in acid solu-
tion to give dissolved and gaseous hydrogen telluride or in alkaline solution to give
Te2−

2 and possibly Te2– ions. It can be anodically oxidized to tellurous anhydride
TeO2 (sparingly soluble at pH around 4–7) or to the telluric oxide (orthotelluric
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acid; very soluble), telluric acid, and tellurates. Tellurous ions can be obtained in
very acidic solutions. The tellurides, tellurites, and tellurates of metals other than
the alkali metals are generally insoluble.

On account of its electrochemically active valent states, tellurium exhibits a very
interesting polarographic behavior. Lingane and Niedrach [25], in their fundamental
study on dc polarography and controlled potential coulometry in tellurous acid
solutions, have shown that, except for strongly alkaline medium, the reduction of
Te(+IV) occurs via a four-electron process to tellurium, whereas in sodium hydrox-
ide solutions, Te2– results via a 6e– direct reduction. The presence of a sharp and
intense maximum on the wave plateau of acidic or neutral pH media was attributed
to the Te/Te(–II) couple, but some difficulties in a correct interpretation arose.
Regarding telluride solutions, a practically reversible oxidation of Te2– to the ele-
mental state was noted in the full range of pH [24]. Shinagawa et al. [36, 37]
discussed the Te(IV) reduction mechanism in weakly basic solutions, emphasiz-
ing that the two-step reduction to Te(0) and further to Te(–II) at the mercury drop
electrode is complicated by the adsorption of elemental tellurium at the mercury
surface (see also [38–40]). The authors pointed out the influence of UV irradiation
on the first reduction step. Panson [41] investigated the polarographic behavior of
the ditelluride ion prepared by cathodic dissolution of Te in alkaline solution and
noted its disproportionation to Te and Te2–.

Lingane and Niedrach have claimed that the +VI states of tellurium (or sele-
nium) are not reduced at the dropping electrode under any of the conditions of their
investigation; however, Norton et al. [42] showed that under a variety of conditions,
samples of telluric acid prepared by several different procedures do exhibit well-
defined (though irreversible) waves, suitable for the analytical determination of the
element. The reduction of Te(+VI) at the dropping electrode was found coulometri-
cally to proceed to the –II state (whereas selenate, Se(+VI), was not reduced at the
dropping electrode in any of the media reported).

Numerous voltammetric investigations can be found on the electrochemistry of
tellurium in aqueous electrolytes and various metals, glassy carbon, or Te electrodes,
discussing the mechanism of Te(IV) reduction to Te(0) or the cathodic and anodic
stripping of the element (e.g., [43–46]). It is generally accepted that in acid aqueous
media the Te(+IV) is present in the form of the telluryl ion HTeO+

2 . Experimental
data for the solubility and diffusivity of HTeO+

2 have been reported by use of the
electrohydrodynamical (EHD) impedance method [47]. In most works, it is assumed
that at low pH, the telluryl ion may be electrochemically reduced to give elementary
tellurium via a process that takes place in one step with the transfer of four elec-
trons [48]. Further reduction of the formed Te at more negative potentials leads to
the H2Te species and simultaneous hydrogen evolution. In addition, a conpropor-
tionation reaction between Te(IV) and Te(–II) appears to give Te(0) deposited on
the electrode. Other authors have proposed that the telluryl ion is electrochemically
reduced by a direct six-electron transfer to form the H2Te species, which then reacts
chemically with the telluryl ion to give elementary tellurium on the cathode [49, 50].
In any case, using a combination of voltammetry and electrochemical quartz crystal
microgravimetry (EQCM), Mori et al. [51] argued that the six-electron reduction
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pathway is important and must be considered in the overall mechanistic scheme of
electroreduction for both Te(IV) and Se(IV).

The possibility that adsorption reactions play an important role in the reduc-
tion of telluryl ions has been discussed in several works (Chap. 3; CdTe). By
using various electrochemical techniques in stationary and non-stationary diffusion
regimes, such as voltammetry, chronopotentiometry, and pulsed current electrol-
ysis, Montiel-Santillán et al. [52] have shown that the electrochemical reduction
of HTeO+

2 in acid sulfate medium (pH 2) on solid tellurium electrodes, gener-
ated in situ at 25 ◦C, must be considered as a four-electron process preceded by
a slow adsorption step of the telluryl ions; the reduction mechanism was observed
to depend on the applied potential, so that at high overpotentials the adsorption step
was not significant for the overall process.

Data on the electrochemistry of the telluride ion in alkaline media are relatively
limited. Mishra et al. [53] studied the oxidation of Te2– to Te0 at solid electrodes,
focusing on the intermediate step(s) of this process, and in particular, the possibility
of detecting ditelluride Te2−

2 via rotating ring disk electrode (RRDE) methodology.
Oxidation beyond the elemental state to TeO2−

3 and TeO2−
4 was also studied using

cyclic and hydrodynamic voltammetry.
Various classes of organotellurium compounds in aprotic solvents have been

studied as to their electrochemistry, whereas more limited are the reports on the
electrochemistry of tellurium and its inorganic compounds in non-aqueous solvents
[54, 55].
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Chapter 3
Electrochemical Preparations I (Conventional
Coatings and Structures)

3.1 Basic Principles and Illustrations

Traditional electrodeposition refers to cathodic formation of bulk metals, preferably
in the form of film coatings or electroformed articles, and is concerned with the
practical objective of obtaining these materials in a coherent, dense, and macro-
scopically homogeneous state. Although the majority of plated materials are the
(relatively) pure metals, unfavorable chemistry limits the number of metal elements
that are capable of being obtained electrochemically from aqueous solutions in an
unalloyed state, to only 33 of the about 70 metallic elements in the Periodic Table;
and even less are the metals that are deposited to any extent for commercial or tech-
nical purposes. Nonetheless, the number of possible alloys which can be made from
these metals is very large. Furthermore, immense are the binary or multiple combi-
nations of metals with non-metallic elements; however, electrochemical preparative
techniques have not played a significant role in the development of such materials,
the reason probably lying in the more complicated character of the relevant pro-
cesses as compared to electrodeposition of single metal elements or metallic alloys.
In any case, the unique feature of electrodeposition being an electrically driven
process capable of precise control offers a prospective advantage over thermally
driven deposition processes. Further, electrodeposition occurs closer to equilibrium
than many vacuum deposition methods; it is more applicable to complex shapes,
generally less expensive, and capable of providing very thick coatings.

Efficient methods have been developed to accomplish simultaneous deposition
of two or more elements at an electrode, forming an alloy, solid solution, or chem-
ical compound. By far, greater effort has gone into low-temperature processes in
aqueous or organic electrolytes, because these systems are simpler to construct,
operate, and control. Aqueous electrochemistry is certainly preferred, since certain
advantages, such as convenience, longer experience, and soft chemistry, are pro-
vided. The large metal plating industry (Cr, Au, Ag, Cu, etc.) is based on aqueous
electrochemical techniques and the aqueous solution chemistry is still much better
understood than that of non-aqueous system, albeit, in general, the use of water as a
solvent is not always possible or even indicated. The choice of solvent or electrolyte
depends to a large extent on the ability to put appropriate ions in solution; it may be
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crucial in systems where the metal species has a very negative redox potential or the
interference of solvent electrochemistry has to be avoided.

The electrochemical preparation of metal chalcogenide compounds has been
demonstrated by numerous research groups and reviewed in a number of publica-
tions [1–3]. For the most part, the methods that have been used comprise (a) cathodic
co-reduction of the metal ion and a chalcogen oxoanion in aqueous solution onto an
inert substrate; (b) cathodic deposition from a solvent containing metal ions and the
chalcogen in elemental form (the chalcogens are not soluble in water under normal
conditions, so these reactions are carried out in non-aqueous solvents); (c) anodic
oxidation of the parent metal in a chalconide-containing aqueous electrolyte.

3.1.1 Cathodic Electrodeposition

Although similar in some respects to metallic alloy electroplating, as described
in the works of Brenner [4], the ionic “alloy” electrodeposition has special fea-
tures stemming from the particular physical and chemical nature of inorganic
(chalcogenide) compounds. The possible semiconducting or insulating nature of
such deposits, the large differences in standard reduction potentials between the
non-metal (chalcogen) ionic species and most metal ions, the changing nature
of the deposit during deposition, and the presence of metastable states present
complexities to any theoretical description or practical processing.

In principle, the cathodic deposition of an alloy or chemical compound amounts
to a problem of “equilibration” of the Nernst potentials of the constituents to a
common (co)deposition potential. Provided that the difference between the stan-
dard reduction potentials of the constituents is not too large, this can be achieved
by fixing the activities of the electroactive precursors in the solution and near the
cathode surface in such a way that the formal reduction potential of the more noble
component(s) (N) shifts toward the negative direction, thus approaching that of the
less noble component(s) (M). Then the application of an electrode potential slightly
more negative than that required to deposit M will form the desired phase on the
cathode. In practice though, differences in the individual reduction current densities
produce a mixture of the compound and the individual constituents. Fortunately,
formation of a pure compound phase may still be achieved by means of “induced”
co-deposition, at potentials positive to the Nernst potential of M on account of the
chemical interactions between the components of the deposit. In effect, the gain in
free energy due to compound formation translates to an anodic shift of the deposition
potential, allowing the “underpotential” rather than bulk reduction of the less noble
M element. Then, given the proper mass transfer conditions in the cell, a regulated
growth of compound film with the correct stoichiometry may be established on the
cathode. In order to achieve this goal it is necessary to have one or more hindered
steps determining the kinetics of the electrochemical process, such as diffusion
of the electroactive species toward the cathode and/or slow surface reactions, i.e.,
suitably established concentration polarization, possibly along with crystallization
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(lattice incorporation) polarization or adsorption effects that may contribute signif-
icantly to the whole kinetics. Diffusional transport is important as it also enables
oppositely charged ionic species to move in the same direction. Thus, one can
perform cathodic electrodeposition with negatively charged ions as well.

From the fundamental point of view, the conditions to be met to achieve cathodic
deposition of binary compounds or alloys of well-defined stoichiometry have been
discussed in an unprecedented manner by Kröger [5], on the basis of quasi-chemical
equilibrium. Kröger treated analytically the “self-regulated” composition observed
in binary compound films, by using the Nernst equation as a first approximation.
He introduced the concept of quasi-rest potential (QRP) as the physical quantity
relevant to a proper description of the deposit bulk, taken as the “equilibrium poten-
tial” of the deposit relative to the electrolyte with activities of potential-determining
species as they are at the deposit/electrolyte interface during deposition. He argued
that the thermodynamic basis of co-deposition can be explained if one takes into
account the QRP of the deposit rather than the rest potentials of the individual com-
ponents, because then one considers inclusively (a) the equilibrium potentials of
the components (which may be widely different); (b) the interaction of the com-
ponents when forming the alloy or compound (this interaction changes the activity
of the components in the deposit to an extent depending on the exact deposit com-
position); (c) the values of the activities of ionic species in the electrolyte at the
solid/electrolyte interface during deposition (may be markedly different from those
in the bulk); (d) the relative magnitude of the exchange currents of the components
in the deposit. Although it was not possible to give exact solutions for the vari-
ous possible situations, Kröger treated systems in which the rate constants of the
exchange currents of individual components were of the same order of magnitude
as well as systems in which these rate constants were widely different. In the for-
mer case, both species (for a binary deposit) have equal weight in determining the
potential and a change between their individual contributions can only occur as a
result of a change of the activities of the species in the electrolyte and the corre-
sponding change in the deposit. In the latter case, the exact quantitative treatment
of the problem needs a detailed knowledge of the kinetics of processes by which
charge transfer for the various components takes place.

Kröger distinguished two cases, according to whether the difference in deposition
electrode potential of the individual components is larger (Class I) or smaller (Class
II) than the shift in deposition potential of either component as a result of compound
or alloy formation. In Class I systems, the deposition potential for a series of alloys is
determined by the less noble component. The behavior of Class II systems is more
complex, and the potential required to deposit a given composition may be more
positive than that of either of the components. Consider for example CdSe and CdTe;
both compounds belong to the Class I systems according to Kröger’s classification,
which means that the less noble component (Cd) remains the potential-determining
species over the entire deposition range (for all possible compositions “CdX”).

Given the thermodynamic properties of a system, judicious variation of the differ-
ent plating parameters to assist in manufacturing the desired electrodeposit should
be based on an accurate kinetic model. Engelken and Van Doren [6, 7] proposed
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a simple kinetic model involving only charge and mass transfer processes, allow-
ing for computer simulation of the electrodeposition process for metal selenides,
tellurides, arsenides, and antimonides from respective solutions of the metal and
non-metal ions onto bare, inert cathodic substrates. The model was developed in
terms of CdTe electrodeposition from acidic solutions of Cd2+ and telluryl ions
and was based upon a generalized Butler–Volmer equation considering ion trans-
port limitations near the cathode. Effects such as hydrogen generation, ohmic and
space charge voltage drops within the deposit, impurity reduction, and possible
phase segregation were neglected. The authors argued that despite the simplify-
ing assumptions, their computer simulation of the Cd–Te system may indicate
the existence of an underpotential cadmium current density plateau structure, sev-
eral hundred mV wide, in which Cd should be deposited on a nearly 1:1 basis
with Te because of the reduction in cadmium activity associated with compound
formation.

Verbrugge and Tobias [8] chose the aqueous Cd–Te system as well, in order
to exemplify a mathematical model for a periodic (pulsed current) electrodeposi-
tion process, based on their previous work regarding the periodic electrodeposition
of multicomponent alloys by an arbitrarily specified current source [9]. These
authors argued that pulsing the cell current provides a useful means for improv-
ing deposit quality; however, this mode of operation requires a more sophisticated
mathematical analysis relative to steady-state processes, to predict deposit compo-
sition. They presented an elaborated “engineering” approach to the problem using
a multidimensional optimization routine [10] to evaluate physical and chemical
parameters from experimental data obtained for the periodic co-electrodeposition
of Cd and Te onto a rotating disk electrode (rde). Thermodynamic description of
the electrodeposit was coupled with transient convective diffusion equations for
the electrolyte species, while the equations describing the solid and electrolyte
phases were related by Butler–Volmer expressions for each charge transfer reaction.
Transient current–potential relationships, ionic concentration profiles, and deposit
compositions, as calculated by the presented model, were in reasonable agreement
with the experimental results.

The induced co-deposition concept has been successfully exemplified in the
formation of metal selenides and tellurides (sulfur has a different behavior) by a
chalcogen ion diffusion-limited process, carried out typically in acidic aqueous solu-
tions of oxochalcogenide species containing quadrivalent selenium or tellurium and
metal salts with the metal normally in its highest valence state. This is rather the
earliest and most studied method for electrodeposition of compound semiconduc-
tors [1]. For MX deposition, a simple (4+2)e– reduction process may be considered
to describe the overall reaction at the cathode, as for example in

Cd2+ + H2SeO3 + 4H+ + 6e− → CdSe(s) + 3H2O

Cd2+ + HTeO+
2 + 3H+ + 6e− → CdTe(s) + 2H2O

When the diffusion rate of selenite or tellurite species toward the cathode
becomes equal to the rate of their discharge, deposition of the chalcogen depletes
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its precursor species in the vicinity of the cathode, and a steady-state electrolytic
current may be attained for small deviations from the electrode equilibrium potential
ensuring a self-regulated induced co-deposition growth by underpotential deposition
(UPD) of the metal.

In practical plating situations, complications arise regarding primarily deviations
from film stoichiometry by formation of impurity phases, originating from side
reactions excluded from self-regulated growth schemes. For the typical baths, the
complication may be attributed to the large number of transferred electrons in mul-
tiple intermediate steps during the deposition process, as in the scheme X(+IV)(aq)
→ X2–(aq) → X(s). Thus, chalcogens in high oxidation states may react homo-
geneously in solution with electrochemical products of low oxidation state or may
redissolve the deposited film producing in both cases a (usually) amorphous ele-
mental chalcogen phase. For example, selenous acid may react (rapidly in acidic
and intermediate pH) in the solution phase with selenide ions produced by the six-
electron reduction of selenous acid to precipitate elemental Se on the electrode via
conproportionation reactions of the type (3.1); or selenous acid may oxidize the
selenium in the CdSe phase (3.2):

H2SeO3 + 2H2Se → 3Se(s) + 3H2O (3.1)

2CdSe + H2SeO3 + 4H+ → 2Cd2+ + 3Se + 3H2O (3.2)

A method to circumvent the problem of chalcogen excess in the solid is to employ
low oxidation state precursors in solution, so that the above collateral reactions will
not be in favor thermodynamically. Complexation strategies have been used for this
purpose [1, 2]. The most established procedure utilizes thiosulfate or selenosulfate
ions in aqueous alkaline solutions, as sulfur and selenium precursors, respectively
(there is no analogue telluro-complex). The mechanism of deposition in such solu-
tions has been demonstrated primarily from the viewpoint of chemical rather than
electrochemical processes (see Sect. 3.3.1). Facts about the (electro)chemistry of
thiosulfate will be addressed in following sections for sulfide compounds (mainly
CdS). Well documented is the specific redox and solution chemistry involved in the
formulation of selenosulfate plating baths and related deposition results [11, 12]. It
is convenient to consider some elements of this chemistry in the present section.

In alkaline media, the selenosulfate ions disproportionate to sulfate and highly
reactive selenide ions:

SeSO2−
3 + OH− � HSe− + SO2−

4

HSe− + OH− � Se2− + H2O

In the presence of a metal ion (M n+), a metal chalcogenide phase M2Sen will be
precipitated upon exceeding the solubility product of [M n+] and [Se2–] (or [HSe–]).
The concentration of free metal ions must be controlled by an excess of complexing
agent, determining the applicable solubility of the metal and the overall compet-
itive chemical reaction, in order to prevent the formation of sulfite, sulfate, and
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hydroxide precipitates in the alkaline media. Then, the overall reaction scheme may
be formulated, e.g., for CdSe as

Cd(A)2+
n + SeSO2−

3 + 2OH− → CdSe + nA + SO2−
4 + H2O

where A is the complexing agent, e.g., NH3, EDTA, or nitrilotriacetate (NTA).
The value of this method lies in the fact that formation of elemental selenium

is unlikely to occur since the high-valency species such as Se(IV) that could oxi-
dize the selenide ions are absent from solution. The SeSO2−

3 and SO2−
3 ions (or

their protonated forms) do not oxidize Se2–, while any free Se that may be formed
would redissolve in sulfite giving selenosulfate again, since the latter is prepared by
dissolving Se in excess sulfite.

In the case of electrochemical deposition, several mechanisms have been pro-
posed to account for the formation of the end-product film, the difference among
them consisting in the assumed electrochemical step. This may be the reduction of
selenosulfate (3.3), inducing deposition of the metal (3.4):

SeSO2−
3 + 2e− → Se2− + SO2−

3 (3.3)

M2+ + Se2− → MSe(s) (3.4)

or the electrochemical reduction of the free M2+ ions (3.5), followed by a reductive
displacement reaction with selenosulfate ions adsorbed at the cathode (3.6):

M2+ + 2e− → M(s) (3.5)

M(s) + [SeSO2−
3 ]ads � MSe(s) + SO2−

3 (3.6)

Alternatively, formation of a metal–selenosulfate complex may be assumed to
take place in the solution (3.7)):

M2+ + xSeSO2−
3 � M(SeSO3)2−2x

x (aq) (3.7)

This complex may be reduced either directly to the metal chalcogenide or to the
zero-valent metal, which then reacts chemically with selenosulfate adsorbed at the
cathode to form MSe.

The detailed mechanism dictating the regulation of the process depends on the
specific nature of the system, i.e., on the particular compound to be deposited, com-
plexing agent, solution pH, film thickness, potential, etc. For example, in the case of
the Cd–Se system, electroreduction of selenosulfate occurs at more positive poten-
tials for either EDTA–ammonia- or NTA-complexed cadmium [13], whereas for
ZnSe, the potential required for the reduction of selenosulfate is already reducing
for zinc, implying thus a different mechanism. The metal complex has to be ade-
quately stable and should not interfere with selenosulfate reduction. In these terms,
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the process can be regulated so that the chalcogenide film formation will proceed
simultaneously with the precipitation of the compound.

Skyllas-Kazacos [14] proposed a different method of cathodic deposition with
low-oxidation chalcogen precursors, involving cyanide aqueous solutions of ele-
mental Se and Te, where the chalcogen was presumed to be present as SeCN– or
TeCN– ions, respectively. Deposition results were only reported for CdSe and CdTe,
indicating a nearly amorphous (nanocrystalline) nature of the films, which though
did not contain free Se or Te.

Low-temperature, organic electrolyte deposition baths have been used in order to
improve the microstructure of the products of simple aqueous cathodic techniques.
Aprotic media are effective in avoiding side reactions such as the appearance of
hydrogen evolution currents, during the reduction step of the chalcogen precursor,
and the formation of various ionic chalcogen complexes resulting from reactions
with the solvent and the supporting electrolyte.

Baranski and Fawcett [15] were the first to demonstrate a general method for
obtaining stoichiometric metal chalcogenide films by electrodeposition from non-
aqueous solutions. The basic idea was to perform cathodic deposition under current
control from a suitable aprotic solvent bath containing elemental chalcogen (X) and
a salt of the desired metal ion (M n+) following, e.g., the route Me2+ + X + 2e–

→ MX. As the chalcogen is brought into reaction in non-ionized, molecularly dis-
solved form, the metal chalcogenide is formed either by a rapid reaction of a freshly
deposited metal monolayer with the dissolved X, or by on-site UPD of M n+ with
electroreduced X2–. The technique has proven successful in depositing thin films
mostly of binary sulfides (CdS, HgS, PbS, TI2S, Bi2S3, Cu2S, NiS, CoS) and CdSe.
The non-aqueous solvent was usually dimethylsulfoxide (DMSO) while deposits
of good quality were also obtained from dimethylformamide (DMF) and ethylene
glycol. It must be noted, however, that problems with compositional heterogeneity
have been frequently found with this approach too, due to slow kinetics of the M–X
reaction and large M n+ → M0 partial currents leading to metal-rich films. A vari-
ant non-aqueous technique comprising a sort of “pulse” deposition that has been
proved to ensure better stoichiometry of the deposited compound will be described
later in this chapter (Sect. 3.2.16). In addition, there are a few instances of deposition
from non-aqueous solvents containing compound rather than elemental chalcogen
precursors, such as tri-n-butylphosphine selenide or telluride in propylene carbon-
ate and TeCl4 in ethylene glycol (Sects. 3.2.2, 3.2.3, and 3.2.12 (ternaries, In2Te3);
also [1]).

Low-temperature solvents are not readily available for many refractory com-
pounds and semiconductors of interest. Molten salt electrolysis is utilized in many
instances, as for the synthesis and deposition of elemental materials such as Al, Si,
and also a wide variety of binary and ternary compounds such as borides, carbides,
silicides, phosphides, arsenides, and sulfides, and the semiconductors SiC, GaAs,
and GaP and InP [16]. A few available reports regarding the metal chalcogenides
examined in this chapter will be addressed in the respective sections. Let us note
here that halide fluxes provide a good reaction medium for the crystal growth of
refractory compounds. A wide spectrum of alkali and alkaline earth halides provides
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a sizable temperature window (300–1,000 ◦C) for synthesis and crystal growth.
These fluxes include single salts, such as the monochlorides ACl (with m.p. 605 ◦C
for LiCl up to 801 ◦C for NaCl), dichlorides ACl2 (m.p. 782 ◦C for CaCl2 up to
963 ◦C for BaCl2), and eutectic mixtures such as CaCl2/BaCl2 (m.p. 450 ◦C for
43.6/56.4 molar ratio). Recently, a new solvent system, namely room-temperature
ionic liquid (RTIL), has attracted much interest [17]. RTILs are organic salts with
low melting points that possess a wide range of liquidus temperatures, in some
cases in excess of 400 ◦C, negligible vapor pressure, thermal stability, high ionic
conductivity, and a large electrochemical window, making them attractive, novel
environmentally friendly solvents for inorganic synthetic procedures [18].

3.1.2 Anodization and Other Techniques

Anodization is facilitated at alkaline pH by the stability of low oxidation state
chalcogen species (e.g., Te2–) in this range. Thus, intended corrosion of a cadmium
electrode in telluride environment may lead to the formation of CdTe:

Cd0 → Cd2+ + 2e−

Cd2+ + Te2− → CdTe

A major disadvantage of the anodic synthesis route is that the thin film growth is
self-limiting, so that films thicker than several tens of nm are difficult to attain. On
the other hand, much thicker films (several μm) can be realized via the cathodic
route. In the latter case, n-type semiconductor compounds will be more likely
deposited, since electron transfer is involved – unless light can be used for p-type
semiconductors. The opposite is true for anodic formation. It is possible that the
originally introduced species in solution or electrogenerated species resulting from
the interfacial electrochemical reaction participates in homogeneous chemical reac-
tions (in the electrolyte) whose products may precipitate on the electrode and alter
the composition of the deposit. This implication is frequently an important factor in
the compositional purity of the end product. Anodic techniques have been originally
utilized for the synthesis of binary sulfides, such as CdS, PbS, HgS, and Bi2S3, by
treatment of the parent metal electrode in sulfide solutions.

“Electroless” techniques, that commonly constitute typical galvanic displace-
ment (immersion) processes, have been employed for the formation of some
chalcogenide compounds. For instance, electroless anodic chalcogenization of a
metal substrate can be conducted by externally coupling this to a reducing chalcogen
counter, e.g., a Te rod, when both electrodes are immersed in a suitable electrolyte.
During this process (corresponding to corrosion-passivation of valve metals), the
cathode material (electron sink) is spontaneously reduced to chalconide ions, which
upon releasing in the electrolyte react with the anode material (electron source)
to generate the compound. Deposition proceeds as long as oxidized substrate ions
are able to permeate through the compound film into solution or until a dielec-
tric layer of oxidized substrate forms, thereby stopping electron transfer. Note that
the literature relevant to metal deposition commonly utilizes the term “electroless”
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interchangeably to describe three fundamentally different plating mechanisms [19].
Aside from galvanic displacement, these include the so-called autocatalytic and
substrate-catalyzed processes, both involving the use of an external reducing agent.
These techniques, unlike their “electrolytic” counterparts, do not require instrumen-
tation for potentiostatic or galvanostatic control. Examples of implementation will
be discussed in particular in Sect. 3.2.3 and also in Sects. 3.2.10 and 3.2.17.

The virtues of periodic pulse electrolysis (PPE) should be emphasized at this
point. The main advantage of the related family of techniques over direct current
(dc) electrolysis is that PPE offers more independent variables so that a variety of
mass transport situations and electrocrystallization conditions can be created for
a given chemical composition of the bath. Pulse plating of metal coatings with
improved properties, i.e., reduced porosity and impurity content as well as increased
adhesion and uniformity, has been known for some time and widely reported, but
the application of PPE for the formation of alloys or binary ceramics is more com-
plicated and remains a relatively unexplored area. Variants of PPE used for the
formation of chalcogenides have been shown to promote improved composition
control and reduction of film inhomogeneities. Stoichiometric and continuous films
of CdTe have been produced by a pulsed potential method [20], while pulsed cur-
rent methods with and without reversal, or pulsed potential with large pulse to pause
ratios, have led to CdTe [21], CdSe [22], CdSexTe1–x [23], and ZnSe [24] layers with
various microstructural features.

3.1.3 Pourbaix Diagrams

The analysis of thermodynamic data obeying chemical and electrochemical equi-
librium is essential in understanding the reactivity of a system to be used for
deposition/synthesis of a desired phase prior to moving to experiment and/or imple-
menting complementary kinetic analysis tools. Theoretical and (quasi-)equilibrium
data can be summarized in Pourbaix (potential–pH) diagrams, which may provide
a comprehensive picture of the electrochemical solution growth system in terms of
variables and reaction possibilities under different conditions of pH, redox potential,
and/or concentrations of dissolved and electroactive substances.

Primarily connected to corrosion concepts, Pourbaix diagrams may be used
within the scope of prediction and understanding of the thermodynamic stability of
materials under various conditions. Park and Barber [25] have shown this relevance
in examining the thermodynamic stabilities of semiconductor binary compounds
such as CdS, CdSe, CdTe, and GaP, in relation to their flat band potentials and
under conditions related to photoelectrochemical cell performance with different
redox couples in solution.

Pourbaix diagrams for the aqueous Cd–S, Cd–Te, Cd–Se, Cu–In–Se, and Sb–S
systems have been compiled and discussed by Savadogo [26] in his review regarding
chemically and electrochemically deposited thin films for solar energy materi-
als. Dremlyuzhenko et al. [27] analyzed theoretically the mechanisms of redox
reactions in the Cd1–xMnxTe and Cd1–xZnxTe aqueous systems and evaluated the
physicochemical properties of the semiconductor surfaces as a function of pH.
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These authors constructed Pourbaix diagrams for the MnTe, ZnTe, Cd1–xMnxTe,
and Cd1–xZnxTe systems and argued that the related analysis is an effective approach
to determine conditions for selective etching, chemical polishing, passivation, and
“self-metallization” of ZnTe, MnTe, and their solid solutions.

Equilibria considerations on solution-grown zinc chalcogenide compounds have
been put forward by Chaparro [28] who examined the chemical and electrochemical
reactivity of solutions appropriate for deposition of ZnS, ZnSe, ZnTe (and the oxide
ZnO) in order to explain the results of recipes normally used for the growth of such
thin films. The author compared different reaction possibilities and analyzed the
composition of solutions containing zinc cations, ammonia, hydrazine, chalcogen
anions, and dissolved oxygen, at 25 ◦C, by means of thermodynamic diagrams,
applicable for concentrations usually employed in most studies.

Pourbaix diagrams regarding metal chalcogenides can be retrieved from vari-
ous resources in the literature, connected to fields ranging from geochemistry and
mineral processing to surface treatment and corrosion science. A few diagrams are
reproduced in the present chapter for some binary compounds; however, the inter-
ested reader should look for the original works including data on the presumed
equilibria and redox reactions.

3.1.4 Nucleation and Growth

The process of electrolytic growth has been studied intensively in the past decades,
both with respect to the phenomenology of the evolving microstructure and in a
mechanistic detailed sense. Commonly, the electrocrystallization of a new phase
on a foreign substrate may involve in its early stages the nucleation of 3D cen-
ters which subsequently grow and overlap to give a continuous deposit. There are
two basic mechanisms for formation of a coherent deposit: 2D layer growth and
3D crystallites’ growth (or nucleation-coalescence growth). Layer-by-layer depo-
sition proceeds by 2D nucleation and growth of monoatomic layers. A perfect
crystal grown (almost) at equilibrium in repeated monoatomic layers will have faces
where the energy of incorporation of an adatom at the surface of the face is lowest,
because those planes will have sufficient time to develop laterally. When super-
saturation increases, more than one step is growing at a time, so that vertical and
lateral growth occur simultaneously, and other planes may appear; then the external
shape of the crystal becomes round, a dendrite may appear, and 3D nucleation is
finally observed. The geometry of a growth center is particularly sensitive to the
interaction between the deposit and substrate materials. Epitaxial growth refers to
the 2D development of monocrystalline deposit layers and can be achieved when
there exists an almost exact matching of the lattice parameters between a single-
crystal substrate and the deposit (Chap. 4). A parallel concept, pseudomorphism,
may be thought of as the continuation of grain boundaries and microgeometric
features of the cathode substrate into the overlying deposit; or according to an
alternative definition, pseudomorphic are the deposits that are stressed to fit upon
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a mismatched lattice substrate. The ability to control microstructural features in
the produced compounds/films, i.e., crystal form and size in the nanometer scale,
spatial distribution on the substrate, etc., has been a crucial development in the field
of electrochemical synthesis.

The microstructure of electrodeposits depends on the nature of the target
material, the experimental conditions of preparation (electrolyte composition, tem-
perature, current intensity, potential, forced convection, etc.), and also on the
substrate and interface properties. Metal chalcogenide films are relatively electri-
cally resistive. As a consequence, the interfacial potential and charge distribution at
the working electrode may drastically change after the formation of the first layers.
As the electrodeposition proceeds, the resistivity may vary, since it is highly sensi-
tive to defects, orientation, and other factors. For thicker films, this usually leads to
severe compositional and morphological changes, but also to complete inhibition of
growth, or situations where a non-degenerate semiconductor becomes a degenerate
one. Moreover, unlike metal electrodes, space charge layers (SCLs) may play domi-
nant role in the electrochemical growth process. The combined influence of an SCL
at the growing film interphase and a high density of intrinsic or extrinsic surface
states may exercise controlling effects on the charge transfer reaction. The ohmicity
of the junction between the forming material and the conductive electrode substrate
is also a significant factor. This junction lies in series with the electrode/electrolyte
interface where the electrochemical reaction is taking place. If the contact is such
that it allows an electron (in cathodic processes) or a hole (in anodic processes) from
the conductive electrode to be replenished in the growing crystal at any polarization,
then it comprises an ohmic contact. But it may do so only under forward bias con-
ditions, behaving thus as a rectifying (Schottky) junction. A metal/semiconductor
junction will provide a rectifying non-ohmic contact if the work function of the
metal is larger than the electron affinity of the semiconductor and if the nature of
the contact is determined by the bulk properties of the materials and not by sur-
face states or other imperfections or impurities at the interfaces. Usually, though,
the ohmicity of the substrate/semiconductor contact is determined by defects intro-
ducing additional levels in the band gap of the semiconductor and, in one way or
another, conduction is preserved during the electrochemical process. This means
that when the ohmicity is poor, growth may proceed by defects. Most of the elec-
trodeposition work with metal chalcogenides has been implemented using metallic
(Ni, Pt, Au, steel, Ti) electrodes as well as tin oxide (TO) or In-doped tin oxide
(ITO) covered glass substrates. Hodes [1] has briefly summarized the factors that
dictate the choice of a substrate material, yet related mainly to the electrodeposition
of II–VI semiconductors.

Conventional electrodeposition from solutions at ambient conditions results typ-
ically in the formation of low-grade product with respect to crystallinity, that is,
layers with small particle size, largely because it is a low-temperature technique
thereby minimizing grain growth. In most cases, the fabricated films are poly-
crystalline with a grain size typically between 10 and 1,000 nm. The extensive
grain boundary networks in such polycrystalline materials may be detrimental
to applications; for instance, in semiconductor materials they increase resistivity
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and provide recombination centers. Special regard to the crystallinity and purity
of the compound deposit is to be implemented; otherwise the deposit may be a
spongy, non-adherent mass, contaminated with basic inclusions. In any case, the
relatively highly ionic chalcogenide compounds can generally afford larger devia-
tions from stoichiometry without changing their transport electronic properties on
account of self-compensation effects, when compared, e.g., to Si and III–V materi-
als. Considering in addition that ionicity of the deposited compound is favorable to
the use of electrodeposition, one can see why several electrodeposited chalcogenide
semiconductors, particularly from the II–VI family, present sufficient quality for
being used in applications.

3.2 Binary Compounds and Related Ternaries

In the following, selected results will be presented on the “conventional” electro-
chemical synthesis of metal chalcogenide binary and ternary systems, conducted by
employing variants of the methods outlined in the previous sections. A brief account
of chemical bath deposition principles exemplified will be addressed at the end of
this chapter, as being closely related to electrochemical deposition of thin films.

3.2.1 Cadmium Sulfide (CdS)

Electrodeposition of CdS has been carried out from aqueous and non-aqueous solu-
tions containing precursors of both elements as well as by anodization of cadmium
metal in sulfide solutions.

Miller et al. [29, 30] reported the anodic formation of microcrystalline CdS on
polycrystalline Cd metal in a strongly alkaline (pH 14) aqueous sulfide–polysulfide
solution (Na2S, NaOH). The process could be accomplished both galvanostati-
cally and potentiostatically and resulted typically in the development of a yellowish
opaque layer of semiconducting, n-type CdS, which was enriched with electroly-
sis time by hydroxide or oxide species. The formation and stripping of these films
were studied by rotating ring-disk electrode (RRDE) voltammetry, under dark and
illuminated conditions. It was concluded that although the as-grown anodic films
can hardly show optical absorption efficiencies comparable to CdS single crystals
or even polycrystalline pressure-sintered electrodes, they are rather stable in the
polysulfide environment, thus operating in a manner appropriate to regenerative
photoelectrochemical cells. Better optical results could be obtained with different
bath composition, e.g., with buffered Na2S, NaHCO3 solutions of lower pH.

Peter studied in detail the growth of anodic CdS films on the Cd electrode in
similar solutions [31], as well as the processes that occur at the Cd/solution and
CdS/solution interfaces [32]. According to the linear sweep voltammetry, three
characteristic regions could be distinguished revealing the essential features of the
anodic passivation of cadmium in alkaline sulfide solutions: (a) the monolayer
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region, with a sharp structured current peak corresponding to the passivation of the
metal by two or three monolayers of CdS; (b) the plateau region, in which further
growth takes place by high field ionic migration until a thickness of some 5 nm is
reached; (c) the transpassive region, in which a less compact layer of CdS thickens
rapidly to 500 nm or more.

Growth at constant current appeared to be well described in terms of the Cabrera–
Mott model of the high-field–assisted formation of insulating rims (in general, the
analogy between anodic chalcogenization and corrosion/passivation of valve metals
is direct; in fact, both phenomena may be collectively discussed within the frame-
work of well-established semiconductor electrochemistry principles [33]). It was
noted that when the potential exceeds a critical value (in constant current or poten-
tial sweep experiments) the kinetics abruptly change, and a porous or polycrystalline
CdS layer forms over the original barrier layer presumably by a diffusion-controlled
process. It was not clear why the growth kinetics and mechanism change abruptly at
about 5 nm. Remarkably, however, the growth kinetics at an applied constant poten-
tial could be described, not by the inverse logarithmic law as would be required by
the Cabrera–Mott model, but rather by the so-called direct logarithmic law, accord-
ing to which charge density at a constant potential imposed across the electrode
increases with the logarithm of time. Peter attempted to reconcile this discrepancy
in terms of a Cabrera–Mott model of inverse logarithmic law, modified for the
change in potential difference across the inner Helmholtz layer, and hence across
the oxide film itself. This attempt, however, did not meet with any success, in
contrast, e.g., to the case of oxide growth at Pt electrodes, where an equivalent
modification brought the galvanostatic and potentiostatic data into full agreement
and proved that the same mechanism controlled the growth under both experi-
mental conditions. It would, therefore, appear that different mechanisms control
the formation of the CdS films under galvanostatic and potentiostatic modes of
growth.

Since amalgam electrodes are more suitable than polycrystalline metal electrodes
for the quantitative study of anodic electrocrystallization phenomena, the anodic
formation of CdS has been studied on Cd(Hg) electrode in buffered sodium sul-
fide solutions by means of potential perturbations and capacitance measurements
[34]. Comparison of the experimental data with the predictions of a model known
to well describe the growth of multiple layers of Cd(OH) on Cd(Hg) showed a
significant lack of agreement. It was suggested that in the present case, during
deposition and reduction of CdS films on Cd(Hg), phase transformations or recrys-
tallization processes occur. As an attempt to describe in detail the way in which
phase transformations may influence the course of electrocrystallization, a qualita-
tive model was assumed involving changes of the crystal orientation of the deposit
during film deposition from (10.0) hexagonal to (110) cubic, transforming again to
(10.0) at high overpotentials. This recrystallization could be reversed upon decreas-
ing the overpotential, the film structure changing spontaneously to the (110) texture
(Fig. 3.1).

The importance of phase transformations in anodic electrocrystallization pro-
cesses has been demonstrated for the mercury/sulfide system, which exhibits a
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Fig. 3.1 Model of CdS deposition and recrystallization. The changes in film structure are related to
the features of the cyclic voltammogram and the capacitance plot (broken line). The interpretation
of the capacitance data in this way leads to a mean value of εCdS = 17 for the relative permittivity
of the film. (Reprinted from [34], Copyright 2009, with permission from Elsevier)

number of interesting phenomena in this connection [35]. The oxidative electro-
chemical growth of mercuric sulfide (HgS) thin films was considered to proceed in
three distinct stages along the positive shift of potential. In the first, mercuric sulfide
adsorbs over a narrow potential range, at values negative to the reversible potential
of the bulk solid, to build up a monomolecular layer exhibiting an isotherm with
strong lateral interactions. Subsequently, at a potential close to the reversible poten-
tial, the adsorbed layer rearranges in such a way that its packing density is increased.
This effect corresponds to a first-order phase transformation, and in this stage there
is clear evidence for nucleation of the rearranged phase. Finally the growth of sub-
sequent monolayers of HgS proceeds by the nucleation and expansion of 2D centers
on the rearranged first layer, following closely the mechanism discussed by Bewick
et al. [36] in the case of calomel (Hg2Cl2) on mercury.

The authors [35] emphasize that their result regarding the first HgS monolayer,
which involves reversible underpotential adsorption, suggests that nucleation can-
not be considered as a universal mechanism for the formation of anodic films.
Analogous conclusions have been inferred for cathodic HgSe films electrodeposited
on mercury electrode by the reduction of selenous acid [37]; the first monolayer
appeared to be reversibly adsorbed, while formation of the following two layers
was preceded by nucleation.

In fact, monolayer formation has been observed in a number of cases on liquid
and solid electrodes when reactive metals are anodized in the presence of ions which
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form insoluble salts. The mechanism of these electrocrystallization reactions usually
consists of the nucleation of 2D centers which grow by the rate-determining addition
of new molecules to the expanding perimeter, until overlap becomes significant.
That is actually the case for the first monolayer formation of CdS on Cd(Hg) as
manifested by current transients which follow closely the behavior predicted for
2D progressive nucleation. An alternative, to the above two, mechanism involves
electrosorption on the uncovered surface with no discernable nucleation stage, as in
the case of Ag2S formation on silver [38].

A kinetic description of the initial stages of CdS growth under potentiodynamic
conditions at various sweep rates at room temperature as well as under galvanos-
tatic conditions at different temperatures has been attempted by Damjanovic and
co-workers [39, 40]. They showed that the same kinetic equation describes the
growth of thin anodic sulfide films at Cd electrodes under both galvanostatic and
potentiodynamic conditions. For the growth of films up to about 5 nm, it was con-
firmed that the kinetics is fully accounted for by the model of high-field–assisted
formation of ions at the metal/anodic film interface and their migration through the
film.

Anodization generally results in the formation of films with limited thick-
ness, uncertain composition, defects, and small crystallite size. Thus, the barrier
nature of the n-type semiconducting CdS film obtained in the previous manner
makes it too thin to form the basis of Cu2S/CdS or CdTe/CdS solar cells by
the normal dipping process. Heterojunction cells of low efficiency have, how-
ever, been made by anodization followed by vacuum deposition of the added layer
(Cu2S).

The cathodic approach has been investigated actively as a method for the pro-
duction of thin film CdS, in particular for the fabrication of heterojunction cells.
Photoactive CdS films could be grown in alkaline NH3/NH4Cl-buffered aqueous
solutions containing thiosulfate as sulfur source and complexed Cd2+ (EDTA+NH3),
on Ti substrates [41]. The electroreduction of thiosulfate was considered to
proceed as

S2O2−
3 + 3H2O + 8e− → 2S2− + 6OH−

forming CdS in the presence of Cd(II) ions.
In acidic aqueous solutions of thiosulfate and CdSO4, it was suggested [42] that

disproportionation of the thiosulfate ions (S2O3
2− → S + SO3

2−) is coupled to elec-
trochemical charge transfer to Cd2+, according to the overall scheme (3.8) below.
In effect, reduction of sulfite is more probable than that of sulfur in the colloidal
state, so that considering the disproportionation of thiosulfate in acid solutions may
amount to using sulfite, i.e., the anion of sulfurous acid–SO2 in water. Repeated
cycling of a Pt rde in this solution yielded a deep yellow, uniform, translucent film
on Pt, containing Cd and S in roughly equal amounts with no detectable contami-
nants (according to microprobe analysis). The produced layers were thin (< 1 μm)
and of poor crystallinity, but photoactive in sulfide, thiosulfate, sulfite, and sulfate
solutions.
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Dennison [43] studied the cathodic electrodeposition of CdS from similar acidic
solutions at 90 ◦C. Although the reactions involved could not be defined exactly,
two alternative overall processes were considered:

Cd2+ + S2O2−
3 + 2e− → CdS + SO2−

3 (3.8)

2Cd2+ + S2O2−
3 + 6H+ + 8e− → 2CdS + 3H2O (3.9)

Process (3.8) is a total 2e– per cadmium atom and indicates that CdS forma-
tion occurs via a sulfur atom abstraction from S2O3

2−. This reaction was called
for in order to suggest that the reduction of Cd2+ is the only electrochemical step,
whereby charge is consumed, followed by a subsequent chemical step comprising
sulfur association to reduced cadmium. Sulfur is generated by the decomposition of
thiosulfate. On the other hand, reaction (3.9) corresponds to an overall 4e–/Cd pro-
cess where reduction of S2O3

− itself must occur as well as that of Cd2+, the former
comprising actually the rate-determining step. This route becomes more favorable
as pH decreases for it requires additional protons.

Optimum conditions for the formation of CdS by the acidic method on metallic
Al substrate at 25 ◦C have been reported as follows: pH 2.3, potential –1 V vs. SCE,
and electrolysis time > 2 h [44]. Thermal treatment improved the characteristics of
the films and their photovoltaic properties, which were evaluated by evaporating
a Cu2S layer on the CdS/Al film, to form a heterojunction cell. The influence of
the deposition substrate on the formation and morphology of CdS was found to be
important. The aluminum substrates gave the best results among Pt, Mo, and Al. In
the case of molybdenum, surface blocking by adsorbed sulfur was considered.

Generally, the experimental results on electrodeposition of CdS in acidic solu-
tions of thiosulfate have implied that CdS growth does not involve underpotential
deposition of the less noble element (Cd), as would be required by the theoretical
treatments of compound semiconductor electrodeposition. Hence, a fundamental
difference exists between CdS and the other two cadmium chalcogenides, CdSe and
CdTe, for which the UPD model has been fairly successful. Besides, in the present
case, colloidal sulfur is generated in the bulk of solution, giving rise to homogeneous
precipitation of CdS in the vessel, so that it is quite difficult to obtain a film with an
ordered structure. The same is true for the common chemical bath CdS deposition
methods.

Yamaguchi et al. [45] suggested specific electrochemical assistance to a chem-
ical deposition process from an acidic aqueous solution of cadmium chloride and
thioacetamide, in order to realize film growth only by the heterogeneous reactions
at the film/solution interface. The electrochemical reaction, namely electroreduc-
tion of protons at small current densities (several tens of μA cm–2), was used in
such a way as to maneuver the chemical formation of CdS to take place preferen-
tially at the substrate surface (ITO-glass), while prohibiting the agglomeration of
the fine particles formed homogeneously in the solution phase. The film growth was
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considered as occurring by an atom-by-atom process generating individual crys-
tallites, so that highly crystallized hexagonal CdS thin films could be developed,
consisting of single-crystal CdS particles having hexagonal cylindrical shape. The
films could become as thick as 500 nm without suffering from structure disordering.
The authors stress in conclusion that an active use of electrochemistry can improve
a CBD process drastically. Evidently, their particular approach may be valid also in
the deposition of other related compound thin films.

Pulse plating techniques with symmetric or asymmetric waves have been
employed for improving the deposition of CdS in acidic aqueous baths of cadmium
sulfate and thiosulfate precursors [46, 47]. A better control of sulfur incorporation
in the deposits was reported.

To overcome some of the problems associated with aqueous media, non-aqueous
systems with cadmium salt and elemental sulfur dissolved in solvents such as
DMSO, DMF, and ethylene glycol have been used, following the method of
Baranski and Fawcett [48–50]. The study of CdS electrodeposition on Hg and Pt
electrodes in DMSO solutions using cyclic voltammetry (at stationary electrodes)
and pulse polarography (at dropping Hg electrodes) provided evidence that dur-
ing deposition sulfur is chemisorbed at these electrodes and that formation of at
least a monolayer of metal sulfide is probable. Formation of the initial layer of CdS
involved reaction of Cd(II) ions with the chemisorbed sulfur or with a pre-existing
layer of metal sulfide.

Actually, it is recognized that two different mechanisms may be involved in the
above process. One is related to the reaction of a first deposited metal layer with
chalcogen molecules diffusing through the double layer at the interface. The other
is related to the precipitation of metal ions on the electrode during the reduction
of sulfur. In the first case, after a monolayer of the compound has been plated, the
deposition proceeds further according to the second mechanism. However, several
factors affect the mechanism of the process, hence the corresponding composition
and quality of the produced films. These factors are associated mainly to the com-
plexation effect of the metal ions by the solvent, probable adsorption of electrolyte
anions on the electrode surface, and solvent electrolysis.

In practical terms, large-scale cracking in the produced films, detrimental to pho-
toelectric applications, was the main drawback of the above method. In order to
prevent the appearance of cracks, propylene carbonate (PC) has been used as a sol-
vent, with encouraging results [51]. The mechanism of electrodeposition of CdS
in PC solutions containing Cd(II) ions and elemental sulfur has been studied by
performing cyclic voltammetry at stationary Pt and Au electrodes [52].

Recently, a eutectic mixture of choline chloride and urea (commercially known
as Reline) was used as a medium from which CdS, as well as CdSe and ZnS,
thin films were electrodeposited for the first time [53]. Reline is a conduc-
tive room-temperature ionic liquid (RTIL) with a wide electrochemical window.
The voltammetric behavior of the Reline–Cd(II)–sulfur system was investigated,
while CdS thin films were deposited at constant potential and characterized by
photocurrent and electrolyte electroabsorbance spectroscopies.
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3.2.2 Cadmium Selenide (CdSe)

The interest in CdSe has been generated largely by its potential use in photoelectro-
chemical cells. Electrochemical deposition/formation of this compound has been
widely reported, in all aspects. Gruszecki and Holmström [54] have succinctly
reviewed methods of CdSe thin polycrystalline film preparation intended for solar
cell applications, up to 1992, laying emphasis on the variants of cathodic electrode-
position, which they considered as being superior to other techniques, in terms of
convenience and cost. Electrolytic deposition of CdSe was reported for the first
time in 1968 by a Lithuanian group [55] using a very acidic aqueous solution (pH
0) of cadmium sulfate and selenous acid; however, well-defined cathodic formation
of CdSe was accomplished primarily by the Weizmann Institute group [56], which
obtained layers up to several microns thick on Ti substrate from an acidic aque-
ous solution of CdSO4 and SeO2. Variants of this method were employed typically
in the early and most of the later work, using various cathode substrates such as
Ti, Ni, SnO2/glass, C, Ag, Cd, Cu, Au, Pt, and TiO2. In general, the conventional
electrodeposits consist of the cubic or hexagonal modification of microcrystalline
CdSe with crystal diameters < 0.1 μm, often contaminated by elementary Se or
Cd. The implications for cathodic deposition of CdSe have been discussed origi-
nally by Skyllas-Kazacos and Miller [57] based on voltammetric and photospectral
data. Since then, several mechanisms have been formulated for describing the pro-
cess in aqueous solutions, most of them implying the induced co-deposition concept
leading to self-regulated growth [58].

Loizos et al. [59] proved that the electrolysis potential domain where CdSe can
be effectively deposited, from acidic solutions containing a high [Cd2+]/[H2SeO3]
ratio, corresponds precisely to the selenous acid diffusion plateau of the polarization
curve obtained when the mass transfer in the bath is controlled by an rde. Both the
limiting current intensity and the lateral extension of the plateau were seen to depend
on the chalcogen precursor concentration (Fig. 3.2). A beneficial interface inhibition
incurred by the excessive Cd2+ ions was considered to largely contribute as a rate-
determining step along with diffusion, conditioning thus a slow-rate surface process
of crystal growth.

If the electrolysis parameters (precursor concentrations, pH, temperature, cur-
rent/potential, substrate) be defined in a precise manner, a self-regulated growth
of the compound can be established, and highly (111)-oriented zinc blende (ZB)
deposits up to several μm thickness are obtained at potentials lying at the anodic
limit of the diffusion range (Fig. 3.3) [60]. Currently, the typical method of cathodic
electrodeposition has been developed to yield quite compact and coherent, poly-
crystalline, ZB n-CdSe films of well-defined stoichiometry. The intensity of the
preferred ZB(111) orientation obtained with as-deposited CdSe/Ni samples has been
quite high [61].

Alkaline aqueous media containing selenosulfate ions (SeSO3
2−) and complexes

of Cd2+ with EDTA or nitrilotriacetate (NTA) have been successfully utilized to
accomplish cathodic electrodeposition of nearly stoichiometric, wurtzite CdSe [62–
64]. Similar results have been reported for seleno-cyanate (SeCN–) alkaline baths
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Fig. 3.2 (Left) Current density vs. cathodic potential curves (without ohmic drop correction) of a
TO/glass rde in a 0.2 M solution of CdSO4 (pH 2.2) at 85 ◦C, for various selenous acid concen-
trations: a 0.5; b 1.0; c 2.0; d 3.0 (× 10–3 mol l–1). Smooth and crystallized Cd-Se co-deposits
can be obtained by electrolysis at a constant potential lying within the observed plateau region
of the curves, that is to say, in conditions where normally pure cadmium would be dissolved and
pure selenium would form a passivating coating. (Right) High-resolution TEM image showing the
dense reticular atomic planes within a zinc blende crystallite of an electrodeposited CdSe layer,
illustrating the perfect atomic arrangement of the compound. The domains of coherence in the
CdSe film are typically 50 nm in diameter. (Reprinted from [59], Copyright 2009, with permission
from Elsevier)

Fig. 3.3 Zinc blende (111) XRD reflections vs. deposition potential, for 2 μm thick CdSe films
electrodeposited from a pH ∼2 bath on Ni cathode, at the indicated potentials within the diffusion-
limited region. (With kind permission from Springer Science+Business Media [60])
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[14]. A quantitative analysis of the kinetics of CdSe deposition from selenosulfate,
Cd(II)–EDTA baths in terms of a mechanism involving nucleation and electrode
kinetics has been given by Kutzmutz et al. [65]. Note also that selenosulfate-
containing baths have been used for the anodic selenization of vacuum-deposited
metal films in order to synthesize CdSe and other binary selenide semiconductor
thin films such as CuSe and InSe [66].

Other selenium sources that have been used for CdSe deposition include elemen-
tal selenium in non-aqueous media [67] and tri-n-butylphosphine selenide (BPS)
in diethylene glycol (DEG) or propylene carbonate (PC) [68]. The advantages of
BPS are the low valency of selenium, the solubility of this compound in organic
solvents, and the relative stability of the solution. DEG appeared to be a better
solvent than PC for this deposition process. Also, the films deposited from DEG
(on Ti) were found to be less dense than those prepared using selenosulfate ion.
Cathodic electrodeposition of polycrystalline CdSe and Cd(Se,Te) films was per-
formed also from near boiling water–ethylene glycol solutions of cadmium sulfate
and selenous acid, at 110 ◦C, in a specially designed electrochemical cell [69]. It
was shown that by properly adjusting the bath composition and deposition poten-
tial, the hexagonal, wurtzite phase of CdSe can be preferably obtained instead of
the usual ZB, with the transformation between the two phases occurring within
a few mV of deposition potential. In the mixed deposits though, the presence of
Te was seen to stabilize the ZB polymorph. Recently, a similar method of CdSe
electrodeposition from non-aqueous ethylene glycol solutions of cadmium acetate,
selenium dioxide, and EDTA, at room temperature, was reported [70].

A detailed account of the cathodic deposition of CdSe on Ti from typical acidic
selenite solutions, in galvanostatic conditions, has been given by Tomkiewicz et al.
[71]. The electrodeposition mechanism was described in terms of a competition
between chemical reactions that lead to Se formation and electrochemical reduction
of Se as polyselenide, at the interfaces between Se and Se2–. In particular, it
was shown how the mechanism of film growth is responsible for the observed
cauliflower morphology (of as-deposited, as well as of annealed at 750 ◦C in argon,
films) – one that is frequently obtained for electrodeposited selenides. This mor-
phology was considered to be well suited for liquid junction solar cells due to the
high real-surface area provided. In fact, the authors, based on their characterization
results with de-oxygenated sulfide–polysulfide solutions, claimed that their samples
had an ideal morphology for this purpose; relatively stable efficiencies as high as
6.4% (under 100 mW cm–2 artificial light) were obtained. The performance of the
PEC was found to be limited by the dark current and the dielectric properties of
the material. Notably, the solid-state properties of the films could be evaluated by
capacitance measurements despite their complex morphology. It was concluded
that the impedance of the photoelectrode–electrolyte system is not dominated by
the solid-state properties of the electrode material (optical, photovoltaic) but rather
by disorder-dominated conduction mechanisms created by the convoluted path
within the semiconductor–electrolyte interface (Fig. 3.4). The photoelectrodes,
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Fig. 3.4 Schematic representation of the cauliflower structure, showing the space charge layer
in relation to the electrolyte and the semiconductor, and the “pinching of cauliflowers”, which is
believed to be responsible for the disorder-dominated impedance. (Reprinted with permission from
[71], Copyright 2009, The Electrochemical Society)

finally, were tested in the presence of surface-bound metal ions such as Zn2+,
Ru3+, and Ga3+ (absorbed after treating the electrodeposited films in concentrated
solutions of corresponding salts), which were found to strongly influence the dark
current, presumably through their catalytic activity in the hydrogen evolution
reaction.

The problem of bulk Se formation in CdSe electrodeposition from typical acidic
solutions has been dealt with by using a cyclic electrolysis procedure in a single
bath [72]. The method involved the electrodeposition of sequential layers of CdSe
by sweeping the potential of Ti or Ni substrates continuously between –0.4 and –
0.8 V vs. SCE at a scan rate of 10 V s–l in solutions containing Cd(II) and SeO2.
The selenium precursor concentration was low enough (0.3 mM) that only sub-
monolayer amounts of Se were reduced per cycle, while a large excess of Cd was
deposited at the same time and subsequently stripped. The resulting CdSe films
were found to have 1:1 stoichiometry and consisted of a dense layer of 100 nm
grains beneath micron-size dendritic features, while XRD indicated the existence
of both cubic and hexagonal phases of CdSe. The optical properties of the films
were reported to be similar to those of previously studied deposits. Although no sig-
nificant improvements in terms of material properties were attained in the present
research, it should be noted that the concept of cycling the deposition potential had
an impact in future works and served as a predecessor in recent attempts to develop
sophisticated microstructures by cyclic electrodeposition schemes.

Miller et al. [73] put forward an anodic procedure similar to that cited previously
for sulfide semiconductors, involving the in situ formation of CdSe photoelectrodes
by anodizing Cd metal in a K2Se–KOH solution. The as-produced electrodes pre-
sented low efficiency (0.6%) in polysulfide PEC, the most likely reason being the
limited thickness of the anodic layer, affording poor light absorption. Ham et al.
[33] studied the anodic electrosynthesis of CdSe on Cd electrode in selenide solu-
tion by voltammetry, photocurrent spectroscopy, and solid-state characterization
techniques and compared the corresponding processes for formation of CdS and
CdTe from sulfide and telluride solutions, respectively. In all three cases, the initial
peak in the voltammograms was at the same potential and could be correlated with
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formation of Cd(OH)2 which subsequently reacted with chalcogenide ions in solu-
tion to give CdX. The CdSe growth kinetics in the passive region was found to
follow a direct logarithmic rate law (cf. Sect. 3.2.1), while a diffusion mechanism
was seen to prevail in the transpassive regime. It was noted that whereas the Cd–S
and Cd–Se systems present similar trends, the onset of the transpassive region in the
Cd–Te system is not well defined. In the latter case, the monolayer formation feature
in the voltammogram preceded two partially resolved peaks, which were ascribed
to telluride and tellurium oxidation. The differences in the growth process were dis-
cussed and interpreted within the framework of a semiconductor model previously
invoked for oxide passivation of metal surfaces. Cyclic photovoltammetry showed
an anodic photoeffect already at the monolayer formation stage for both CdSe and
CdTe, unlike CdS which lacked this feature. The luminescence response of CdSe
suggested a high density of carrier recombination centers located 0.2 eV below the
conduction band. The surface semiconductor energy levels in relation to the elec-
trolyte redox positions, the transpassive potential onset (where applicable), and the
semiconductor corrosion potentials were estimated and plotted on a common scale,
for all three compounds.

3.2.3 Cadmium Telluride (CdTe)

Cadmium telluride is the most electrodeposited compound semiconductor, other
than oxides. Cathodic electrodeposition of CdTe has been carried out following
mainly the pioneering work of Panicker et al. [74] who used aqueous solutions of
cadmium sulfate, tellurium dioxide, and sulfuric acid. Deposition with this bath,
specifically at low pH (0–2) and with a high [Cd2+]/[HTeO2

+] ratio, can be made to
proceed in an exceptionally self-regulating manner as dominated by the diffusion-
limiting current of HTeO2

+ ions, which upon reduction induce UPD of cadmium,
leading to the formation of stoichiometric CdTe. Typically, the as-deposited films
have crystallite sizes below 0.1 μm and often contain microcracks, while condi-
tions to obtain both n- and p-type CdTe have been established (see the following
discussion). In fact, the deposition potential/current and other parametric variables
(solution composition, temperature, illumination, and substrate nature) largely affect
the microstructural and solid-state properties of CdTe through their influence on the
growing film composition and morphology [75–81].

The thermodynamic principles of the Cd–Te–water system are depicted in the
Pourbaix diagram of Fig. 3.5 [82]. The corresponding electrochemical reactions of
CdTe reduction and oxidation are shown in Table 3.1.

The work of Verbrugge and Tobias on CdTe [8] comprises a comprehensive
source of information about the electrochemistry of the compound and its compo-
nents. Deposition features are reviewed, and thermodynamic, transport, and kinetic
parameters for cadmium and tellurium deposition are reported.

The reaction mechanism in acidic tellurite baths has been the subject of consider-
able debate in the literature concerning mostly the number of exchanging electrons
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Fig. 3.5 Potential vs. pH diagram for the CdTe–H2O system at 25 ºC. Solid CdTe is thermody-
namically stable over the entire pH range. Consequently, CdTe does not hydrolyze at any H+ and
OH– activities of practical interest. In acidic solutions, the only process accompanying cathodic
CdTe polarization is hydrogen release. Therefore, in the region of cathode potentials, CdTe is a
sufficiently stable electrode material from the electrochemical point of view. The –1.35 V potential
is the lowest limit of stability. Below this limit, CdTe corrodes in the whole pH range; e.g., for pH <
2.8, H2Te vapor is produced at –1.25 V. For pH > 2.8, ditelluride or telluride ions are formed with
disintegration of the compound. (With kind permission from Springer Science+Business Media
[82])

Table 3.1 Electrochemical
reactions in the CdTe–H2O
system

1 CdTe + 2H+ + 2e− � Cd + H2Te
2 CdTe + H+ + 2e− � Cd + HTe−
3 CdTe + 2e− � Cd + Te2−
4 2CdTe + 2e− � 2Cd + Te2−

2
5 CdTe � Cd2+ + Te + 2e−
6 CdTe � Cd2+ + Te4+ + 6e−
7 CdTe + 2H2O � Cd2+ + TeO2 + 4H+ + 6e−
8 CdTe + 2H2O � Cd2+ + HTeO+

2 + 3H+ + 6e−
9 CdTe + 3H2O � Cd2+ + HTeO−

3 + 5H+ + 6e−
10 CdTe + 3H2O � Cd + TeO2−

3 + 6H+ + 4e−
11 CdTe + 5H2O � Cd(OH)2 + TeO2−

3 + 8H+ + 6e−
12 CdTe + 5H2O � HCdO−

2 + TeO2−
3 + 9H+ + 6e−
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at any potential, that is, the identity of the reduced species and extent of reduction,
as well as the possible contribution of surface phenomena. It should be pointed out
that for typical acidic baths, CdTe electrocrystallization differs from that of CdSe in
important respects. For CdTe, the experimental domain is very narrow, due both to
the very weak solubility of TeO2 and to the restricted potential range where CdTe of
good quality is obtained (a few tens of mV from the redox potential of cadmium).
In contrast, the solubility of SeO2 or H2SeO3 is much higher and the definite com-
pound can be obtained in a potential range which can be greater than 200 mV. In
this connection, the reader will find an extensive parallel discussion of CdSe and
CdTe deposition in Hodes [1]. Let us note here that according to the results of Sella
et al. [83] and subsequent works [84], the adsorption of HTeO2

+ on the cathode
constitutes a critical step in the CdTe deposition process, which thereby, aside from
telluryl ion diffusion in the liquid phase, involves the reduction of (weakly) adsorbed
telluryl species. It was found that encroaching Cd2+ ions from solution – but also
other species such as potassium K+ ions – displace the HTeO2

+ from their adsorp-
tion sites, causing a shift of the Te(IV) reduction wave and a decrease in the limiting
current. Thus, during deposition it is most probable that a competition with specific
reaction sites at the surface is quite important in the growth of stoichiometric CdTe
films.

Importantly, the doping type of CdTe can be controlled by the electrodeposi-
tion potential. Panicker reported a critical value for the quasi-rest potential (QRP)
(+340 mV vs. the deposition potential of elemental cadmium, Cd/Cd2+), below
which n-type CdTe is deposited, while more positive QRPs lead to the forma-
tion of p-type CdTe. Kampmann et al. [85] found that a potential of +5 mV vs.
Cd/Cd2+ leads to the formation of n-type CdTe, while a deposition potential of
+250 mV leads directly to the formation of p-type CdTe. The change in semiconduc-
tivity type can be rationalized on the basis of the non-stoichiometry and attendant
defect chemistry of CdTe. Thus, it could be explained in terms of the electrode-
position mechanism by invoking the hypothesis of intrinsic doping: at the more
positive potentials, the incorporation of Te interstitial atoms or cadmium vacancies,
which act as acceptors, is enhanced, thus leading to the formation of p-type CdTe,
whereas at the more negative but still positive than Cd/Cd2+ potentials, the UPD
of Cd interstitial atoms, which act as doubly ionized donors in CdTe thereby creat-
ing n-type conductivity, becomes competitive to the former action. In fact, observed
difficulties in electrodeposition of p-type layers from typical acidic baths have led
to the need for post-deposition thermal treatment to induce n- to p-type conver-
sion [86, 87]. Still, evidence has been provided [88, 89] for p-type conductivity in
as-deposited, either in situ doped or undoped, CdTe films, which exhibited a satis-
factory rectification behavior when fabricated into Schottky barriers (CdTe/In) and
heterojunctions (CdS/CdTe). Certainly, whilst electrodeposited CdTe nominally is
intrinsically doped as prepared, external dopants can be added to the electrosyn-
thesis medium; for example, As and Cu have been added as acceptor impurities to
generate p-type CdTe thin films.

Cathodic photo-currents observed during the deposition of CdTe have been inter-
preted as evidence for p-type conductivity [90]. Verbrugge and Tobias [91] showed
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that significant photoeffects are observed during CdTe deposition, and they implied
that illumination affects the composition of the deposit. Sugimoto and Peter [92]
investigated the effect of illumination on the deposition of CdTe, using monocrys-
talline n-type silicon wafers as a substrate, since exceptionally smooth and uniform
films of CdTe can be grown on them (at the negative potentials used for CdTe
deposition, the n-Si shows no photoeffects since it is in the accumulation region).
The results showed that illumination initiates a complex series of reactions that
can profoundly influence the electrodeposition process. The consequences for the
morphology and composition of the deposit depend on solution composition.

Despite the high solubility of Te(IV) species in alkaline solutions, little is
known about the electrodeposition characteristics of CdTe from alkaline media.
Ammoniacal aqueous electrolytes prepared by dissolution of CdSO4, TeO2, in an
NH3/NH4

+ buffer (pH 10.7) have been investigated for this purpose [93]. The Cd(II)
and Te(IV) species in this electrolyte are dissolved as Cd(NH3)2+

4 and TeO2−
3 ions,

respectively. Normally, CdTe films prepared under potentiostatic conditions from
these solutions contain excessive cadmium, giving rise to dendritic morphology.
However, at potentials positive to the reduction potential of Cd(NH3)2+

4 to Cd0,
the co-deposition of elemental cadmium could be suppressed and stoichiometric
crystalline CdTe films were obtained with flat and smooth surface morphology, on
gold-plated copper sheets. The outcome of the method was explained by a cadmium
UPD mechanism.

Telluro-cyanide (presumably TeCN–) has been explored as a source of tellurium
for electrodeposition of CdTe [14], on account of the possible advantage that this
species is less likely than tellurium dioxide to oxidize the cathodically produced
telluride ion. Bath solutions were prepared by dissolving powdered Te in a concen-
trated aqueous solution of KCN and adding CdCl2 and EDTA. Stoichiometric CdTe
deposits, free of excess Te, were reported.

Darkowski and Cocivera [94] investigated trialkyl- or triarylphosphine tellurides,
as low-valent tellurium sources, soluble in organic solvents. They reported the
cathodic electrodeposition of thin film CdTe on titanium from a propylene car-
bonate solution of tri-n-butylphosphine telluride and Cd(II) salt, at about 100 ◦C.
Amorphous, smooth gray films were obtained with thicknesses up to 5.4 μm. The
Te/Cd atomic ratio was seen to depend on applied potential and solution compo-
sition with values ranging between 0.63 and 1.1. Polycrystalline, cubic CdTe was
obtained upon annealing at 400 ◦C. The as-deposited films could be either p- or
n-type, and heat treatment converts p to n (type conversion; cf. Sect. 3.3.2).

The method of Baranski and co-workers enabling deposition to be carried out at
much higher temperatures (130–160 ◦C) than the maximum permissible in aqueous
medium has been applied to the electrosynthesis of CdTe. Notably, the deposi-
tion of “single-crystal” CdTe films was reported [95], from a DMSO solution of
CdC2 and elemental Te, in a galvanostatic regime. The crystalline structure of as-
deposited CdTe films was found to depend on the degree of ionic supersaturation at
the substrate, as expressed by the current density. Relatively low deposition currents
(≤ 0.25 mA cm–2) were claimed to yield monocrystalline CdTe films (the degree
of supersaturation at the interface was below 103). Analysis of variations in the
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cathodic overpotentials with current density indicated that the growth of monocrys-
talline CdTe takes place by initial formation of oriented large size (≥ 2 nm) nuclei
which grow by surface diffusion of adions. Critical nuclei size reduces and active
growth sites increase rapidly as the deposition current is increased over 0.25 mA
cm–2.

Simple electroless techniques have been used for the formation of CdTe layers
following an anodic or a cathodic route of deposition. For instance, spontaneous
cathodic formation of CdTe was observed on Ti or glass electrodes short circuited
with a corroding Al contact (electron source) in a solution of Cd2+ and HTeO2

+ ions
[96]. After thermal treatment and subsequent growth of an α-PbO2 layer on them,
the as-obtained CdTe thin films were found to exhibit n-type behavior in alkaline
polysulfide PEC cells.

A variant involves the short-circuiting of a Te rod and a Cd strip to generate
CdTe on tellurium. Gerritsen [97] demonstrated the formation of CdTe on a tel-
lurium electrode externally connected to a Cd strip, both immersed in 0.1 M CdSO4
neutral aqueous electrolyte, by introducing two different modes of operation. In one,
no bias was applied between the electrodes; in the other, the tellurium electrode was
biased strongly positively. In the first case, Cd and Te electrodes in the electrolyte
solution formed a galvanic cell with a standard open voltage of about 0.63 V (the
actual value depending on the degree of etching previously given to the Te elec-
trode). This Cd/CdSO4(aq.)/Te cell, operated by migration of Cd2+ from the Cd to
the Te electrode, discharge to Cd, and subsequent formation of the compound. In
this way, CdTe layers, 0.1–0.2 μm thick, strongly adhering to the Te substrate were
grown. Interestingly, the layers were reported to consist of single-crystal domains
with areas in the order of mm2. By the second method, CdTe was formed again on
the Te electrode, but this time the electrochemical process involved a tellurite ion
(most likely HTeO2

+) injected into the solution that combined homogeneously with
Cd2+ to precipitate the compound. The resultant free positive charge presumably
oxidized water to O2, though the exact mechanism was not studied. Shiny black
layers attached well to the substrate were formed by this method. However, there
were no single-crystal lines observable in the Laue patterns, and the stoichiome-
try of the films was not determined. A telluride film with optimal photosensitivity
was obtained by maintaining a current flow of 5 mA from Te to the metal for about
10 min. This required a bias increase gradually from +1.3 to 4.5 V.

The above methods were used also for the production of ZnTe. Alternatively, the
spontaneous corrosion of a Cd anode in alkaline Te2– solutions may generate CdTe
on the same electrode.

A comprehensive work on the electrodeposition chemistry and characterization
of anodically synthesized CdTe thin films has been presented by Ham et al. [98].
In this work, along with the electrolytic anodic synthesis of CdTe by using Cd
anodes in alkaline solutions of sodium telluride, an electroless route of anodizing
a Cd electrode held at open circuit in the same solution was also introduced. The
anodic method was expected to produce CdTe with little contamination from Te0

on account of the thermodynamic properties of the system; the open-circuit poten-
tial of Cd anodes in the Te2– electrolyte lies negative of the Te2–/0 redox point, so
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that the oxidation of Te2– to CdTe is more favorable relative to the corresponding
Te2– → Te0 reaction. The virtue of the anodic route in terms of avoiding contamina-
tion of CdTe with Te0 was clearly seen by surface analytical techniques, especially
when the corresponding results obtained for cathodically synthesized thin films were
compared. Importantly, anodic CdTe thin films are usually n-type as synthesized,
and not p-type as the cathodic CdTe, due to the Cd-rich environment typical of
anodic electrosynthesis.

3.2.4 Zinc Sulfide (ZnS)

Facts for the electrodeposition of zinc sulfide have been much scarcer than for CdS.
Lokhande et al. [99] used aqueous acidic (pH 1–6) solutions of ZnSO4 and thiosul-
fate (Na2S2O3) at room temperature, to electrodeposit the compound on stainless
steel and ITO substrates. The deposits were polycrystalline and contained elemen-
tal zinc and sulfur phases. By addition of CdSO4 in the bath, mixed Cd1–xZnxS
alloys were obtained at pH between 2 and 2.5. The band gap of the Cd1–xZnxS films
was seen to vary in a non-linear manner as Zn content increased in the films, from
2.40 eV (CdS) to the higher energy end (measured 3.55 eV for ZnS). Similar aque-
ous thiosulfate, acidic (pH 2) baths, containing in addition glycerol, were used by
Sanders and Kitai [100], who obtained polycrystalline ZnS films with a predomi-
nantly zinc blende 〈200〉 texture on ITO substrate. This preferred growth orientation
was unusual and rather unique, considering that conventionally deposited II–VI
chalcogenides including ZnS normally adopt a more or less intense ZB 〈111〉 or
W (00.2) texture of closest packed planes. A further odd result was the loss of crys-
tallinity of the films upon annealing to either 673 or 973 K in nitrogen as implied
by the disappearance of the XRD response. Also, severe cracking of the films was
observed after thermal treatment, although annealed ZnS was found to possess a
band gap of 3.68 eV, similar to single-crystal ZnS, as estimated from absorption
spectra.

Single-phase ZnS films of a fine grain size (no XRD shown) and a band gap of
3.7 eV were electrodeposited from aqueous alkaline (pH 8–10) solutions of zinc
complexed with EDTA, and thiosulfate as a sulfur source [101]. The voltammet-
ric data implied that deposition occurred either by S-induced UPD of Zn or by a
pathway involving both Zn2+ and thiosulfate concurrently.

It should be stressed that the key point in the recent success of ZnS application
in thin film solar cells is the use of chemical rather than electrochemical deposi-
tion (CBD), which is successfully applied also for obtaining Cd1–xZnxS films. Note
though that studies on the chemical growth of ZnS are limited compared to CdS,
and the level of understanding of the deposition mechanism is inferior.

Amorphous films of the (Zn,Fe)S semiconductor have been obtained by elec-
trodeposition on TO substrates from a diethylene glycol solution containing S8,
FeCl2, and ZnCl2 reagents [102]. The films were annealed at 285 ◦C in argon to
give sphalerite and pyrrhotite (Zn,Fe)S phases. A direct relationship was observed
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between the Fe and Zn concentration in the electrolytic bath and the Zn/Fe ratio in
the deposits. The indirect energy gap transition varied from 0.37 to 3.1 eV, as the
Zn/Fe ratio in the solution was increased.

3.2.5 Zinc Selenide (ZnSe)

Electrodeposition of zinc selenide from simple (uncomplexed) aqueous acidic
solutions of Se(IV) species is quite challenging, since the self-regulating growth
manifesting itself in the analogous CdSe and CdTe deposition processes appears not
to be functional in the present case, due to the large difference between the redox
potentials of zinc and selenium precursors. Various reports on the typical cathodic
electrodeposition of ZnSe from aqueous acidic baths of Zn2+ and selenous acid
have shown that, despite optimization efforts, the method results in the preparation
of no better than microcrystalline films suffering from elemental selenium excess
(Fig. 3.6) and poor integrity [103–105]. Although removal of free Se can be easily
accomplished by annealing at low temperatures, the preparation of qualified, sin-
gle phase, and uniformly crystalline ZnSe layers is possible only by providing a
stoichiometric growth in the first place, since thermal post-treatment hardly ame-
liorates the structure and morphology of this compound film. Thereupon, efforts
have been directed toward the reduction of free Se co-deposition. For this purpose,
a fine control of certain variables such as the Se(IV) content in the bath is essential
with respect to the typical method [106, 107]; however, a change of the deposition
mechanism, e.g., through the use of complexed precursors, should be more effective.

Utilizing low-oxidation selenium precursors appears to be particularly suited
for obtaining single-phase ZnSe deposits. Results have been presented of ZnSe
electrosynthesis from alkaline selenosulfate solutions of complexed Zn(II) [108].

Fig. 3.6 XRD patterns
(CuKα source) of equally
thick deposits prepared on Ti
at –1.2 V/SSE from a 0.5 ×
10–3 M SeO2, 0.2 M ZnSO4,
pH 2.5 solution at various
temperatures (25–85 ◦C).
Increase of bath temperature
promotes the formation of
zinc blende ZnSe crystallites,
exhibiting a random
orientation. The semimetallic,
hexagonal phase of Se
unavoidably forms together
with the selenide compound.
(With kind permission from
Springer Science+Business
Media [105])
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The redox behavior of the SeSO2−
3 –Zn–EDTA system has been discussed on the

basis of Pourbaix and solubility diagrams [11]. Different complexes and substrates
have been employed in order to optimize the electrodeposited thin films. By the
selenosulfate method it is generally possible to grow ZnSe with an almost sto-
ichiometric composition; however, issues of low faradaic efficiency as well as
crystallinity and compactiveness of the product, remain to be solved. Interestingly,
in most reports of photoelectrochemically characterized ZnSe electrodeposits, the
semiconductor film was found to be p-type under all preparation conditions (ZnSe
is normally n-type unless deliberately doped p-type).

Preliminary work on molten salt electrodeposition of ZnSe has been carried out
by Cuomo and Gambino [109] who used a KCl solution of ZnCl2 and SeCl4 at
520–550 ◦C. Improved results were reported later by using ZnO and Na2SeO3 in
KCl/LiCl eutectic at approximately 470 ◦C [110]. More recently, the semiconductor
was deposited at 550 ◦C from a CaCl2/NaCl eutectic solution of ZnCl2 and SeO2
on TO/glass sheets [111]. Yellow, transparent, and adherent thin films containing
up to 90% single-phase ZnSe with a 1 mm grain size were obtained at optimized
conditions.

3.2.6 Zinc Telluride (ZnTe)

Electrodeposition of ZnTe in aqueous medium has been widely reported [112–115].
Thin films of ZnTe were prepared electrochemically for the first time by Basol in
1988 employing a two-step process, which involved sequential electrodeposition of
Te and Zn stacking layers from aqueous electrolytes and subsequent annealing.

Commonly, ZnTe films are prepared using the typical chalcogenides method
of electrodeposition from acidic aqueous solutions of Te(IV) and Zn(II) precur-
sors. The cyclic voltammetry of such solutions has been adequately described [116,
90]. It has been demonstrated that ZnTe compound crystallizes in a zinc blende
structure, typically with randomly oriented crystallites, although the deposition of
[111]-oriented films is possible under conditions that the crystal growth surpasses
nucleation. High bath temperatures are necessary for achieving crystalline films,
while the nature of the substrate may drastically affect the electrodeposition process
and the film properties, principally through its overpotential for hydrogen reduction.

ZnTe, like CdTe, belongs to the Class I in Kröger’s classification, and the antic-
ipated potential range for single-step electrodeposition of the compound may be
defined by appropriate thermodynamic analysis. An in-depth presentation of the rel-
evant electrochemistry and thermodynamics can be found in the work of Königstein
and Neumann-Spallart [116]. The compound is expected to be accessible by elec-
trodeposition from aqueous solutions containing Zn2+ and HTeO2

+ ions within a
potential range of –0.15 to –0.76 V vs. SHE (calculations concern standard activi-
ties). However, in order to obtain compact stoichiometric films of ZnTe, one cannot
rely on the theoretical prediction, since adsorption processes and crystallization
overpotential play a very significant role. The range of plating conditions leading
to stoichiometric ZnTe has been found to be quite narrow compared to that given
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on a purely thermodynamic basis, although the latter had some success in the case
of CdTe. In fact, just like in the case of ZnSe electrodeposition, no leveling effect,
which might be due to Zn2+ adsorption, seems to operate with ZnTe. In contrast to
Cd-containing systems where a self-regulating process allows fast reduction of Cd2+

upon adsorption on the substrate, the formation of zinc chalcogenides is more intri-
cate since Zn2+ is not as readily adsorbed, due to its highly negative redox potential.
Hence, the deposited Te atoms are not able to immediately trigger the reduction
of Zn2+ giving rise to stoichiometric ZnTe compound. The recent progress in the
field consists of the convenient deposition of single-phase, crystalline ZnTe films
of uniform and compact morphology by using citrate as a complexing agent in the
typical acidic electrolyte; however, as-obtained deposits are usually contaminated
by organic inclusions [117].

Formation of single-phase ZnTe on zinc substrates at 640 K by using electro-
chemical ion exchange and chemical reaction/alloying with Te4+ species, supplied
to the substrate as a vapor from TeCl4-containing eutectic LiCl–KCl molten salts,
was reported recently [118]. ZnTe films with a smooth dense surface and particle
diameters less than about 0.8 μm were obtained, by properly adjusting the TeCl4
content and the reaction time.

3.2.7 Mercury Chalcogenides

Studies of the electrodeposition of mercury chalcogenides are scarce, primarily
because of the difference in electrochemical potentials needed to deposit mercury
and the chalcogens. Mercury is a noble metal: the standard redox potential for the
reduction of Hg2+ to Hg2+

2 or Hg(0) is 0.670 or 0.613 V vs. SHE, respectively, while
for the reduction of Hg2+

2 to Hg(0) is 0.555 V. Chalcogenide reduction is much less
noble and generally displays slow deposition kinetics, typically depositing below
0.0 V in neutral solutions.

The properties of anodic layers of HgS formed on mercury in sulfide solutions
have been investigated in comparison with anodic sulfide layers of cadmium and
bismuth. Also, the electrochemistry of mercury electrodes in aqueous selenite solu-
tions has been studied (see Sect. 3.2.1). The problem with the presence of several
cathodic stripping peaks for HgSe in acidic Se(IV) solutions has been addressed
using various voltammetric techniques at a hanging-mercury-drop electrode [119].

The chemical bath deposition of polycrystalline, zinc blende HgSe thin films
on TO glass from aqueous alkaline medium has been reported [120]. Examples of
electrodeposited ternary mercury compounds will be discussed in the next section.

3.2.8 Pseudobinary II–VIx–VI1–x and II1–x–IIx–VI Phases

Thin films of ternary cadmium sulfoselenide CdSxSe1–x have been electrodeposited
from a non-aqueous organic bath by Baranski et al. [67], as well as by Loutfy and Ng
[121], who employed similar principles (deposition from ethylene glycol solution
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of CdCl2, S, and SeO2 onto ITO glass under galvanostatic control, at 160 ◦C).
Also, photoactive “SxSeyCd” thin films were electrodeposited from acidic aque-
ous solutions of Na2SeO3, CdSO4, and Na2S2O3 at different concentrations,
under potentiostatic or galvanostatic control at room temperature on Ti and glass
doped with SnO2 [122]. Mahapatra and Roy [123] reported the electrodeposi-
tion of CdSxSe1–x and CdPb1–xSx from aqueous bath and their electrochemical
characterization as photoelectrodes.

An electrophoresis method was presented by Ueno et al. [124] for obtaining
homogeneous and optically active films of CdS, CdSe, and CdSxSe1–x, using com-
mercially available CdS and CdSe powders as starting materials. Electrophoretic
deposition was performed anodically from suspensions of the semiconductor parti-
cles in polar organic media, onto TO/glass substrate by application of dc voltage
in the range 30–800 V. The solvents of choice for CdS and CdSe deposition,
respectively, were an acetone/isobutyl alcohol equivolume mixture and propylene
carbonate. Both these media were employed for the ternary alloy formation. The
as-deposited films were thermally treated for 3 h at 400–600 ◦C in nitrogen atmo-
sphere. An energy conversion efficiency of 2% under white light illumination was
attained in polysulfide PEC using CdSe-based films as photoanodes.

Cathodic electrodeposition of microcrystalline cadmium-zinc selenide
(Cd1–xZnxSe; CZS) films has been reported from selenite and selenosulfate
baths [125, 126]. When applied for CZS, the typical electrocrystallization process
from acidic solutions involves the underpotential reduction of at least one of the
metal ion species (the less noble zinc). However, the direct formation of the alloy
in this manner is problematic, basically due to a large difference between the redox
potentials of Zn2+/0 and Cd2+/0 couples [127]. In solutions containing both zinc and
cadmium ions, Cd will deposit preferentially because of its more positive potential,
thus leading to free CdSe phase. This is true even if the cations are complexed since
the stability constants of cadmium and zinc with various complexants are similar.
Notwithstanding, films electrodeposited from typical solutions have been used to
study the molar fraction dependence of the CZS band gap energy in the light of
photoelectrochemical measurements, along with considerations within the virtual
crystal approximation [128].

Gal and Hodes [129] investigated the electrodeposition of the ternary CZS alloy
(and ZnSe) in non-aqueous media. Rather nanocrystalline Cd1–xZnxSe was elec-
trodeposited galvanostatically on ITO substrates from DMSO containing millimolar
concentrations of Se and perchlorates of zinc and cadmium (in lithium perchlorate
as supporting electrolyte), maintained at 150 ◦C. The composition of the mixed
selenide could be controlled by variation of the deposition current density, through
diffusion control of the low concentrations of Cd(ClO4)2. The apparent conductiv-
ity type of the films was shown to change with the zinc ion concentration in the
electrolyte from “n-type” (low Zn) to “p-type” (high Zn). It was noted that in the
parallel deposition of CdSe and CdS, the use of chloride rather than perchlorate in
the electrolyte resulted in smaller crystal size and pronounced quantum size effects.

An instance of cadmium-zinc sulfide (CdxZn1–xS) cathodic electrodeposition can
be found in the work of Morris and Vanderveen [130]. These researchers managed
to obtain polycrystalline CdxZn1–xS films from stirred aqueous solutions (pH 2,
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90 ◦C) with low concentrations of Cd2+ and S2O3
2−, and higher concentrations

of Zn2+, at constant potentials lying between the standard reduction values of the
Cd2+/0 and S2–/0 couples. Film composition was altered by changing the concentra-
tion of precursors in solution and by altering the applied potential. The as-deposited
CdxZn1–xS films with 0.53 < x < 1 were hexagonal (00.2)-oriented and had a grain
size of about 0.16 μm increased to 0.2 μm after annealing (300 ◦C in air). Increasing
Cd content in the solid was seen to result in a decrease of resistivity of the as-
deposited films. Interestingly, annealing reduced the resistivity of CdS samples by
about three orders of magnitude but did not influence the Zn-containing films. A
near-linear relationship was observed between the composition of films determined
from XPS and their band gaps determined from transmission spectroscopy. Films
with composition near Cd0.7Zn0.3S were tested as window layers in solar cells based
on the n-CdxZn1–xS/p-CdTe heterojunction.

Numerous reports have been published on the electrochemical formation of cad-
mium selenotelluride, CdSexTe1–x. The methods used are similar to those illustrated
for the binary end-members of the ternary alloy (i.e., CdTe, CdSe) (Fig. 3.7). The
relevant research includes studies on the properties of electroplated alloys [131, 61,
132, 133] on the relationship between crystal structures, photoluminescence behav-
ior, and PEC properties of the alloys [134]; devices and thin film characterization
[135, 136]; crystal structure after annealing, and band gap variation with compo-
sition [137]; and so on. The CdSexTe1–x layers having the wurtzite structure are
found to be strongly luminescent both in the red (at a photon energy corresponding
to the direct band gap of the alloy) and in the near IR. Much weaker luminescence is
shown by layers with the zinc blende structure. Annealing causes recrystallization
and cubic-to-hexagonal phase transformation (for CdSe-rich alloys: Fig. 3.8) and is
beneficial to the efficiency both of photoluminescence and of photoelectrochemical
solar energy conversion.

Fig. 3.7 SEM micrographs of 2 μm thick films of (a) CdSe0.85Te0.15/Ni and (b) CdSe0.78Te0.22/Ti,
electrodeposited at similar conditions from typical acidic aqueous selenite–tellurite solutions. The
substrate effect on the film morphology is evidently strong. The ternary semiconductor film on Ti
consists of spherical grains larger than 1 μm in diameter, whereas no superficial details larger than
a few tens of nm can be observed on the film upon Ni. The morphology is rather independent of
the deposition pH and – according to EDX – is not related at all to Se content in the solid film (at
least for x > 0.7). (Reprinted from [61], Copyright 2009, with permission from Elsevier)
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Fig. 3.8 XRD patterns
(CuKα source) showing a rich
in selenium (x > 0.6)
CdSexTe1–x electrodeposited
film, which adopts the
hexagonal CdSe wurtzite
structure by annealing at
520 ◦C (b). The as-deposited
(from a typical acidic
solution) film is rather
amorphous (a). Segregation
of a Te phase is observed in
the solid. (Reprinted from:
Bouroushian et al. [137],
Copyright 2009, with
permission from Elsevier)

The electrochemical oxidation and reduction of single-crystal mercury tellurides
HgTe and Hg0.8Cd0.2Te have been studied in aqueous buffer solutions of pH 1–13
by potentiodynamic RRDE experiments and XPS analysis [138, 139]. The electro-
chemical deposition of cadmium-rich Cd1–xHgxTe films from aqueous acidic baths
of Cd(II), Hg(II) ions, and tellurite has been reported in several works emphasiz-
ing the optical applications of this material [87, 140, 141]. The mechanistic aspects
and electrodeposition chemistry of the Cd–Hg–Te system has been studied [142].
Electrodeposition from a non-aqueous bath containing Cd(II), Hg(II), and tri-n-
butylphosphine telluride in propylene carbonate has also been reported [143]. The
obtained films were smooth and adhered well to the ITO-coated glass substrate. The
crystallite size was increased by soft heat treatment without substantial loss of Hg.
Optical band gaps ranged from 1.03 to 1.32 eV for annealed films with (1 – x) =
0.25–0.07.

Polycrystalline thin films of a single zinc blende phase of zinc-mercury selenide
Zn1–xHgxSe with 0.2 < x < 1 were obtained on Ti and FTO/glass substrates by poten-
tiostatic electrodeposition from aqueous baths containing low amounts of HgC12
and SeO2 and comparatively high concentration of zinc sulfate, at pH 1.7–3.2, and
optimally 85 ◦C [144]. Importantly, in contrast to the case of pure ZnSe deposition
where under all deposition conditions an excess of unbound Se was found, this prob-
lem did not arise in the present case. Simultaneous formation of HgSe was noticed,
when high bath concentrations of SeO2 were used or when the pH was above 3.1
or at low deposition temperatures. The mixed films comprised aggregates of tiny
crystallites with XRD-estimated size in the 7–14 nm range. The crystallite size was
increasing with the Hg content in the ternary phase, as also did the intensity of
the (111) texture; HgSe was almost completely oriented. The photoelectrochemical
response of the films in polysulfide solution showed distinct n-type behavior.
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3.2.9 Molybdenum and Tungsten Chalcogenides

It has been shown that the electrodeposition of molybdenum chalcogenides from
high-temperature molten salts can give large, well-defined crystals of these com-
pounds. The preparation of MoS2 as well as WS2 by electrolytic reduction of
fused salts was first reported by Weiss [145], who produced small hexagonal blue-
gray platelets under drastic conditions of electrolysis. Schneemeyer and Cohen
[146] reported the growth of MoS2 single crystals and polycrystalline films by
electrodeposition from a sodium tetraborate melt at T > 800 ◦C and discussed
the physical properties of the deposits and their application as photoanodes for
photoelectrochemical cells.

On account of the fact that the electrode potential of molybdenum is more
negative than the discharge potential of hydrogen, principle difficulties arise to
cathodically electrodeposit molybdenum chalcogenide films from aqueous solu-
tions. Theoretically, the deposition of pure molybdenum by electrolytic reduction
of molybdates in acidic aqueous solutions is possible according to the reaction

H2MoO4(aq) + 6H+ + 6e− → Mo + 4H2O

The attempts, however, to obtain pure Mo have been generally unsuccessful.
In alkaline solutions, the cathodic process yields oxo-compounds of Mo, such as
MoO2–n(OH)n. On the other hand deposition of molybdenum together with iron
group metals has been possible, implying that the “induced co-deposition” mech-
anism should be used as a guiding principle for the electrochemical formation of
Mo chalcogenide films from aqueous solutions. Along this line, Chandra and Sahu
[147] performed electrodeposition from an ammoniacal solution of H2MoO4 and
SeO2 under galvanostatic conditions, anticipating that the presence of selenium will
induce co-deposition of molybdenum with the possibility of obtaining MoSe2. In
these experiments it was shown that the first deposited layer consists of Se0, which
triggers the co-deposition of Mo, with the result that a phase of approximate MoSe2
stoichiometry is obtained at some intermediate layer thickness. In general, elec-
trodeposition from such “typical” deposition baths of molybdate (MoO2−

4 ) ions and
H2SeO3 has resulted in poorly defined mixtures of Mo and Se compounds.

Potentiostatic electrodeposition of XRD-crystalline MoSe2 in conjunction with
MoO2 impurity on TO/glass substrates has been reported from a sulfamatic
(NH4SO3NH2), slightly acidic (pH 6.5) aqueous solution of Na2MoO4 and H2SeO3,
at 20–40 ◦C. Annealing of the as-deposited films led to destruction of the layers
[148].

Attempts to electrodeposit MoS2 in a way similar to that used for MoSe2 – in
this case from solutions of molybdate and thiosulfate under various conditions of
pH and temperature – have been unsuccessful. Instead, thin films of MoS2 were
conveniently deposited from tetrathiomolybdate solutions: Ponomarev et al. [149]
observed that reduction of MoO2−

4 in slightly alkaline solutions results in the for-
mation of an X-ray amorphous film which by annealing at 550 ◦C in Ar for 1 h
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gives crystalline MoO2. By analogy, they expected that the electrolytic reduction of
the tetrathiomolybdate ion (MoS2−

4 ) may proceed in a similar way giving MoS2, as
MoS2−

4 has a similar structure to that of MoO2−
4 with the oxygen atoms replaced by

sulfur. The corresponding reduction schemes considered were

MoO2−
4 + 2e− + 2H2O → MoO2 + 4OH−

MoS2−
4 + 2e− + 2H2O → MoS2 + 2SH− + 2OH−

The authors used solutions of freshly prepared tetrathiomolybdate formed by
chemical reaction in an aqueous solution of 5 mM Na2MoO4 and excess Na2S.
Hydrochloric acid was added to the stirred solution until a pH of 8.0 was reached.
Cathodic deposition on Mo foil and F-doped SnO2 substrates at room temperature
resulted in amorphous films composed of Mo and S in an approximately 1:2 atomic
ratio. After annealing in argon, highly textured polycrystalline molybdenum sulfide
films with the van der Waals planes of the layered structure parallel to the substrate
were finally produced. The authors stressed that these films may be useful for both
solar cell and lubrication applications, where the high degree of basal plane texture
is important. They noticed, however, that both the as-deposited and annealed films
contained appreciable amounts of oxygen. In fact, as became clear in later publi-
cations, the electrodeposited material was molybdenum oxosulfide. This material,
especially in its amorphous form, can serve as an excellent cathode in thin film Li
and Li ion cells, taking advantage of the intercalation property. Actually, the lithium
diffusion coefficient into amorphous molybdenum sulfide and oxosulfide films has
been found to be higher than that in the crystalline structure by several orders of
magnitude [150]. Thereby, the previous method was applied to produce amorphous
MoOySz films to be used as cathodes in lithium battery cells [151].

Bhattacharya and co-workers [152] demonstrated the electrochemical deposi-
tion of amorphous MoS3 (a-MoS3) onto tin oxide-coated glass electrode by anodic
oxidation of methanolic and aqueous solutions of ammonium tetrathiomolybdate,
(NH4)2MoS4, at room temperature. Amorphous MoS3 is a semiconductor with a
band gap close to 1 eV and suitable electrochemical properties for fabrication of
lithium-active cathodes. Transmission and electroreflectance studies of the as pro-
duced a-MoS3 thin films were reported. It was noticed that in general the MoS3
compound (as well as MoSe3, WS3, and WSe3) can be prepared only in the
amorphous form; however, this phase readily decomposes to a crystalline form
of MoS2 at relatively low temperatures (∼350◦ C). Results on the voltamme-
try, chronoamperometry, and electrodeposition of amorphous MoS3 in aqueous
(NH4)2MoS4 solutions were given also by Laperriere et al. [153, 154]. Their
data analysis indicated that film formation occurs by instantaneous nucleation and
3D growth.

Electrodeposition of polycrystalline tungsten disulfide (WS2) thin films on
TO/glass, from an aqueous solution of tungstic acid and Na2SO3 (pH 7.0–9.5), at
different current densities ranging from 20 to 60 mA cm–2, and temperatures 40, 60,
and 80 ◦C, has been reported [155]. Both the 2H and 3R phases of WS2 were found
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to occur, with XRD-preferred orientation along the (00.4) planes. An indirect opti-
cal transition at 1.12 eV was estimated from absorption spectra. Films were found
to be p-type.

3.2.10 Copper Chalcogenides

The copper selenide system differs from the CdTe or CdSe cases, in that several
compound phases can be formed by electrodeposition, such as Cu2Se, Cu2Se3,
and CuSe. For the same electrochemical bath composition, the nature of the elec-
trodeposited product depends on the applied potential, i.e., as the potential is made
more negative the deposit becomes enriched in copper, going thus from CuSe to
Cu2Se. For aqueous acidic deposition baths of copper sulfate and selenous acid,
Massaccesi et al. [156] described a model giving the distribution of the formed
products on tin oxide/glass as a function of the precursor concentrations and applied
potential.

The co-reduction of copper and selenium is considered as an exception to
Kröger’s theory. Current–potential curves in the literature show that deposition of
copper is rather compulsory to make the deposition of selenium possible. In fact,
although the standard potential for Se(IV) reduction is more positive than that of
copper (0.741 and 0.340 V vs. SHE, for selenous acid and cupric ion, respectively),
it turns out that Se(IV) alone is reduced at more negative potentials than Cu(II). In
the presence of copper, the order is reversed.

Yang and He [157] developed an electroless method for preparing copper
selenide on silicon wafer (p-type) from aqueous solutions of SeO2, CuSO4, and HF,
at pH < 1. The deposition occurred via two coupled galvanic displacement reactions
at the silicon electrode, namely deposition of copper and subsequent reaction of the
latter with selenous acid in the bath. A uniform, adhesive thin film, identified as
Cu3Se2 (umangite) with a band gap of 2.83 eV, was obtained at room temperature.
The authors pointed out the promising prospective of their simple technique for the
preparation of copper indium selenide films for photovoltaic cells.

Galvanic synthesis of copper selenide was reported also by coupled copper metal
oxidation and Se(0) reduction in alkaline selenosulfate (Na2SeSO3) aqueous bath
at room temperature, in a cell comprising externally short-circuited copper foil
anode and gold foil or graphite rod cathode electrodes [158]. Spherical nanoparticles
of non-stoichiometric Cu2−xSe (clausthalite) and stoichiometric CuSe (hexagonal
phase) could be precipitated upon immersing the electrodes in solution, yet only
under the catalyzing action of 1-thioglycerol, which acted also as the capping agent
of the copper selenide nanoparticles. The TEM diameters of the produced particles
were in the range 10–20 and 5–15 nm, respectively, for CuSe and Cu2−xSe. The
effect of open-circuit potential on the process was investigated.

Works on the electrochemical formation of copper sulfide have been reported
mainly in connection with the fabrication of CuxS/CdS junctions for solar cells
[159–161].
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3.2.11 Silver Chalcogenides

The kinetics and mechanism of the growth of anodic silver sulfide films on sil-
ver metal in aqueous sulfide solutions has been studied under potentiodynamic
conditions [162]. The Ag2S film formation was presumed to proceed as

2Ag + HS− + OH− → Ag2S + H2O + 2e−

Due to the inherently fast electron transfer reaction between silver and the sul-
fide ion to form Ag2S, the rate of film growth is limited by processes of nucleation,
diffusion, and ion migration, depending on the experimental conditions. In resting
solutions, the rate of growth of Ag2S is controlled by the diffusion of sulfide ions to
the electrode surface and their subsequent kinetically irreversible electron transfer
reaction with silver. This stage of growth results in the deposition of a filament-like
deposit which then becomes crystalline with further film thickening. It has been sug-
gested that, during anodic film growth, prior to the formation of the Ag2S phase by
nucleation steps, a monolayer of the compound forms at a separate stage [38]. The
potentiodynamic response for this monolayer was simulated quantitatively on the
basis of a mechanism involving the initial adsorption of HS– on the silver surface in
a fast equilibrium step followed by a rate-determining electron transfer step to form
AgHS as a surface intermediate; the AgHS species diffuse rapidly on the surface
and join a growing 2D silver sulfide monolayer nucleus.

The redox behavior in the silver–selenium–water system at ambient and higher
(85 ◦C) temperatures was studied by Petrov and Belen’kii [163]. According to their
voltammetry results, and the presented Pourbaix diagram (Fig. 3.9), the stability

Fig. 3.9 Potential–pH
diagram for the Ag2Se–H2O
system at 25 ◦C. (With kind
permission from Springer
Science+Business Media
[163])
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region of silver selenide Ag2Se in the whole pH range (except for pH < 1) is bounded
at the top by lines 1–3 corresponding to reduction of Ag+ to Ag and oxidation of
Se2– to SeO2−

3 . Selenide ions from the oxidation of silver selenide exist in a narrow
potential range, for the entire pH scale. In alkaline solutions, and at redox potentials
slightly exceeding this range, Ag2Se is oxidized to selenate anion which is highly
stable and can be reduced to elemental selenium only at a high pressure or in the
presence of catalyst. At the bottom limit of the Ag2Se stability region, the compound
is reduced to elemental silver and Se2– in the potential range from –0.4 to –0.8 V.
Liberation of H2Se is possible from the solution with pH < 4.0. In the presence of
surfactants (sodium sulfide or ethanol), reduction of silver selenide is accelerated
and polyselenide anions are stabilized, which shifts the cathodic potential to the
positive direction and suppresses hydrogen evolution.

The electrodeposition of tellurium and silver has been investigated in dilute aque-
ous solutions of tellurous acid and Ag+ ions (concentrations in the order of 10–5 to
10–4 M) in 0.1 M HCIO4 [164]. In particular, cyclic voltammetry experiments were
conducted with rotating glassy carbon disk electrodes in baths with various concen-
tration ratios of Ag(I) and Te(IV) precursors, and their outcome was discussed in
terms of the voltammetric features. For a Ag(I)/Te(IV) ratio close to 0.8, formation
of “quasi” pure silver telluride, Ag2Te, was reported. The authors, based on their
measurements and on account of thermodynamic predictions, assumed that silver is
deposited first on the electrode (Ag+ + e– →Ag), and then Te(IV) is reduced on the
previous silver deposit with formation of Ag2Te according to the reaction

H2TeO3 + 2Ag + 4H+ + 4e− → Ag2Te + 3H2O

They concluded, thereby, that Ag2Te formation is governed by the initial amount
of silver deposit. It is worth noting that the present method, involving dilute
electrolytic baths of the compound precursors, deviates from the typical, initially
proposed by Panicker et al., method of employing high concentration ratios of the
metal to the chalcogen precursor.

3.2.12 Indium Chalcogenides

Reports on electrochemical synthesis of indium chalcogenides have been scarce.
Successive electrodeposition of elemental Se and In layers at respective constant

potentials, followed by thermal annealing to obtain indium selenide, In2Se3, has
been demonstrated by Herrero and Ortega [165]. An initial layer of metallic gray Se
was electrodeposited first on Ti metal at 80 ◦C from an aqueous solution contain-
ing millimolar SeO2, buffered by citrates at pH 4. Then, indium was electroplated
over the Se deposit from an aqueous solution of millimolar InC13, ethanolamine,
and NH3 at pH 2 controlled by addition of concentrated HC1. These samples were
prepared with a 3/2 Se/In stoichiometry and the estimated thickness of the pro-
duced films was 2–5 μm. After annealing at 300–500 ◦C, the β-In2Se3 phase was
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identified by XRD, while for samples annealed at 600 ◦C a δ-In2Se3 phase was
present; heat treatment at 600 ◦C produced a noticeable decrease on the selenium
content in the samples and the formation of indium–selenium compounds of lower
Se stoichiometry. The β-phase of In2Se3 was found to be photoelectrochemically
active as n-type (anodic response) in a sulfite/sulfate cell. The band gap transi-
tion of the relevant films was determined to be of a direct nature and 1.68 eV in
width.

Wynands and Cocivera [166] reported on the electrodeposition of indium tel-
luride, In2Te3, thin films from propylene carbonate solutions containing InCl3 and
tri-n-butylphosphine telluride. Deposition was carried out under potentiostatic or
galvanostatic conditions on Ti and ITO/glass substrates at 90–100 ºC, in illumi-
nated and dark cells. DC polarography studies under conditions that allowed the
simultaneous determination of In3+ and Te4+ indicated a film composition with a
slight excess of indium under virtually all deposition conditions. In general, the as-
obtained films were adherent, gray-black, and of an amorphous nature. After heat
treatment at 250 ◦C, they showed small diffraction peaks without preferred align-
ment. Film morphology was found to be dependent on the substrate used, but cracks
and pits were always present after heat treatment. The optical band gap of the films
was determined by absorption spectroscopy to be 0.96 eV. The photoresponse of
thin film In2Te3 was tested in solid-state semiconductor devices.

3.2.13 Copper–Indium Dichalcogenides

Copper–indium diselenide, CuInSe2 (CIS), is a widely electrodeposited compound,
due to its significance in thin film photovoltaics.

A procedure involving (a) the deposition of nearly stoichiometric films of copper
and indium on suitable substrates using vacuum evaporation or electrodeposition
and (b) the heat treatment of Cu–In films in a hydrogen–selenium atmosphere at
temperatures above 630 ◦C was reported to yield large grain (several mm in size),
stoichiometric thin films of chalcopyrite CIS with a preferred {112} orientation
[167].

The first attempt for one-step electrodeposition of CuInSe2 was made by
Bhattacharya [168] who used an aqueous, acidic (pH 1) bath containing cuprous
ions, In+3, and Se(IV) prepared by dissolving CuCl, InCl3, and SeO2, with tri-
ethanolamine/ammonia as complexing agent. Since then, several studies concerning
CIS monolithic electrodeposition have been reported, using mostly acidic aqueous
selenite solutions of chloride, sulfate, or nitrate salts of copper(II) and indium(III)
with or without complexing agents, under galvanostatic [169], pulse [170], and
potentiostatic [171] plating conditions. Many works have been performed at ambi-
ent conditions, but higher temperatures have also been used. The as-deposited
films were polycrystalline with varying composition and morphology. Annealing
at 300–500 ◦C was typically applied to improve the microstructure of the deposited
films.
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Ueno et al. [172] observed that CuInSe2/Ti with a composition close to the
stoichiometric ratio (slight excess of metallic components) could be deposited
exclusively at a specific potential value (–0.8 V vs. SCE) from a pH 1 bath of uncom-
plexed precursors at 50–55 ◦C. A positive shift in the potential was seen to result
in the co-deposition of a Cu3Se2 phase (umangite), while a negative shift led to
contamination by metallic indium. On the basis of measured electrolysis charge,
the overall reaction of the optimum cathodic process was considered to involve the
transfer of 13 electrons per mole of the product:

Cu2+ + In3+ + 2H2SeO3 + 8H+ + 13e− → CuInSe2 + 6H2O

Mishra and Rajeshwar [173] studied in detail the mechanism of formation of
CuInSe2 thin films during voltammetric scanning of a glassy carbon electrode in
an acidic solution containing SeO2 and uncomplexed Cu2+ and In3+ ions, using a
combination of Pourbaix analyses, cyclic and hydrodynamic voltammetry of binary
In + Se and Cu + Se systems, and cyclic photovoltammetry (CPV), i.e., cyclic
voltammetry combined with periodic white light illumination of the electrode, of
the ternary Cu + In + Se system. The data on the binary systems were consistent
with the facile formation of a Cu2–xSe solid phase in the Cu + Se system and a
kinetically sluggish interaction between In and Se in the In+Se case. An internally
consistent mechanistic scheme was proposed for the ternary system involving the
concurrent formation of the Cu2–xSe, its subsequent reduction coupled with the
6e– reduction of H2SeO3 to H2Se, and finally the underpotential assimilation of
In into the solid phase leading to the photoactive chalcopyrite semiconductor CIS.
The cathodic decomposition of the initially formed Cu2–xSe was shown to be a
key to subsequent assimilation of In and formation of CIS. The photocathodic
response observed for the produced CIS films was diagnostic of a Cu-rich ternary
composition and consequent p-type behavior.

Guillén et al. [174] remarked that the typical acidic solutions with uncomplexed
metals provide high deposition rates; however, the hydrogen evolution reaction leads
to poor-quality layers and invokes indium hydroxide precipitation over the work-
ing electrode, owing to local pH change near the cathode surface. Complexing and
buffer agents have been used to improve the reaction rate control and to avoid pH
variation during the process. Among the possible complexing agents that can be
used in the electrodeposition of CuInSe2 thin films, carboxylates such as citrate and
tartrate anions show some advantages over other candidates. They form complexes
with both copper and indium, which are not toxic or hazardous, and they can be used
to buffer the pH solution. Citrate anions are generally used in the electrodeposition
of alloys of copper and indium with other metals if a large difference exists between
the reduction potentials of the ions that are plated. Moreover, the citrate anion corre-
lates to the establishment of a charge transfer reaction in several stages, which low-
ers the deposition rate and consequently improves the quality of the plated thin films.

Based on voltammetry and solid-state characterization results, Pottier and
Maurin [175] defined the electrochemical conditions leading to the formation of
smooth crystalline deposits of CuInSe2 and also of the related binary compounds
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Cu9In4 and Cu2Se. They performed electrodeposition potentiostatically at room
temperature on Ti or Ni rotating disk electrodes from acidic, citrate-buffered solu-
tions. It was shown that the formation of crystalline definite compounds is correlated
with a slow surface process, which induced a plateau on the polarization curves. The
use of citrate ions was found to shift the copper deposition potential in the negative
direction, lower the plateau current, and slow down the interfacial reactions.

By electrodeposition of CuInSe2 thin films on glassy carbon disk substrates in
acidic (pH 2) baths of cupric ions and sodium citrate, under potentiostatic conditions
[176], it was established that the formation of tetragonal chalcopyrite CIS is entirely
prevalent in the deposition potential interval –0.7 to –0.9 V vs. SCE. Through anal-
ysis of potentiostatic current transients, it was concluded that electrocrystallization
of the compound proceeds according to a 3D progressive nucleation-growth model
with diffusion control.

Electrodeposition has been attempted also on flexible substrates within the scope
of fabricating flexible solar cells. Huang et al. [177] investigated the electrodeposi-
tion of CIS on Au-coated plastic substrate from aqueous acidic (pH 1.65) solutions
of millimolar CuCl2, InCl3, SeO2, containing triethanolamine and sodium citrate.
Stoichiometric, semiconductive CIS films (Eg = 1.18 eV) were obtained after
annealing at 150 ◦C in nitrogen.

In searching to formulate a mechanism of CuInSe2 phase formation by one-
step electrodeposition from acid (pH 1–3) aqueous solutions containing millimolar
concentrations of selenous acid and indium and copper sulfates, Kois et al. [178]
considered a number of consecutive reactions involving the formation of Se,
CuSe, and Cu2Se phases as a pre-requisite for the formation of CIS (Table 3.2).
Thermodynamic and kinetic analyses on this basis were used to calculate a
potential–pH diagram (Fig. 3.10) for the aqueous Cu+In+Se system and construct
a distribution diagram of the final products in terms of deposition potential and
composition ratio of Se(IV)/Cu(II) in solution.

Segregated phases, other than the target material, usually found on the surface
of deposited polycrystalline chalcopyrite semiconductor films, such as CuInSe2 and
CuInS2, constitute a shortcoming in material quality for solar cell and other appli-
cations. In fact, these films are usually prepared purposefully with an excess of

Table 3.2 Selected reactions
in the Cu–In–Se–H2O system 1 Se(IV) + 4e− � Se(0)

2a Se(IV) + Cu(II) + 6e− � CuSe
2b Se(0) + Cu(II) + 2e− � CuSe
3a Se(IV) + 2Cu(II) + 8e− � Cu2Se
3b Se(0) + 2Cu(II) + 4e− � Cu2Se
4 2CuSe + 2e− � Cu2Se + Se(–II)
5 Cu2Se + 2e− � 2Cu(0) + Se(–II)
6 Se(0) + 2e− � Se(–II)
7 Se(–II) + Cu(II) � CuSe
8 3Se(–II) + 2In(III) � In2Se3
9 2Se(–II) + Se(IV) � 3Se(0)
10 Cu2Se + In2Se3 � 2CuInSe2



118 3 Electrochemical Preparations I (Conventional Coatings and Structures)

Fig. 3.10 Pourbaix diagram
for the Cu + In + Se + H2O
system at 25 ◦C. The stability
fields were drawn for
activities of Cu(II), Se(IV),
and In(III) reactive species
equal to 10–2 M. The diagram
was assembled by using the
candidate reactions included
in Table 3.2. (Kois et al.
[178]. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA.
Reproduced with permission)

Cu to promote the grain growth; and as a consequence another processing step
is needed to remove the segregated separate binary phases of copper. The preva-
lent method for removing Cu–Se and Cu–S phases is chemical etching in KCN
solutions. Alternatively, strong oxidants are utilized, such as Br, H2O2, perman-
ganates, or complexes. In addition, electrochemical oxidation is a useful surface
treatment technology and has been employed for surface modification of CuInSe2
and CuInS2 films. Kois et al. [179] investigated and compared the influence of
traditional KCN chemical etching and of electrochemical etching on the surface
composition and morphology of CuInSe2 thin films electrodeposited on ITO sur-
face (from CuCl2, InCl3, SeO2 solutions) and annealed in hydrogen atmosphere at
400 ◦C. Electrochemical treatment, performed at various potentials and solution pH
(0.8–13), consisted in particular of (a) oxidation of the semiconductor in alkaline
solution and (b) electrochemical reduction–oxidation cycling in an acid solution.
The influence of both treatments on the surface morphology and elemental compo-
sition of thin films as well as on the electrical parameters of fabricated solar cell
structures was discussed. Analytical data on the pH–potential behavior of CuInSe2,
CuSe, and Se in aqueous medium were compiled in a Pourbaix-like diagram show-
ing the expected immunity, passivity, and corrosion domains relevant to the studied
system (Fig. 3.11).

Electrodeposition of copper indium disulfide (CuInS2) has been reported [180–
182]. In a typical instance, single-phase polycrystalline CuInS2 thin films composed
of 1–3 μm sized crystallites were grown on Ti by sulfurization of Cu–In pre-
cursors prepared by sequentially electrodeposited Cu and In layers [183]. In this
work, solar cells were fabricated by electrodepositing ZnSe on CuInS2. Cyclic
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Fig. 3.11 Theoretical condition of corrosion, immunity, and passivation of CuInSe2, CuxSe, and
Se phases in an aqueous solution. Concentrations of Cu, In, and Se species in the aqueous solution
at 25 ◦C were assumed to be 10− 4 M. (Reproduced from [179], Copyright 2009, with permission
from Elsevier)

voltammetry and photovoltaic characteristics established the formation of the
CuInS2/ZnSe heterojunction. The mechanistic aspects of the anodic growth of
CuInS2 thin films from a sulfide-containing alkaline (KOH) medium have been
explored by the combined application of photovoltammetry, electrochemical quartz
crystal microbalance (EQCM) technique, coulometry, and potentiometry [184].
Interestingly, Raman spectroscopy evidence was presented in support of a new
wurtzite-type structure for the CuInS2 films grown under galvanodynamic condi-
tions. Finally, a few works can be found on the electrodeposition of copper indium
ditelluride (CuInTe2) [185–187].

3.2.14 Manganese and Rhenium Chalcogenides

Manganese is more electropositive than any of its neighbors in the Periodic Table
(standard reduction potentials for Mn2+(aq) and Mn3+(aq) to Mn(s) are –1.185 and
–0.283 V vs. SHE, respectively). Thus, electrochemical growth of Mn-chalcogenide
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compounds is complicated by the oxidizing nature of the metal in aqueous solutions.
Actually, formation of MnO2 impedes the cathodic formation of chalcogenides.

A few recent reports were published on the electrodeposition of manganese tel-
lurides. Polycrystalline thin films of cubic, hexagonal, and orthorhombic mixed
MnTe phases have been electrochemically deposited from aqueous acidic solutions
(pH ∼2), containing a high concentration of MnSO4 (3 M) and millimolar TeO2
at 80 ◦C [188, 189]. The anodic oxidation of manganese to its hydrated oxide at
the counter electrode was controlled using tartaric acid as inhibitive agent. In order
to optimize the film stoichiometry, the concentrations of precursors in the solution
were chosen so as to provide current diffusion-controlled growth. The adhesion and
deposition rates of the telluride films were enhanced by the addition of ammonium
sulfate to the electrolytic solution. Compositional analysis showed dependence of
the Mn/Te mass ratio on the applied deposition potential. Susceptibility and electri-
cal characterization indicated anti-ferromagnetic behavior of the deposited films.

Schwarz et al. [190] demonstrated the synthesis of a black, amorphous ReS4 film
on Pt foil by prolonged oxidation of MeCN/Bu4NPF6 solutions of Et4NReS4, at
0.5 V vs. Ag/AgCl. The authors noted that the electropolymerization of a binary
metal sulfide as exemplified by the rhenium–sulfur system is a reaction with-
out precedence, although electrochemical methods had been employed with some
success in the synthesis of other sulfur-rich transition metal sulfides such as the
amorphous MoS3 (above). Reductive depolymerization of ReS4 could be achieved
at –0.9 V. The large gap between the deposition and the re-reduction (stripping)
potentials for ReS4 suggested that the polymerization entailed a substantial struc-
tural rearrangement, a finding that was consistent with XAS characterizations.
The oxidative polymerization could also be effected chemically using either I2 or
ferrocenium as oxidants.

3.2.15 Iron Chalcogenides

Iron sulfide as pyrite (FeS2) has been shown to be a promising photoactive material
for photoelectrochemical and photovoltaic solar cells. Whereas a variety of methods
have been employed for the preparation of thin films of this material, including CVT,
MOCVD, spray-pyrolysis, and sulfidation of either iron oxide or iron, the direct
electrodeposition of FeS2 thin films has proven to be problematic.

No attempts had been made to synthesize iron sulfides by electrodeposition until
1991, when Aricò et al. [191] reported a study on the electrochemical mechanism
of the compound’s formation on a Pt substrate in a diethylene glycol solution con-
taining FeCl2 and sulfur (S8). The potential range at which the iron sulfide cathodic
deposition may occur was identified as –0.45 to –0.65 V (SCE). Potentiostatic depo-
sition in this range ensured a suitable composition and good adhesion of the films to
the substrate at 120 ◦C. It was suggested that the deposition mechanism involves at
first reduction of the S8 species to S2−

n , adsorbing onto the Pt surface, and then dif-
fusion of the Fe2+ ions through the double layer at the interface until they precipitate
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on the adsorbed sulfide species to form the first nucleation sites for the compound
formation. It was considered that the growth of the film proceeds by successive
adsorption and reduction of sulfur on these FeSx sites. If the cathodic potential is
not sufficiently large to give rise to a complete reduction, the chemisorbed sulfur
preferentially produces –S– chains between the FeSx sites. A spreading in the film
composition was observed by EDAX, accounting for the formation of an amorphous
phase.

In general, pure iron disulfide is difficult to obtain by using low-cost, solution
growth techniques. An attractive alternative is represented by alloying iron mono-
sulfide with zinc sulfide in order to match the energy gap requirements for an
efficient solar energy conversion (ternaries; ZnFeS). Some reports are available also
on the insertion of Fe in CdS semiconducting thin films. Polycrystalline thin films of
cadmium-iron sulfide Cd1–xFexS have been prepared on stainless steel and F-doped
tin oxide by potentiostatic electrodeposition from cadmium sulfate (CdSO4), ferric
chloride, and sodium thiosulfate (Na2S2O3) solutions with EDTA as a complexing
agent [192]. The composition of the preparation bath was optimized for photoelec-
trochemical operation of the produced films in a cell containing a typical (0.1 M)
polysulfide redox solution. Optical absorption experiments evidenced direct transi-
tion. A slightly bowed linear variation of the band gap energy with solid composition
was found between the 2.43 and 0.81 eV values corresponding to Fe content from 0
to 1.

The potentiostatic electrodeposition of iron selenide thin films has been reported
recently in aqueous baths of ferric chloride (FeCl3) and SeO2 onto stainless steel and
fluorine-doped TO-glass substrates [193]. The films were characterized as polycrys-
talline and rich in iron, containing in particular a monoclinic Fe3Se4 phase. Optical
absorption studies showed the presence of direct transition with band gap energy of
1.23 eV.

3.2.16 Tin Chalcogenides

The low-temperature chemical precipitation and vapor deposition of tin sulfide, SnS
[194], and the electrodeposition of SnS [195] have been described by Engelken and
co-workers, who discussed and compared potentiostatic, galvanostatic, and pulse
electrochemical preparation techniques. It was remarked that the electrodeposi-
tion of tin sulfide presents problems not normally encountered with other sulfides
such as the CdS, Cu2S, Bi2S3; for instance, the Sn–S reaction rate is about 104

times slower than in the Cu–S case. In their electrochemical work, these authors
suggested a room-temperature non-aqueous synthesis technique, which they called
“open-circuit voltage-controlled pulse deposition”, designed to cope with the usual
problems of stoichiometry and sluggish kinetics in such media. The sulfide films
were deposited on ITO/glass from a vigorously stirred ethylene glycol solution of
anhydrous SnCl2, saturated with elemental sulfur. Incorporation of L-tartaric acid
in the bath was found to both increase its longevity and chelate the Sn2+ ions, so
that the direct Sn2+–S reaction was minimized. Further, partial dissociation of this
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weak acid enhanced the bath conductivity, while the tartrate anions had a bright-
ening/leveling effect on the deposits. As a first step, the metal was deposited under
application of current for a time duration corresponding to the formation of a few
monolayers. Subsequently, the circuit was broken and the current interrupted letting
thus the open-circuit potential to drift in the positive direction concomitant with the
decreased metal activity due to the metal–chalcogen reaction. Finally, the circuit
was closed again as soon as the open-circuit potential attained a value correspond-
ing to the desired stoichiometry. The researchers claimed that they achieved better
control of the thin film stoichiometry and minimization of metal excess, compared
to typical non-aqueous deposition. Anyhow, they experienced poorly adherent films,
anion contamination, amorphous materials, and widely ranging Sn/S ratios enriched
in tin. The photoactivity of the resulting films was evaluated by photoelectrochem-
ical techniques, and their dark and photocorrosion behavior was discussed with the
aid of Pourbaix diagrams.

A brief review of subsequent works on the electrodeposition of SnS has been
given by Brownson et al. [196] who recently described a method for aqueous
cathodic electrodeposition of tin sulfide. Films deposited from acidic solutions of
SnCl2, Na2S2O3, and L(+)-tartaric acid on F-doped TO/glass substrate consisted
of the orthorhombic polymorph of tin monosulfide, δ-SnS, which could be con-
verted to the α-SnS phase (herzenbergite) by post-annealing at 350 ◦C in argon
gas. The chemistry involved in the formation of δ-SnS by galvanostatic electrode-
position was investigated at pH 1.5 and 2.5 and temperatures of 50, 70, and 90 ◦C
[197]. Uniform films were deposited at both pH values, while the addition of tar-
taric acid was found to promote the thin film adhesion. UV–vis spectroscopy showed
increased disorder in films deposited at 50 ◦C and a direct optical band gap of lower
energy for the δ-SnS phase compared to that of the α-SnS. At 70 ◦C and pH 2.5, the
as-deposited films adopted a distorted herzenbergite structure. Cyclic voltammetry
data suggested that tin–tartrate complexes were crucial to attain film electrodepo-
sition and also showed a larger current contribution from the sulfur species than
for the tin species, indicating that reduction of the former is favored in the condi-
tions used. Although establishing the α-SnS structure, annealing did not change the
film morphology as observed by SEM, indicating pseudomorphic replacement of
the δ-SnS phase. Annealed films showed significantly less structural disorder than
the as-deposited and a direct allowed optical transition consistent with α-SnS, i.e.,
1.22 eV.

A similar method was followed by Switzer and co-workers [198] who demon-
strated recently epitaxial electrodeposition of δ-SnS films with a disk-like morphol-
ogy from an acidic (pH 2.5) solution of SnCl2, Na2S2O3, and L-tartaric acid, on
a [100]-oriented single-crystal Au substrate, at 70 ◦C. [Although works relevant to
epitaxial deposition are included typically in the next chapter, this work is cited
here due to the unusual microstructure involved and the non-quantized nature of
the coatings]. It was pointed out that the system under investigation, namely the
heterostructure of orthorhombic δ-SnS and face-centered cubic Au, provides funda-
mental information on the epitaxial growth of high-mismatch systems. The deposits
consisted of disks (Fig. 3.12) having a diameter of 300 nm and a thickness of 50 nm
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Fig. 3.12 SEM micrographs of an epitaxial deposit of SnS nanodisks on Au(100), in two differ-
ent magnifications. (Reprinted with permission from: [198], Copyright 2009, American Chemical
Society)

and were found to grow with two different out-of-plane orientations, namely [100]
and [301], each having four equivalent in-plane orientations. For the SnS [100], the
in-plane mismatch was –2.4% in the [010] direction and 6.1% in the [001] direction.
For the [301] orientation, the in-plane mismatch was –2.4% in the [010] direc-
tion and alternated between 3.4% and 6.7% in the [103]direction. It was shown
that mismatch is minimized when the δ-SnS is deposited with its a-axis oriented
perpendicular to the surface of the Au(100) substrate. As a matter of fact, semicon-
ductor morphologies comprising forms with high aspect ratios (length/diameter)
have attracted much attention lately for fabrication of optical and electronic devices
exhibiting superior performance compared to those involving the conventional pla-
nar geometry. Thus, the previous high aspect ratio epitaxial SnS deposits may
be found useful for photoelectrochemical and photovoltaic applications as their
morphology maximizes collection of charge carriers.

The tin selenide electrocrystallization process is characterized by the usual draw-
backs: solutions are unstable, and properties of coatings are dependent on electrolyte
concentration, layer thickness, and conditions of electrolysis. Electrodeposition
of SnSe thin films has been described by Engelken and co-workers [199]. Non-
stoichiometric, but smooth, uniform and adherent SnSe films were obtained from
acidic (pH 3) aqueous solutions of SnCl2 and SeO2 (or H2SeO3) by the typical
cathodic electrodeposition method, as well as from DMF solutions containing SnCl2
and dissolved selenium powder by a method similar to that of Baranski and Fawcett.
The as-deposited films ranged from amorphous to polycrystalline and exhibited
indirect or non-direct band gaps from 0.85 to 0.95 eV. The appearance and mate-
rial properties of the films grown by the two techniques were rather similar. In the
aqueous solutions, direct reaction between Sn2+ and Se(IV) oxoanions yielding a
Se/SnxSe suspension/precipitate was presumed to occur. This effect, while decreas-
ing the concentration of available species and possibly changing the composition
of ions in solution, did not seem to influence the deposition process in any signifi-
cant degree. Annealing of the deposited films slightly increased the Se/Sn ratio and
erased all X-ray diffraction structure. In consistence with the increased Se/Sn ratio,
the band gap of the films was shifted from approximately 0.9 to 1.30 eV (indirect
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band gaps in the range 0.97–1.16 eV are reported for SnSe single crystals). It is
likely that the increased value of the band gap was due to the presence of oxy-
gen in the annealed films, since there have been reported tin–selenium–oxygen
compounds such as Sn5Se6O22·xH2O, Sn(SeO3)2, SnOSeO4·xH2O, SnSeO4, and
Sn5Se4O6 with high band gaps (e.g., 1.6 eV for Sn5Se4O6).

Electrodeposition of nanometric SnSe layers from aqueous and non-aqueous
solutions followed by annealing in order to improve their photoelectrical properties
has been reported [200].

3.2.17 Lead Chalcogenides

Lead sulfide films have been prepared by various deposition processes like
vacuum evaporation and chemical bath deposition. Electrochemical preparation
techniques have been used in a few instances. Pourbaix diagrams for all three aque-
ous lead–chalcogen Pb–S, Pb–Se, and Pb–Te systems, along with experimental
results and cited discussion on the chemical etching and electrolytic polish-
ing of lead chalcogenide crystals and films, have been presented by Robozerov
et al. [201].

The anodic formation of PbS on polycrystalline Pb has been investigated in aque-
ous alkaline sulfide solutions [202]. The electrochemical reactions attending the
film formation process were discussed on the basis of variations in voltammetric
peak potentials with sulfide concentration and pH in the alkaline range. At low
polarizations, a (110)-oriented galena (rock salt) structure was obtained, presum-
ably through a 2D nucleation and growth mechanism. Non-linear growth rates were
observed though, possibly because of the disordering action of defects originated in
the grain structure of the underlying substrate. At higher potentials, thick PbS films
could be obtained by high field growth, while dielectric breakdown was observed at
fields of ca. 4 × 106 V cm–1.

The anodic electrochemistry of the lead amalgam electrode in alkaline sul-
fide solutions has been studied by cyclic voltammetry, chronoamperometry, and
chronopotentiometry [203]. The first anodic peak in the voltammetric spectra was
attributed to the formation of three monolayers (ML) of PbS. Potential step tran-
sients, resulting in the formation of this number of ML, showed a non-zero initial
current rising to a maximum and then decaying. At low overpotentials, the transients
showed evidence of a nucleation and growth mechanism but at higher overpotentials
the shapes of the transients were in good agreement with a multilayer adsorption
model. After subsequent film thickening to about 10 ML, film breakdown occurred
with production of soluble lead species.

Cathodic deposition of lead sulfide from acidic aqueous solutions of Pb(II) ions
(nitrate salts mainly) and Na2S2O3 on various metallic substrates at room temper-
ature has been reported. Stoichiometric PbS films composed of small crystallites
(estimated XRD diameter 13 nm) of RS structure were obtained at constant potential
on Ti [204]. Also, single-phase, polycrystalline thin films of RS PbS were electrode-
posited potentiostatically on Ti, Al, and stainless steel (SS) [205]. It was found that
the Al and Ti substrates promoted growth of PbS with prominent (200) and (111)
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orientations, both being of higher intensity on Al than Ti. Only the (200) orientation
was found for PbS on the SS substrate. Film thickness and grain size were reported
to be of the order of micrometers.

The formation of colloidal sulfur occurring in the aqueous, either alkaline or
acidic, solutions comprises a serious drawback for the deposits’ quality. Saloniemi
et al. [206] attempted to circumvent this problem and to avoid also the use of a lead
substrate needed in the case of anodic formation, by devising a cyclic electrochem-
ical technique including alternate cathodic and anodic reactions. Their method was
based on fast cycling of the substrate (TO/glass) potential in an alkaline (pH 8.5)
solution of sodium sulfide, Pb(II), and EDTA, between two values with a symmet-
ric triangle wave shape. At cathodic potentials, Pb(EDTA)2– reduced to Pb, and
at anodic potentials Pb reoxidized and reacted with sulfide instead of EDTA or
hydroxide ions. Films electrodeposited in the optimized potential region were stoi-
chiometric and with a random polycrystalline RS structure. The authors noticed that
cyclic deposition also occurs from an acidic solution, but the problem of colloidal
sulfur formation remains.

Rod-shaped PbS crystals of a rock salt structure, 140–350 nm in diameter and
1–3 μm in length, were produced in an electroless manner by spontaneous galvanic
oxidation of a lead electrode (gold counter) in a sodium thiosulfate solution, in the
presence of thioglycerol (TG), at room temperature [207]. The TG additive was
found to dramatically catalyze the galvanic reaction. Introduction of butylamine
in the electrolyte could lead to the formation of thin crystalline PbS wires with a
diameter of ca. 50 nm and length in the range of 1–3 μm. The morphology of the
product layer was variously affected by the concentration of butylamine [208].

Aqueous electrolytes proposed in the literature for cathodic electrodeposition of
lead selenide are generally composed of dissolved selenous anhydride and a lead
salt, such as nitrate or acetate. Polycrystalline PbSe films have been prepared by
conventional electrosynthesis from ordinary acidic solutions of this kind on poly-
crystalline Pt, Au, Ti, and SnO2/glass electrodes. The main problem with these
applications was the PbSe dendritic growth. Better controlled deposition has been
achieved by using EDTA in order to prevent PbSeO3 precipitation, and also acetic
acid to prevent lead salt hydrolysis.

In a voltammetric study [209] with titanium and graphite rde under cathodic
polarization in an acidic (pH 3.4) electrolyte containing Pb(II), Se(IV), acetic acid,
and EDTA, in room temperature, three characteristic regions were detected in the
current–potential traces along the negative shift of potential. PbSe film formation
was presumed to be established via “catalytic” reduction of Se(IV), that is, by
electrochemical reduction of Pb(II) to metallic Pb with a following “induced” sur-
face chemical reduction of Se(IV). Subsequently, at progressively more cathodic
potentials, solid-state reduction of the PbSe film with the production of metallic Pb
occurred, followed finally by the formation of elementary Se. It was shown that for-
mation of stoichiometric PbSe with a current efficiency close to 100% takes place
in the relevant potential region when the ratio of Se(IV) and Pb(II) concentrations in
the electrolyte is equal to 0.5. The PbSe growth rate was observed to be determined
by both ion mass transfer of Pb(II) to the electrode and surface Se(IV) reaction with
metallic lead.
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Streltsov et al. [210] suggested that PbSe electrodeposition from aqueous solu-
tions containing Se(IV) species and Pb(II) ions may proceed “classically” via
the chemical interaction between overpotentially deposited Se and underpoten-
tially deposited Pb adatoms. These authors obtained polycrystalline PbSe films of
20–40 nm sized particles, enriched in amorphous Se, on Au and Pt metal substrates.
At a potential several mV more positive than the redox value of the Pb2+/Pb0 couple,
the surface coverage of adsorbed Pb on Se was seen to reach its maximum value,
incurring deposition of Pb and Se atoms in a 1:1 ratio. At potentials 100–300 mV
more positive than Pb2+/Pb0, the coverage decreased and the product contained
PbSe and a portion of amorphous Se. The investigation of the UPD effect of Pb
on chalcogen (Se, Te) enriched electrode surfaces, separately or along with UPD of
other metals such as Cd, Bi, In, Cu, and Sn, led this research group to broader con-
siderations regarding exchange processes occurring on the deposition substrate and
the mechanism of lead chalcogenide growth; in a subsequent paper [211], they iden-
tified an important effect of Cd(II) addition on the PbSe crystallite growth, involving
the simultaneous UPD of Cd at the PbSe electrodeposition potentials. Being depen-
dent on Pb(II) and Cd(II) concentrations in solution, the overall surface density of
adsorbed Cd on the cathode was found to influence phase composition, grain size,
and crystallite orientation of the preparing films. Low densities of Cd adsorbates did
not affect PbSe electrosynthesis, while high densities led to the formation of CdSe
mainly, or amorphous phases. Intermediate densities induced preferential growth of
the PbSe crystallites in the 〈100〉 orientation. It was remarked that the Cd atoms
attach practically on all faces of PbSe crystals and cause inhibition of Pb UPD. This
effect would prove useful in epitaxial growth of PbSe (Chap. 4).

Li et al. [212] obtained well-crystallized (RS), nearly stoichiometric, and mirror-
like PbSe films by potentiostatic electrodeposition on ITO glass at 80 ◦C using
aqueous acidic (pH 4) solutions of lead acetate, selenous anhydride, and disodium
EDTA. The effects of deposition time and temperature on the composition of the
films were investigated. Two competing processes were considered to take place
during electrodeposition: one involving PbSe film growth and a second involving
reaction of PbSe with acid in the solution, causing dissolution of the film. A rapid
increase of film thickness was observed at the initial stage of deposition, while after
a certain electrolysis time the dissolution process predominated over deposition,
resulting in decrease of film thickness.

The electrodeposition of lead telluride from aqueous tellurite solutions has been
reported. Saloniemi et al. [213] fabricated smooth, polycrystalline cubic PbTe thin
films with a (200) preferred orientation on Cu and ITO substrates. Given the similar
problems as in the PbSe case, EDTA was to be used in the bath electrolyte in order
to complex Pb(II) and suppress dendritic growth. However, the tellurium precursor,
TeO2, is weakly soluble between pH values of about 2 and 7, while Pb(EDTA)2–

is not stable at pH below 2, implying that alkaline solutions should be preferred
for carrying out deposition in the present case. The researchers investigated [214]
the mechanism of PbTe electrodeposition in solutions of TeO2, Pb(CH3COO)2,
and disodium EDTA at pH 9, using voltammetry combined with the EQCM tech-
nique (evaporated gold-covered working electrode and room temperature). In the
alkaline working bath, tellurium was expected to be in the form of TeO2−

3 . The



3.2 Binary Compounds and Related Ternaries 127

behavior of Pb and Te precursors was studied separately, and it was suggested
that for Pb(EDTA)2– a two-electron reduction with simultaneous adsorption reac-
tions occurs, while tellurium is deposited via a four-electron reduction of TeO2−

3 .
In the latter case, shift of the applied potential to more negative values resulted
in increasing degradation of the Te film to powdery morphology, while at the most
negative potentials the film was stripped off by reduction to HTe–. The deposition of
PbTe in the alkaline bath was considered to take place by an induced co-deposition
mechanism, similar to PbSe deposition from the acidic baths described previously.
However, the EQCM and EDX results implied that the PbTe films were slightly
Te-rich, unlike the stoichiometric PbSe films.

On the other hand, Xiao et al. [215] reported that smooth, dense, and crystalline
PbTe films with nearly stoichiometric composition could be obtained by an opti-
mized electrodeposition process from highly acidic (pH 0) tellurite solutions of
uncomplexed Pb(II), on Au-coated silicon wafers. The results from electroanalyti-
cal studies on Te, Pb, and PbTe deposition with a Pt rde at various temperatures and
solution compositions supported the induced co-deposition scheme. The microstruc-
ture and preferred orientation of PbTe films was found to change significantly with
the deposition potential and electrolyte concentration. At −0.12 V vs. Ag/AgCl(sat.
KCl), the film was granular and oriented preferentially in the [100] direction.
At potentials more negative than −0.15 V, the film was dendritic and oriented
preferentially in the [211] direction (Fig. 3.13).

It was reported recently [216] that optical-quality PbTe thin films can be directly
electrodeposited onto n-type Si(100) substrates, without an intermediate buffer
layer, from an acidic (pH 1) lead acetate, tellurite, stirred solution at 20 ◦C. SEM,
EDX, and XRD analyses showed that in optimal deposition conditions the films
were uniform, compact, and stoichiometric, made of fine, 50–100 nm in size, crys-
tallites of a polycrystalline cubic structure, with a composition of 51.2 at.% Pb
and 48.8 at.% Te. According to optical measurements, the band gap of the films
was 0.31 eV and of a direct transition. Cyclic voltammetry indicated that the
electrodeposition occurred via an induced co-deposition mechanism.

Being isomorphous, PbSe and PbTe form solid solutions in the whole range of
compositions. Cathodic electrodeposition of the PbSexTe1–x ternary (0 ≤ x ≤ l)

Fig. 3.13 SEM microstructure of PbTe films electrodeposited at –0.12 V (left) and −0.40 V (right)
vs. Ag/AgCl. Deposition solution: 0.0001 M HTeO+

2 + 0.05 M Pb2+ + 1 M HNO3. (Reprinted from
[215], Copyright 2009, with permission from Elsevier)
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has been reported from acidic aqueous solutions of selenite, tellurite, and lead(II)
salt, through simultaneous reduction of Pb(II), Se(IV), and Te(IV) species [217].
The electrosynthesis involved UPD of lead on chalcogens. The as-obtained films
consisted mainly of RS crystalline Pb(Se,Te) phases of varying stoichiometry and
also of amorphous chalcogen phases. The composition of the ternary phases was
found to depend on the ratio of Se(IV) and Te(IV) concentrations in the electrolyte
solution as well as on the electrodeposition potential.

3.2.18 Bismuth and Antimony Chalcogenides

In their pioneering work on the formation of photoelectrochemically active metal
sulfides by oxidation of the parent metal electrode, Miller and Heller [29] reported
the anodic formation of polycrystalline Bi2S3 on a bismuth metal electrode in a
sodium polysulfide cell, wherein this electrode was used in situ as photoanode.
When a Bi metal electrode is anodized in aqueous sulfide solutions a surface film is
formed by the reaction

2Bi + 3HS− → Bi2S3 + 3H+ + 6e−

The electrochemistry of this process and the solid-state properties of the sul-
fide films developed on polycrystalline Bi have been explored using the ring-disk
electrode technique [30] and photocurrent spectroscopy [218]. The kinetics of the
anodization reaction has been studied by potential sweep experiments and poten-
tial or current transients under conditions of anodic Bi2S3 monolayer formation
on a hanging drop electrode of bismuth amalgam in aqueous NaHCO3 solution
containing HS– at 20 ◦C [219]. The main conclusion from the kinetic data was
that the mechanism for electrocrystallization of a monolayer consists in instanta-
neous nucleation at a small overpotential followed by rate-controlling growth at the
perimeter of expanding 2D centers. Notably, the presumed mechanism is different
from that considered to be operative in the case of CdS electrocrystallization on
cadmium amalgam. In the latter case, 2D growth of multiple layers with a distinct
phase transformation at high coverage was established [34].

Takahashi et al. [220] first reported the formation of Bi–Te alloy films with vary-
ing chemical composition by means of cathodic electrodeposition from aqueous
nitric acid solutions (pH 1.0–0.7) containing Bi(NO3)3 and TeO2. The electrode-
position took place on Ti sheets at room temperature under diffusion-limited
conditions for both components. In a subsequent work [221], it was noted that the
use of the Bi-EDTA complex in the electrolyte would improve the results, since
Bi3+ is easily converted into the hydrolysis product, Bi(OH)3, a hydrous polymer,
thus impairing the reproducibility of electrodeposition. The as-produced films were
found to consist of mixtures of Te and several Bi–Te alloy compounds, such as
Bi2Te3, Bi2+xTe3–x, Bi14Te6, and BiTe. Preparation of both n- and p-type Bi2Te3
was reported in this and related works [222].

The electrodeposition of Bi2Te3 in “typical” acidic solutions can be described by
the general reaction

3HTeO+
2 + 2Bi3+ + 9H+ + 18e− → Bi2Te3(s) + 6H2O
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Martin-Gonzales et al. [223] have reported an extensive voltammetric study of
nitric acid solutions containing Bi3+ and TeO2, individually or as a mixture, with
a Pt disk working electrode. They also presented results of potentiostatic elec-
trodeposition on Pt-sputtered quartz slide cathodes. Importantly, possible reactions
relating various aqueous bismuth and tellurium species and precipitates thereof
were documented and summarized in a Pourbaix diagram (Fig. 3.14), which was
calculated according to the experimental conditions selected for electrodeposition.
Cyclic voltammetry revealed two different mechanisms underlying the deposition
process, depending on the applied potential. One process was considered to involve
first the reduction of HTeO+

2 to Te0 and a subsequent interaction between reduced
tellurium and Bi3+ to form Bi2Te3. The second, taking place at more negative reduc-
tion potentials, involved reduction of the telluryl ions to H2Te followed by chemical
interaction with Bi3+. Both electrodeposition processes resulted in the production of
crystalline, [11.0]-orientated Bi2Te3 films in the proper potential range. Deposition
at 2 ◦C appeared to give more homogenous films than those obtained at room tem-
perature. The authors concluded that (only) by changing the potential, the material
composition can be manipulated to yield both the p-type (Bi-rich phases) and n-type
(stoichiometric Bi2Te3) branches of a thermoelectric device. It was suggested that
multilayers of p- and n-type material can be created by pulsing the potential.

Cathodic deposition of bismuth(III) telluride films has been reported [224]
also on copper and nickel foils, from aqueous nitric acid solutions of bismuth
oxide and tellurium oxide in molar ratios of Bi:Te = 3:3 and 4:3, at 298 K. The

Fig. 3.14 Potential–pH diagram for the Bi–Te–H2O system, calculated for dissolved substance
concentrations, Bi: 0.75 × 10–2 M and Te: 1 × 10–2 M in 1 M HNO3 at 25 ◦C, 1 atm. (Reproduced
with permission from [223], Copyright 2009, The Electrochemical Society)
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deposits were identified as stoichiometric n-type Bi2Te3 and could be described as a
field-oriented (FT) texture type (Fisher classification). XRD analysis revealed a
[11.0] preferred orientation. The thermoelectric properties of the electroplated strips
were investigated and shown to yield a much higher thermo-e.m.f. compared to Bi.
The authors claimed that the obtained microstructures are suitable for thermoelectric
microdevices like batteries or sensors.

Using an approach similar to bismuth telluride, Torane et al. [225] electrode-
posited bismuth selenide, Bi2Se3, potentiostatically, on stainless steel and FTO glass
from an acidic nitrate bath at room temperature. The electrolyte was made by first
dissolving Bi(NO3)3 and SeO2 in concentrated nitric acid, followed by proper dilu-
tion to the desired concentration. The best samples were obtained from a 7:3 (vol.)
mixture of equimolar (0.025 M) stock solutions of Bi3+ and SeO2. The as-deposited
films were polycrystalline with random orientation. After being annealed at 200
◦C in a nitrogen atmosphere for 2 h, the films acquired a (00.6) texture. Based on
the optical absorbance variation of Bi2Se3 with wavelength, the authors estimated
a direct band gap at 0.55 eV. Desai [226] used sodium selenosulfate (Na2SeSO3)
as selenium precursor to electrodeposit Bi2Se3 from an aqueous alkaline bath of
bismuth nitrate, containing triethanolamine as complexing agent. The electrodepo-
sition was carried out galvanostatically on Ti or stainless steel substrates, and the
as-deposited films were polycrystalline with random orientation. Band gap energy
of 0.57 eV was reported.

Michel et al. studied the cathodic electrodeposition of polycrystalline, Bi- or
Te-rich Bi2Te3 [227] and composition-modulated Bi2(Te1–xSex)3 [228] phases on
stainless steel substrates at room temperature, under potentiostatic or galvanos-
tatic conditions, using aqueous electrolytes containing Bi3+ (nitrate), HTeO+

2 , and
H2SeO3, in constant molar proportions 60:36:4, respectively. By controlling the
electrode potential or the current density, it was possible to obtain a range of ternary
film compositions. Higher cathodic conditions caused bismuth enrichment, while
lower cathodic conditions led to chalcogenide (Se+Te)-rich alloys. The electrode-
posits consisted of a single phase closer to Bi2Te3 than to Bi2Se3. Typically, a
fiber texture, with a basal [11.0] preferred orientation, was obtained. The mor-
phology of the samples was rather fixed by their chemical composition. For films
presenting a chalcogen excess, a little roughness and a fine granular microstructure
were observed, whereas the Bi-rich ternary films presented a coarser granular struc-
ture. Electrical and thermoelectric properties were measured for a Bi1.98Te2.67Se0.39
sample, which showed n-type behavior.

Electrodeposition of antimony sesquitelluride, Sb2Te3, or of (Bi1−xSbx)2Te3
alloys from aqueous solutions is challenging because it is difficult to achieve a suf-
ficiently high concentration of antimony. Complexing agents such as tartaric acid,
citric acid, or EDTA have been used to solubilize Sb in water.

Successful electrodeposition of Sb2Te3 has been reported for the first time by
Leimkühler et al. [229] who prepared polycrystalline thin films of the material on
different transparent conductive oxides, as well as CdTe and Mo, from uncomplexed
solutions made by mixing stock solutions of SbCl3, TeO2, and phthalate buffer (pH
4). The electrochemical process was discussed in detail based on results obtained
by cyclic voltammetry on ITO/glass. The bath temperature was found to influence
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dramatically the crystallinity of the electrodeposits. Films made at room temperature
were amorphous, whereas the best crystallinity was obtained at 372 K, almost at the
boiling point of the bath. The as-prepared films had a mirror-like appearance up to
500 nm, whereas for larger thickness they became dull.

Tittes and Plieth [230] managed to cathodically deposit ternary Bi–Sb–Te
alloys and binary antimony telluride, under potentiostatic conditions, from aque-
ous alkaline (pH 9), diphosphate (K4P2O7) solutions of BiCl3, DTPA, K2TeO3, and
potassium–antimony tartrate, in the temperature range 278–318 K. Alkaline rather
than nitric acid electrolytes were employed to circumvent the low solubility of the
Sb and Te compounds in the latter as well as the corrosive action of the acidic bath.
The kinetics of the process was investigated by cyclic voltammetry with Pt, Cu,
and Ni microelectrodes, and the electrodeposited films were characterized by elec-
trochemical impedance spectroscopy. The dependence of layer composition on the
electrode potential was determined, but no structural data were given. The authors
concluded that nickel substrates are well suited for deposition of ternary alloys, and
that the process temperature should not exceed 293 K. Controlled agitation of the
electrolyte was found to be quite important for obtaining good films. Both elec-
trodeposited ternary and binary systems were of p-type conductivity. The measured
charge carrier concentration of a 6–32–62 at.% Bi–Sb–Te ternary was smaller by a
factor of 100 compared to current literature reports.

Wang et al. [231] employed the electrodeposition method to prepare the thermo-
electric films directly on Si wafer, suggesting this rather facile route to fabrication
of integrated microdevices. The authors investigated the electrochemical deposition
and growth mechanisms of Sb2Te3 on highly doped single-crystal p-type Si(100),
at room temperature, from a hydrochloric acid aqueous solution containing Sb2O3
and TeO2. Electrodeposition on Ag working electrode was also reported for com-
parison. The Sb/Te ratio of the films deposited at optimal deposition potentials
was very close to the stoichiometric ratio in Sb2Te3, especially for the Si sub-
strate. Preferred orientations for Sb2Te3 deposited on the Si substrate were given
as {015} and {110}, as opposed to the {1010} obtained on Ag electrode. The films
grown on the Ag substrate were found to consist of about 30 nm grains while the
films grown on the Si(100) electrode exhibited a “microbranches” morphology with
thickness of about 10 μm. The morphological distinction could be explained by
the different nucleation and subsequent growth of Sb2Te3 films on the working
electrodes.

Further specific information and recent results of the electrodeposition of Bi and
Sb binary and ternary systems as well as of other thermoelectric materials can be
found in the review of Xiao et al. [232].

3.2.19 Rare Earth Chalcogenides

Rare earth sulfides, selenides, and tellurides show semiconducting properties and
have potential for application in thermoelectric generation. Thin film chalcogenides
of various rare earths have been prepared by multisource evaporator systems [233].
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Electrosynthesis of yttrium chalcogenides has been attempted by galvanostatic
deposition at ambient temperature from non-aqueous, formaldehyde solutions of
Y(III) nitrate salt, containing thioacetamide, selenite, and tellurite, respectively, as
chalcogen sources and sodium acetate as complexing agent [234]. For the Y–S,
and Y–Se systems, single bath deposition was reported to produce polycrystalline
thin films of YSx (x = 1.71–1.76) and YSe2, while the electrodeposition of Y–
Te was carried out in a dual bath, layer-by-layer mode. Stainless steel, Cu, brass,
and ITO/glass substrates were used. From optical absorption studies, the band
gap energies of Y–S, Y–Se, and Y–Te were estimated as 1.85, 1.6, and 1.7 eV,
respectively.

Electrodeposition of europium selenide (EuSe) films onto stainless steel (SS),
Ti, Cu, and F-doped SnO2/glass substrates, at constant potentials from unstirred
aqueous acidic (pH 4) solutions of Eu2Cl, SeO2, and Na2EDTA as a complexant,
at 70 ◦C, was described [235]. The electrodeposited EuSe films were polycrys-
talline, with rough surfaces when deposited on Cu, Ti, and SS, but relatively smooth
and fine-grained on F-SnO2. According to SEM characterization, spherical particle
morphology was observed for the films on Ti and F-SnO2, while for SS and Cu,
cauliflower- and leaf-like structures, respectively, were detected. Optical absorp-
tion studies of the deposit films revealed a direct transition and band gap energy of
1.75 eV.

3.3 Addendum

3.3.1 Chemical Bath Deposition

Consideration of the chemistry that implements non-electrochemical solution
growth processes along with related mechanistic aspects may be useful to enhance
the understanding of electrochemical deposition in similar baths. The chemical
deposition of CdS has been chosen as a model for this discussion by reason of the
wealth of related publications and the advanced level of knowledge existing for this
system (e.g., [45]).

Chemical bath deposition (CBD) can be regarded as an analogue to chemical
vapor deposition (CVD), since they rely on the same principle to utilize chemical
reaction of the precursor molecules or ions, except that CBD growth takes place
in low-temperature (soft-processing) conditions in liquid solution. Advantageously,
CBD does not require sophisticated instrumentation like vacuum systems and other
costly equipment, so is a relatively inexpensive and simple technique, convenient
for large-area deposition of thin films. In the literature, CBD has been also referred
to as solution growth, chemical solution deposition, chemical deposition, controlled
precipitation, and even electroless plating.

Within the scope of applications in electronics, electrooptics, and photovoltaics,
several metal sulfides and selenides, mostly binaries such as CdS, CdSe, Bi2S3,
Bi2Se3, PbS, PbSe, Ag2S, TlSe, MoS2, ZnSe, ZnS, and SnS2, but also the ternaries
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CuInS2, CuInSe2, CdZnS, PbHgS, CdPbSe, have been chemically deposited as thin
films, mostly in single bath processes. In addition, compositionally modulated struc-
tures have been arranged by dual bath chemical deposition. In the last two decades,
CBD attracted renewed attention due to maturing in the perception of the mecha-
nism for solution growth of nanocrystalline, simple or composite materials. Reviews
can be found regarding the earlier progress in the field [236] and the initial impetus
for such studies [237].

Kitaev and co-workers [238, 239] and Chopra and co-workers [240–242] have
illustrated the basic method for deposition of metal chalcogenides by the “homo-
geneous” precipitation method1 and discussed the thermodynamic (equilibrium)
principles of the process. Alkaline solutions containing chalcogen precursors (e.g.,
thiourea, or selenosulfate) and the corresponding complexed metal salts were used
for the production of thin film sulfides and selenides. It was demonstrated that
growth of thin films with thicknesses up to ∼1 μm can be attained with this tech-
nique [243]. In general, the precipitation process was considered to involve nucle-
ation of molecule clusters undergoing rapid dissociation to form particles/colloids
of the new phase, which then coalesced on a substrate. Subsequent works under-
scored a mechanism involving heterogeneous nucleation and growth directly on the
substrate, rather than a net dissociation/precipitation route.

To be specific, let us consider the global reaction between dissolved cadmium
ions and thiourea molecules in ammonia solutions, which can be represented as

[Cd(NH3)4]2+ + SC(NH2)2 + 2OH− → CdS + CN2H2 + 4NH3 + 2H2O

The commonly accepted underlying mechanism involves decomposition (hydrol-
ysis) of thiourea in the alkaline solution to form sulfide ions (3.10), which react
with Cd2+ ions released by the decomplexation reaction (3.11), with precipitation
of cadmium sulfide (3.12) upon exceeding the solubility product of the compound
(= 10–25):

SC(NH2)2 + 2OH− → S− + CN2H2 + 2H2O (3.10)

[Cd(NH3)4]2+ → Cd2+ + 4NH3 (3.11)

Cd2+ + S2− → CdS(s) (3.12)

The aqueous decomposition of thiourea to sulfide and cyanamide has been found
to be catalyzed by metal hydroxide species and colloidal metal hydroxide precip-
itates. Kitaev suggested that Cd(OH)2 is actually required for CdS film formation
to occur by adsorption of thiourea on the metal hydroxide particles, followed by
decomposition of the Cd(OH)2–thiourea complex to CdS. Kaur et al. [241] found

1The term “homogeneous precipitation” may be misleading. It refers to the method of generating
the chalcogenide by reagent decomposition and nucleation in solution as opposed to the “non-
homogeneous” method of adding chalcogenide directly to solution as a salt.
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solution conditions under which CdS films were formed in the absence of Cd(OH)2
precipitate, albeit these films were much less adherent to the substrate compared to
those formed in the presence of hydroxide. In fact, it was concluded already in the
early works that the morphology and kinetics of film formation are controlled by
the presence or absence of a Cd(OH)2 precipitate in solution or a Cd(OH)2 layer on
the substrate surface. The presence of this layer correlated well with the formation
of the best quality CdS film.

The role of the distribution of species in solution in determining the CdS film
composition and structure was studied by Rieke and Bentjen [244], who performed
equilibrium analysis of the cadmium–amine–hydroxide system to predict the spe-
ciation in solution. The focus was on the formation of Cd(OH)2 and Cd(NH3)2+

species due to their importance in film growth. It was concluded that for deposi-
tion of high-quality, adherent, phase-pure CdS films, a surface catalytically active
toward thiourea decomposition is desirable. The Cd(OH)2 film was thought to be
responsible for this effect.

Lincot and Ortega-Borges [245] used combined in situ quartz crystal microbal-
ance and electrochemical impedance techniques to study the CBD of CdS in
ammonia–thiourea solutions. They observed that a compact, adherent, and homo-
geneous CdS layer is formed initially by growth, which at longer reaction times
transforms abruptly to a porous layer containing large amounts of trapped elec-
trolyte. A possible structure of the duplex layer formed after the transition point is
given schematically in Fig. 3.15.

The obtained CdS films were low-doped (1015–1016 cm–3) n-type, thereby fully
depleted during the formation process so that their thickness could be monitored
in a precise fashion. Three main phases were identified during growth: the induc-
tion/coalescence range; the compact layer growth range; and the porous layer
growth range. On account of the experimental results, the authors derived a sim-
ple columnar growth model describing the film coalescence range, by which they
determined the density of nucleation centers for the given process. In a subsequent
work [246], an ion-by-ion growth mechanism was proposed in order to interpret
quantitatively the experimental results. The formation of CdS was assumed to result

Fig. 3.15 Representation of
the structure of the CdS film.
It is suggested that the
compact inner layer is
deposited by an ion-by-ion
mechanism while the porous
outer layer is due to a cluster
growth. (Reproduced with
permission from [245],
Copyright 2009, The
Electrochemical Society)
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from consecutive surface adsorption/reaction steps comprising decomposition of
adsorbed thiourea molecules and the formation of a surface intermediate complex
with cadmium hydroxide, as follows:

Reversible adsorption of cadmium hydroxide species:

[Cd(NH3)4]2+ + 2OH− + Site � Cd(OH)2 ads + 4NH3

Formation of a surface complex with thiourea:

Cd(OH)2 ads + S = C(NH2)2 → [(Cd(S = C(NH2)2)(OH)2]∗ads

Formation of CdS with site regeneration:

[(Cd(S = C(NH2)2)(OH)2]∗ads → CdS + CN2H2 + 2H2O + Site

Thus, it was established that adsorption of metal hydroxide species on the surface
of the substrate provides a nucleation layer which is chemically converted to the
metal chalcogenide. The forming metal chalcogenide layer acts then as a catalytic
surface for subsequent anion and cation adsorption.

It is well documented presently that chemical deposition processes occur either
by an ion-by-ion (atom-by-atom) condensation mechanism, consisting of successive
metal and chalcogen ions adsorption on a growing crystal, leading to the growth of a
thin film, or a cluster (colloidal) mechanism, whereby colloids of the metal chalco-
genide formed in solution absorb on the substrate and coagulate to form the film.
The actual route of the process, as determined by the competition between these
two basic schemes, is a central issue in chemical deposition. Growth mode is highly
dependent on solution conditions. The ion-by-ion condensation is promoted through
(a) the use of appropriate metal complexing agents so that the availability of free
metal ions is controlled through chemical equilibria and (b) the slow hydrolysis of
the chalcogen precursor in the presence of hydroxo-ions in the solution. Ideally, the
film growth is anticipated to occur only by the heterogeneous chemical reactions at
the interface between the substrate and the solution, so that thin films with homoge-
neous structure and composition can be obtained. However, it is usually difficult to
avoid unwanted side reactions in the bulk of the solution that make the product ran-
dom structured and/or non-stoichiometric. To be sure, a clear understanding of how
nucleation and crystal growth can be controlled and how these processes influence
film microstructure and properties is of utmost importance.

The different growth modes discussed above have been exemplified also from
structural studies. Froment and Lincot [247] used structural characterization meth-
ods, such as TEM and HRTEM, to determine the formation mechanisms and habits
of chemically deposited CdS, ZnS, and CdSe thin film at the atomic level. These
authors formulated reaction schemes for the different deposition mechanisms and
considered that these should be distinguished to (a) “atom-by-atom” process, pro-
viding autoregulation in normal systems; (b) aggregation of colloids (precipitation);
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Fig. 3.16 Reaction schemes of different CBD mechanisms for compound semiconductors: (a)
atom-by-atom process; (b) aggregation of colloids; and (c) mixed process. (Reprinted from [247],
Copyright 2009, with permission from Elsevier)

and (c) mixed process (Fig. 3.16). The atom-by-atom growth was observed in the
case of CdS, leading to good-quality films at near room deposition temperature.
Aggregation of colloids formed in the solution was observed for CdSe and ZnS
deposition leading to particulate films, with smaller grain sizes.

Important results and a detailed insight into aqueous chemical deposition pro-
cesses have been reported and discussed elsewhere for CdSe [248, 249] and ZnS
[250, 251] target products. We should note also the work of Davies et al. [252]
who described an alternative method for the chemical growth of metal sulfides and
selenides on the basis of polysulfide or polyselenide solutions (containing hexa- and
tetra-chalcogen anions) formed by the dissolution of sulfur or selenium in hydrazine
monohydrate.

Epitaxial growth of CdS by CBD technique on (111)InP single-crystal substrate
[253] and also on (111)GaP despite a large lattice mismatch (7%) in this case [254]
has been demonstrated. It was emphasized that the capability to epitaxially grow a
compound film on single-crystal substrate surfaces lends strong support to the model
of ion-by-ion condensation. Anyhow, in searching novel ways to realize film growth
only by the heterogeneous reactions at the film/solution interface evading any bulk
precipitation, Nicolau et al. [255] developed a dual bath method which they called
successive ionic layer adsorption and reaction (SILAR). By using this technique,
CdS thin films were grown by repeating a sequential immersion of the substrate in
solutions of Cd salt and Na2S. Further, epitaxial growth of CdS and ZnS on GaAs
substrate from aqueous solutions was achieved. The SILAR approach, based on



3.3 Addendum 137

the successive adsorption of chalcogenide anions and metallic cations in separated
baths, is also called “liquid-phase atomic layer epitaxy (LPALE)” analogously to
the atomic layer epitaxy (ALE) in the vapor phase [256]. Of course, the mechanistic
similarities with ECALE (Chap. 4) are obvious.

3.3.2 Electrodeposited CdTe Solar Cells

In 2002, about one-quarter of a century after the pioneering work of Panicker
and Kröger on the successful electrodeposition of cadmium telluride and related
compounds, CdTe was also the first material to open the age of large-scale indus-
trial applications for semiconductor electroplating, as component of solar cells,
underscoring thus the potential of electrodeposition-related technology to become a
leading manufacturing process in thin film photovoltaics.

The optical properties of electrodeposited, polycrystalline CdTe have been found
to be similar to those of single-crystal CdTe [257]. In 1982, Fulop et al. [258]
reported the development of metal junction solar cells of high efficiency using thin
film (4 μm) n-type CdTe as absorber, electrodeposited from a typical acidic aque-
ous solution on metallic substrate (Cu, steel, Ni) and annealed in air at 300 ◦C. The
cells were constructed using a Schottky barrier rectifying junction at the front sur-
face (vacuum-deposited Au, Ni) and a (electrodeposited) Cd ohmic contact at the
back. Passivation of the top surface (treatment with KOH and hydrazine) was seen
to improve the photovoltaic properties of the rectifying junction. The best fabri-
cated cell comprised an efficiency of 8.6% (AM1), open-circuit voltage of 0.723 V,
short-circuit current of 18.7 mA cm2, and a fill factor of 0.64.

Cadmium telluride solar cells have been manufactured as heterojunctions,
homojunctions, buried homojunctions, and metal–insulator–semiconductor (MIS)
junctions. In the quest for an all-II–VI solar cell involving CdS as the n-type win-
dow material, p-CdTe has been an excellent choice for the heterojunction partner, as
the band gaps of the two materials are well suited for solar applications. Functional
n-CdS/p-CdTe junction devices have been prepared using a variety of preparation
techniques; however, in all of the different ways in which heterojunctions involving
p-CdTe either in single-crystal or polycrystalline form have been fabricated, three
problems appeared to be dominant: recombination losses associated with the junc-
tion interface; difficulty in doping the p-CdTe; and the related difficulty in obtaining
low-resistance contacts [259]. The work function of p-type CdTe (ca. 5.7 eV) is so
high that no metal has a large enough work function to make an ideal ohmic contact.
Efforts to make low-resistance contacts to p-type CdTe have involved using p-ZnTe,
which has a sufficiently large work function for this purpose.

Aqueous cathodic electrodeposition has been shown to offer a low-cost route
for the fabrication of large surface n-CdS/p-CdTe solar cells. In a typical proce-
dure, CdTe films, 1–2 μm thick, are electrodeposited from common acidic tellurite
bath over a thin window layer of a CdS-coated substrate under potential-controlled
conditions. The as-deposited CdTe films are stoichiometric, exhibit strong pref-
erential 〈111〉 orientation, and have n-type conductivity (doping density typically
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Fig. 3.17. Structure of the
9.35%-efficient Basol solar
cell, with open-circuit voltage
0.73 V, short-circuit current
20 mA cm2, and fill factor
0.64. (Reproduced from [86])

1016 cm–3). For solar cell fabrication, they are converted to p-type (doping den-
sity typically 1017 cm–3) by heating in air at around 420 ◦C. The CdS sublayers
are usually prepared by chemical bath deposition (but also electrodeposition) on
(F or In-doped) SnO2-coated glass and they are typically about 80 nm thick [260,
261, 85, 262]. Experimental data have shown that the structure of such cells is p–n
rather than p–i–n. By careful design and processing, these cells exhibit efficiency
of more than 10%. A cornerstone in this connection was the manufacture, in 1984,
of an all-electroplated cell by Basol [86] (Fig. 3.17), with reported efficiency up to
9.35% (AM1.5). [Compare with the 1993 cell of Britt and Ferekides [263] employ-
ing chemical bath deposited CdS and close-spaced sublimation deposited p-CdTe,
with an AM1.5 efficiency of 15.8%]. Importantly, such n-CdS/p-CdTe cells encap-
sulated in modules have been shown to provide a high level of confidence for the
module reliability according to both outdoor and environmental testing [264].

The use of Hg1–xCdxTe (MCT) alloys in place of p-CdTe in heterojunction
solar cells has been proposed in order to partially overcome the high resistiv-
ity of p-CdTe. Solar cells using MCT films exhibit, on the average, better fill
factors than those using CdTe. Further, the close lattice match and chemical
compatibility of Hg1–xCdxTe with CdTe makes the latter an ideal substrate for
growth. A review of the pioneering work undertaken up to 1988 by Monosolar
Inc. in developing electroplated CdTe and MCT thin film solar cells, especially the
CdS/CdTe and CdS/MCT structures, has been given by Basol [87]. Cadmium-rich
compositions of Hg1–xCdxTe have been successfully utilized in making high-
efficiency thin film solar cells; over 10% solar conversion efficiencies were reported
for all-electrodeposited polycrystalline thin film MCT/n-CdS heterojunction cells
[265].

Optimizing the properties of these heterojunctions for photovoltaic applications
depends critically on a post-deposition heat treatment to improve the interface prop-
erties. The key step in obtaining solar cell grade p-type CdTe is the so-called “type
conversion junction formation” (TCJF) process, which involves the heat treatment
of the as-deposited n-type layers at around 400 ◦C. This procedure converts the
n-type films into high-resistivity p-type and forms a rectifying junction with the
underlying n-type window layer. Importantly, experimental evidence has indicated
the beneficial effect of a CdS1–xTex alloy formed at the CdTe/CdS interface due
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Fig. 3.18 Schematic outline and ideal band diagram of an “extremely thin absorber” solar cell.
The n-TiO2 crystallites are clustered together to form a relatively open, network-like morphology,
accommodating a thin layer of CdTe absorber, with p-ZnTe at the back contact. (Reprinted from
[270], Copyright 2009, with permission from Elsevier)

to interdiffusion during fabrication. This interfacial layer reduces lattice mismatch-
induced structural defects, resulting thus in a lower defect density in the critical
region near the interface.

Peter and Wang [266] invented a channel flow cell for rapid growth of CdTe
films; they showed that 2 μm films can be deposited in less than 20 min, as opposed
to the 2–3 h normally required in the conventional stirred single batch cells. The as-
deposited films were structurally more disordered than the conventional ones, but
after annealing and type conversion they became suitable for fabrication of efficient
solar cells. A test cell with an AM1.5 efficiency approaching 6% was fabricated
using a film prepared in the channel cell.

Electrolyte contacts have been used to characterize as-deposited and annealed
CdS/CdTe solar cell structures by photocurrent spectroscopy and electrolyte elec-
troabsorbance/electroreflectance measurements (EEA/EER) [267–269].

Let us note finally that Ernst et al. [270] used electrodeposition to develop all-
solid-state solar cells with extremely thin absorber (designated eta cells), having as
basic components a 100–200 nm thick CdTe layer on n-type nanocrystalline TiO2
substrate and a p-ZnTe layer on top forming an ohmic contact to CdTe (Fig. 3.18).
The basic idea was that a highly structured substrate such as the nanocrystalline
TiO2 will allow the arrangement of the thin photoactive layer (CdTe) in a multi-
ply folded way in order to allow sufficient absorption. The eta cell was prepared
by sequential electrodeposition of CdTe and ZnTe from typical acidic aqueous
solutions on the TiO2 substrate. Growth from the liquid phase was considered
advantageous, since conformal deposition with intimate electrical contact between
the different layers could be attained.
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Chapter 4
Electrochemical Preparations II
(Non-conventional)

4.1 General

Besides the “conventional” depositions attained by the classical approach, and
in addition to epitaxial development issues, products with unusual structures and
functionalities mostly related to low-dimensionality phenomena are pursued by
electrochemical preparation techniques, which along with purely chemical proce-
dures taking place in low-temperature solutions, bring the advantageous features of
soft growth methodology in material science and processing. The character of non-
conventional preparations and structures that shall be demonstrated in this chapter
is intimately connected to a presumed thorough control over growth, usually in the
atomic level, whereby matter of special nature is produced. The major division of
substances to be examined can be concisely described by the terms nanomaterial
or nanophase and contextual variants. In fact, the relevant concepts have opened up
wide prospects for electrochemistry in newly emerging technologies.

Solid/liquid interfaces provide fundamental advantages for the preparation of
well-defined nanostructures with controlled dimensionality. During electrochemical
growth, supersaturation can be precisely adjusted (unlike ultrahigh vacuum depo-
sition processes where it is usually a fluctuating parameter) and reaction rates can
be readily controlled through the applied potential or current. Importantly, electro-
chemical nucleation and growth can be performed near thermodynamic equilibrium
(unlike most other techniques involving higher energies, e.g., thermal or laser),
so that irreversible modifications during the preparation process are suppressed.
This is quite relevant to nanotechnology since the properties of nanostructures are
determined by their surface and interface atoms and a degradation of the surface
by defects or passivation may result in completely different physical or chemical
properties.

Electrochemistry provides routes to directly prepare nanostructures both delo-
calized in a random or organized way and localized at predefined surface sites
with adjustable aspect ratios. Purity, monodispersity, ligation, and other chemical
properties and treatments are definitely important in most cases. By delocalized
electrodeposition it is possible to decorate large areas of metal or semiconductor
surfaces with structures of a narrow size distribution; stable nuclei-clusters can be
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formed consisting even of only one to a few atoms. In this case, the nucleation
centers are randomly dispersed across the surface, following typically a stochas-
tic distribution [1, 2]. On the other hand, patterned electrodeposition or use of
sophisticated localization techniques, e.g., scanning probe microscope (SPM) tips
as nanoelectrodes [3], have been shown to allow a solely electrochemical bottom-up
growth of nanostructures under defined nucleation and growth conditions.

Under the assistance of electrochemistry, materials can be synthesized with
various microstructures or existing microstructures can be modified in a chosen
manner. Low-dimensional systems prepared at electrochemical interfaces include
the so-called zero-dimensional (0D) clusters-dots1 with diameters in the lower
nanometer range (e.g., metal clusters on graphite or silicon surfaces) or “3D” par-
ticle aggregates of any form: 1D nanowires a few atomic distances in diameter
and up to micrometer lengths; 2D epitaxial films (crystallographically expanded
or condensed); adsorbate layers and self-assembled monolayers with structures
depending on the substrate; colloid particles in liquid or other media. Growth of
nanophase semiconductors/chalcogenides has been accomplished in microstruc-
turally heterogeneous bulk form or in the form of quantum dots, wires, disks, or
ribbons, free-standing or in foreign matrices (usually inorganic or organic tem-
plates). Deposition of hybrid structures consisting of the semiconductor and organic
molecules (e.g., single-crystalline nanoporous ZnO with dye molecules incorpo-
rated) has also been demonstrated. Finally, formation of porous semiconductor films
by electrochemical etching has long been considered.

The topics that will be discussed in the following sections are categorized,
principally, with respect to the dimensionality and morphology of prepared mate-
rials. At the same time, special techniques or methodologies are emphasized where
appropriate.

4.2 Epitaxial Films and Superstructures

Epitaxial growth, considered as the oriented overgrowth of a crystalline phase on
the surface of a substrate that is also crystalline, is of great interest for a range
of electro-optical, chemical, and catalytic applications due to the significance of
interface chemistry in fixing the properties of relevant devices. For instance, in
optoelectronic devices (other than cheap solar cells) it is required that the junction
between an overlayer and the single-crystal substrate be of excellent quality, bearing
an epitaxial relation. Such applications usually involve heteroepitaxial formation of
semiconductor films, especially II–VI compounds, on single-crystal semiconduc-
tors (typically Si, Ge, or III–V compounds). Clearly, close lattice-matched systems
are of great advantage, although various kinds of disparity between the epilayer
and the substrate have to be taken into account, such as thermal mismatch due to a
difference in thermal expansion coefficient and valence mismatch. Notwithstanding,

1Designated also as 3D clusters, depending on the number of atoms included, although there is no
clear limit for the notation.
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latest research shows that crystalline phases can be made to grow on substrates
with a rather poor lattice match or even on amorphous substrates. Homoepitaxial
growth is of concern also and single-crystal substrates are strongly required in a
wide range of applications; those include for example CdTe and CdZnTe for far-
infrared HgCdTe photodetectors and radiation detectors, and ZnSe and ZnTe for
blue and green light emission (LED) and laser (LD) diodes, respectively.

Variants of vapor-phase deposition techniques, such as molecular beam, chem-
ical beam, hot wall epitaxy, and metal organic chemical vapor deposition, have
been utilized in the 300–500 ◦C temperature range, to grow epitaxial thin films
and nanometer-scale artificial multilayers on solid single-crystal surfaces. Epitaxial
deposition from liquid solutions at low temperatures can be accomplished by elec-
trodeposition or by a process called liquid-phase epitaxy (LPE), whereby a saturated
solution plates out a material on a particular solid substrate. Note that epitaxial
effects can be promoted by choosing the appropriate substrate material for the
intended deposition, as well as by carefully controlling the growth conditions. Also,
a judicious selection of the cleavage face for a monocrystalline substrate electrode
may prove essential for determining the properties of the growing phase and model-
ing the growth process. In chemical or electrochemical deposition studies it is very
common to investigate or utilize for epitaxy the low-indexed faces of a substrate as
these have the most ordered structures, therefore the lowest energy, and offer the
smallest number of sites for adsorption (if adsorption of species is undesirable).

Well-defined structures including oxides and chalcogenides (such as CdS, CdSe,
CdTe, ZnSe, ZnO, PbO2, δ-BiO3, Cu2O, Tl2O3, PbS, PbSe, and Fe3O4) have been
obtained by electrochemical epitaxy on faceted monocrystalline InP, Si, GaN, TiO2,
GaAs, or metallic (Au, Pt) substrates.

The single-step heteroepitaxial electrodeposition of chalcogenide semiconduc-
tors has been implemented principally by optimal use of generalized Kröger’s
concepts. For the most part, the related research regards deposition of II–VI semi-
conductors on III–V semiconductor substrates. Limitations in the one-step process
with respect to growth control have been coped with by developing a multi-
step, cyclic electrodeposition technique called electrochemical atomic layer epitaxy
(ECALE). More precise in nature, but more complex in execution, this method has
been applied to obtain single-phase films or superlattices of II-VI, III–V, III–VI,
IV–VI, and V–VI compounds. As comprising the current state of the art in terms of
the dimensional control in the field of electrodeposition, ECALE will be presented
comprehensively in a subsequent section. In addition to these main variants of elec-
trochemical epitaxy, other multistep and hybrid techniques have been developed and
will be introduced.

4.2.1 Single-Step Epitaxy on Semiconductor Substrates

An early attempt for ordered growth of a chalcogenide simple compound has been
the cathodic deposition of thin (3 μm) CdTe films on n-type (100) GaAs single
crystals from an acidic aqueous electrolyte at 95 ◦C, which contained Cd(II) and
Te traces generated electrolytically in situ by using a pure Te anode [4]. The
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produced CdTe film was specular and had predominantly (111) orientation; how-
ever, no epitaxy was found.

Electrochemical epitaxial growth of CdTe films in one step has been demon-
strated for the first time by Lincot et al. [5], who succeeded in obtaining a (111)
CdTe layer in epitaxy with the CdS-coated (111) face of a InP single crystal, using
cathodic electrodeposition from a standard acidic sulfate, tellurite solution at +5 mV
vs. Cd/Cd2+, i.e., underpotentially for cadmium. Partly epitaxial development was
shown to occur on the bare InP substrate in spite of the large crystallographic mis-
match (10.5%) between CdTe and InP. Epitaxy, however, was almost complete when
the InP substrates were previously covered by a 20–30 nm thick CdS film, epitax-
ially deposited itself by chemical solution growth from a pH buffered ammonia
solution of thiourea. The presence of CdS resulted in a structurally and chemi-
cally graded interface that was favorable for the CdTe epitaxial deposition. It was
assumed that this intermediate layer enhances chemical bonding and plays the role
of a buffer layer which tolerated the misfit between CdTe and InP crystal lattices.
It was observed that the epitaxial CdTe films may reach a thickness as large as
≈120 nm; thereby probably no critical thickness effect would exist. If so, the growth
of thicker epitaxial films should be possible.

To be sure, epitaxial electrodeposition of a II–VI compound on a III–V single
crystal with favorable lattice match turns out to be possible without the mediation
of a buffer layer. Cachet et al. [6] were able to attain electrochemical epitax-
ial growth of CdSe directly on InP taking advantage of the relatively low (3.6%)
mismatch between the two materials. Stoichiometric, zinc blende, 〈111〉 CdSe lay-
ers with a thickness of 30–250 nm were obtained either on the In-rich (111) or
the P-rich (111) face of InP single crystals (Fig. 4.1), from a standard aqueous
electrolyte (acidic sulfate solutions of selenite) in conditions identical to those previ-
ously identified as optimal for the “conventional” growth of strongly (111)-textured
polycrystalline CdSe deposits onto various inactive substrates such as Ti, Ni, or
SnO2/glass. Good epitaxy in the present case could be achieved by monitoring the
experimental parameters very carefully, in particular the Se(IV) concentration in the
electrolyte and the deposition potential, in order to promote the alternate nucleation

Fig. 4.1 Reflection high-energy electron diffraction (RHEED) patterns corresponding to the best
epitaxial conditions of CdSe deposited on a (111) InP face (thickness 85 nm). (a) Observation
under the 〈112〉 azimuth; (b) observation under the 〈110〉 azimuth. (With kind permission from
Springer Science+Business Media [6])
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of 2D monolayers of Se and Cd giving rise to a 2D layer-by-layer growth. Clearly,
the single-crystal substrate was mostly favorable for this mechanism. However,
as soon as the experimental conditions departed from the optimum, the deviation
from stoichiometry appeared to be detrimental to a 2D nucleation/growth process
and tended to favor a 3D nucleation of small grains. For optimum conditions,
the CdSe layer on InP was nearly stoichiometric, with a carrier density of about
1017cm–3.

Similarly, the (111) GaAs substrate could be used to achieve epitaxial growth of
zinc blende CdSe by electrodeposition from the standard acidic aqueous solution
[7]. It was shown that the large lattice mismatch between CdSe and GaAs (7.4%)
is accommodated mainly by interfacial dislocations and results in the formation of
a high density of twins or stacking faults in the CdSe structure. Epitaxy declined
rapidly on increasing the layer thickness or when the experimental parameters were
not optimal.

We note that epitaxial deposition of CdTe on single-crystal InP(100) without a
buffer intermediate was demonstrated recently [8] using a layer-by-layer growth
technique, pertaining to the ECALE methodology, to be discussed in the next sec-
tion. In situ characterization studies were performed in this work by Auger electron
spectroscopy (AES) and low-energy electron diffraction (LEED) following the so-
called UHV-EC methodology, which uses an ultrahigh vacuum surface analysis
instrument including an antechamber for electrochemical experiments. Thereby, the
surface composition and structure of the first few CdTe monolayers could be mon-
itored at the end of each electrochemical deposition cycle, without exposure of the
deposit to air.

Froment and co-workers attempted the epitaxial growth of lead selenide, PbSe,
on InP(111) single crystals; they perceived, however, that this was not possible by
the previously utilized method as it is unable to overcome dendritic growth of PbSe.
Lead complexation by EDTA allowed the formation of uniform electrodeposits, but
not of epitaxial layers. The researchers then followed another approach, originally
introduced by Streltsov et al. [9], involving the addition of cadmium ions in the
electrolyte to suppress the dendritic growth of PbSe. It was shown [10] that such
an addition allows the formation of epitaxial rock salt PbSe films on (111) InP
by electrodeposition at room temperature using the standard aqueous electrolytes
containing nitrate salts of the bivalent metals, Pb(II) and Cd(II), and selenite. The
epitaxial quality of PbSe films strictly depended on the Cd(II) concentration and the
cathodic potential. The conditions for epitaxial growth of PbSe electrodeposits on
(111) and (100) InP surfaces were refined and their crystallographic organization
was described in subsequent papers, where the role of cadmium additions in the
electrolyte has been emphasized [11, 12].

In fact, different techniques revealed cadmium segregation and decrease of the
Pb/Se ratio near the InP/PbSe interface, indicating that during the first steps of depo-
sition a CdSe layer is formed on InP prior to the PbSe growth. It was suggested that
selective adsorption of Cd(0) on the InP surface gives rise to an epitaxial CdSe
monolayer, which facilitates an ordered PbSe growth on account of the small lattice
mismatch (0.7%) at the CdSe/(rock salt)PbSe interface. Importantly, it was found
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that during electrodeposition continuous cadmium adsorption constantly prevents
dendritic growth of PbSe, presumably by inhibiting superficial sites and suppressing
the Pb UPD; at the same time Cd incorporation in the PbSe deposits was maintained
at a low level due to chemical displacement of the less noble Cd0 by Pb2+ (the stan-
dard redox potentials of Cd2+/0and Pb2+/0 couples being –1.06 and –0.79 V vs. SSE,
respectively). The Cd(II) effect turned out to be particularly important in the case of
the (111)-textured InP substrate; HREM observations revealed the absence of stack-
ing faults and microtwins in the PbSe structure. On the other hand, poor epitaxy was
observed with the (100)-textured InP that could be related to a weak adsorption of
cadmium on this crystallographic plane.

Similar to PbSe, the controlled growth of lead telluride, PbTe, on (111) InP was
demonstrated from aqueous, acidic solutions of Pb(II) and Cd(II) nitrate salts and
tellurite, at room temperature [13]. The poor epitaxy observed, due to the presence
of polycrystalline material, was attributed to the existence of a large lattice mismatch
between PbTe and InP (9%) compared to the PbSe/InP system (4.4%). The charac-
terization techniques revealed the absence of planar defects in the PbTe structure,
like stacking faults or microtwins, in contrast to II–VI chalcogenides like CdSe.
This was related to electronic and structural anomalies.

The work on one-step electrochemical epitaxy was extended to zinc selenide,
ZnSe [14] – rather the most extensively investigated II–VI compound with respect
to atomistic growth techniques. Suitably treated (111) InP wafers with phosphorus-
terminated surfaces and (100) GaAs wafers were used as deposition substrates in
an electrolyte containing selenosulfate ions as Se precursor, which was previously
shown (Chap.3) to prevent the co-deposition of elemental Se, detrimental to the
growth of single-phase ZnSe in classical (acidic selenite) plating baths. Epitaxial,
stoichiometric deposits were obtained, while it was shown that other than [111]
directions of growth are possible, i.e., that the texture of the epitaxial ZnSe layers
is not necessarily limited to the 〈111〉 one usually obtained by electrodeposition of
zinc blende chalcogenides. Following a similar method of employing an electrolyte
where elemental Se is soluble, ZnSe has been deposited also from DMSO solutions
on SnO2:F/glass, molybdenum, and (111), (100) n-InP substrates [15]. According to
voltammetry results in the Zn(II)–Se–DMSO system, the mechanism of ZnSe film
growth was strongly dependent on the nature of the supporting substrate. Epitaxial
growth of ZnSe was attained on the (100) and (111) n-InP crystalline planes with
good quality as demonstrated by reflection electron diffraction (RHEED) patterns
and transmission electron microscopy (TEM).

Epitaxial effects are not limited to single-crystalline substrates. The possibility
for substrate-induced epitaxial development in the “difficult” case of ZnSe (cf. con-
ventional electrodeposition) has been established also by using strongly textured,
albeit polycrystalline, zinc blende (111) CdSe electrolytic films to sustain mono-
lithic growth of ZnSe in typical acidic selenite baths [16]. Investigation of the struc-
tural relations in this all-electrodeposited ZnSe/CdSe bilayer revealed that more than
30-fold intensification of the 〈111〉 ZnSe XRD orientation can be obtained on the
textured (111) CdSe films, compared to polycrystalline metal substrates (Fig. 4.2).
The inherent problems of deposition from the Se(IV) bath, i.e., formation of
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Fig. 4.2 (Left) XRD patterns (CuKα) of equally thick ZnSe (ca. 1 μm) deposits prepared on Ti (a)
and on CdSe/Ni (b), at a deposition potential of –0.7 V vs. SHE from a typical acidic (pH 3) solu-
tion. The reflection intensities for ZnSe(111) are denoted in the figure; (right) XRD patterns within
the low-angle region showing the (111) reflections of ZnSe/CdSe heterostructures (A). Overlayers
of ZnSe were deposited on CdSe films of various (111) texture intensities. The substrate features
are shown in (B) in full-intensity scale. Evidently, the preferential orientation of the ZnSe crys-
tallites increases with that of the CdSe substrate, up to a constant limiting value. (Reprinted from
[16], Copyright 2009, with permission from Elsevier)

microcrystalline ZnSe together with semimetallic Se, remain; however, epitaxy is
observed only for the ZnSe phase, implying the exclusively substrate-related char-
acter of the effect. Note that in the ZnSe/CdSe system, a mismatch of 6.3% for
zinc blende lattices is found, while valence, chemical, and ionicity mismatches are
essentially negligible; still, a rather large thermal expansion coefficient disparity
exists (17.3%). The ability to electrochemically grow crystalline ZnSe layers with
well-ordered structure on CdSe is important for the fabrication of backwall solar
cells with ZnSe window to CdSe absorber.

The fundamental issue of epitaxial growth on polycrystalline substrates has been
addressed in a more refined manner in relation to the electrodeposition of CdSe
on metals. Polycrystalline, {111}-textured Au surfaces were shown [17] to pro-
mote the electrodeposition of coherent, epitaxial CdSe quantum dot films over areas
micrometers in size, i.e., much larger than the polycrystalline Au grains, despite the
numerous grain boundaries present in the substrate. The Au films (considered as
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epitaxial polycrystalline films) were evaporated on freshly cleaved mica and long
annealed to obtain an intense {111} texture. The first layer of CdSe Q-dots on Au
was shown by high-resolution TEM to form a coherent overlayer, effectively bridg-
ing the epitaxial Au grain boundary gaps, while this behavior was not observed with
non-epitaxial Au substrates. This coherent QD film serves as a buffer layer, which
accommodates the substrate imperfections introduced by the grain boundaries and
allows the coherent growth of thicker (e.g., 15 nm) nanocrystalline CdSe films. It
was inferred that deposition on a certain grain of a polycrystalline substrate cannot
always be treated as an isolated crystal/overgrowth system. That is, interactions with
crystallites growing on proximate substrate grains must be considered.

Among possible candidate semiconductors to be used as substrates for epitax-
ial deposition, silicon is quite appealing because large-area wafers of the highest
structural perfection are readily available commercially at a minimal cost, and
if practical applications such as optoelectronics are concerned, advantage can be
taken of the well-advanced silicon integration technology for fabrication of rel-
evant devices. Heteroepitaxial growth of chalcogenides on silicon substrates by
electrochemical methods has been reported in a few works. In particular, the elec-
trodeposition of CdTe onto flat silicon single crystals has been investigated by the
Berlouis group [18, 19] and Sugimoto and Peter [20, 21]. Not very satisfactory
results were obtained, as the characterization of the electrodeposited films revealed
that they do not form either a coherent layer or a preferential crystallographic orien-
tation. In studying the nucleation of CdTe onto three different surface orientations
of a Si single crystal by means of a transient analysis technique, Sugimoto and
Peter found evidence for a 2D nucleation and growth mechanism, but the formation
eventually of an amorphous deposit was not compatible with the desired epitaxial
growth. In fact, it is generally difficult to obtain CdTe thin films of good quality
onto Si, due to the different nature of the two materials. Most important is the
existence of a large lattice mismatch (about 20% at 25 ◦C, for the cubic lattice
parameters of Si 0.543 nm and CdTe 0.648 nm), which may give rise to numerous
dislocations at the interface, propagating into the active part of the layer. In high-
temperature growth processes (MBE, MOCVD, UHV sublimation, MOVPE, and
hot wall epitaxy have been used in this connection) additional strain and disloca-
tions may arise due to the thermal mismatch between CdTe and Si when the layer is
cooled down from the growth temperature; therefore, soft solution processing tech-
niques like electrodeposition are highly desirable. In any case, the Si(111) substrate
is more pertinent to CdTe deposition than the Si(100) because it has the same sym-
metry as CdTe(111) and the direct growth of the semiconductor should be possible
without the multidomain problem during the nucleation stage that is observed with
Si(100).

It appears that a way to efficient electrochemical growth of CdTe and other
chalcogenides on silicon crystals is the utilization of light-assisted processes. Works
in this direction will be discussed in a subsequent section regarding underpotential
deposition studies.

It is worth referring here to a somewhat reverse approach to the problem of an
ordered substrate. In the previously reported works, formation of a homogeneous
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film has been pursued mainly by employing a flat single-crystal substrate with an
energetically uniform surface. However, such an ideal condition is rarely reached
in practice. Instead of ensuring the perfection of the substrate phase, an alternative
approach has been explored, which consists in using a substrate with a very high
density of surface non-uniformities, expected to result in a macroscopic equaliza-
tion of electronic transfer conditions all along the surface, and therefore a uniform
deposit growth [22]. Along this line, the rear side of an n-type (100) Si wafer pol-
ished on one side (Fig. 4.3) was successfully employed for the electrodeposition of
CdTe [23] (cf. [24] for electrochemical characterization of a Si(111) rough face in
NH4F solutions).

Well-crystallized, stoichiometric (111)-textured CdTe films were grown from
a standard acidic plating solution of tellurite, containing NH4F, at 85 ◦C. The
mechanisms related to the initial stages of the CdTe nucleation and growth in this
system were investigated [25] in very acidic (pH 0.29) solutions at room tempera-
ture. The analysis of potentiostatic current–time transients suggested that at short
times a Te–Cd bilayer forms followed by either (a) progressive nucleation and
charge transfer – controlled 3D growth or (b) progressive nucleation and diffusion-
controlled 3D growth, giving account for the formation of conical and hemispherical
nuclei, respectively. Ex situ AFM images of the surface were found to support these
assumptions.

The interest in growing CdTe on Si is driven mainly by infrared technology
demands (Si is transparent to IR radiation to wavelengths beyond 14 μm), for
instance, by its potential use as an alternative substrate for fabricating HgxCd1–xTe
IR detectors, since selected area HgxCd1–xTe/CdTe/Si heteroepitaxy can be com-
bined readily with the Si processing technologies to form monolithic IR detecting
systems. In addition, CdTe/Si is now being used for the fabrication of megapixel
HgCdTe hybrid infrared focal plane arrays (IRFPAs), intended to be used in very
large applications in military, space, and medical imaging areas for IR imaging and
low-background detection [23].

Fig. 4.3 SEM micrograph of
the rear side of an n-(100) Si
wafer polished on one side.
The presence of inverted
truncated square pyramidal
structures fully covering the
surface can be observed. This
pyramidal texturing was
attributed to the combination
of anisotropic etching of the
silicon and to hydrogen
bubbles evolved during the
etching reaction. (Reprinted
from [23] Copyright 2009,
with permission from
Elsevier)
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4.2.2 Electrochemical Atomic Layer Epitaxy

ECALE originates from a combination of electrochemical deposition and atomic
layer deposition (ALD; or atomic layer epitaxy: ALE [26]) and comprises the
solution-phase growth method analogue to ALE epitaxy techniques such as molec-
ular beam epitaxy (MBE) or metal organic vapor-phase epitaxy (MOVPE); the
term ALE is formally reserved for vacuum thermal techniques. Unlike conven-
tional chemical vapor deposition, in ALD techniques each precursor is introduced
to the substrate separately. The deposition process consists in monolayer stepwise
growth that proceeds by exposing the substrate surface alternately to each precursor
followed by an inert gas (nitrogen) pulse to remove the excess species and the by-
products of the reaction. With this sequential mode, the duration of each exposure
is adjusted so that each surface reaction goes to completion before starting the next
reaction. The substrate surface temperature is used to ensure specific monolayer
adsorption in the absence of multilayer growth. Under properly adjusted experi-
mental conditions, all the surface reactions are saturated making the growth process
self-controlled. Therefore, atomic layers of each element making up the compound
are alternately deposited by surface-limited reactions, so that ALE offers great con-
trol over deposit structure. The film thickness can be determined accurately by the
number of deposition cycles.

In a similar way, electrochemistry may provide an atomic level control over the
deposit, using electric potential (rather than temperature) to restrict deposition of
elements. A surface electrochemical reaction limited in this manner is merely under-
potential deposition (UPD; see Sect. 4.3 for a detailed discussion). In ECALE, thin
films of chemical compounds are formed, an atomic layer at a time, by using UPD,
in a cycle; thus, the formation of a binary compound involves the oxidative UPD
of one element and the reductive UPD of another. The potential for the former
should be negative of that used for the latter in order for the deposit to remain
stable while the other component elements are being deposited. Practically, this
sequential deposition is implemented by using a dual bath system or a flow cell,
so as to alternately expose an electrode surface to different electrolytes. When con-
ditions are well defined, the electrolytic layers are prone to grow two dimensionally
rather than three dimensionally. ECALE requires the definition of precise exper-
imental conditions, such as potentials, reactants, concentration, pH, charge-time,
which are strictly dependent on the particular compound one wants to form, and the
substrate as well. The problems with this technique are that the electrode is required
to be rinsed after each UPD deposition, which may result in loss of potential con-
trol, deposit reproducibility problems, and waste of time and solution. Automated
deposition systems have been developed as an attempt to overcome these problems.

A variety of compound semiconductors have been successfully prepared by this
technique. Much of the work concerning ECALE has been concentrated on the
deposition of CdTe on Au substrates. Notwithstanding the inherent problems of the
system (for instance, a 10% lattice mismatch), the formation of CdTe epitaxial layers
became a model example of ECALE synthesis. In their pioneering studies, Stickney
and co-workers [27, 28] have focused on the deposition of the compound on
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Fig. 4.4 Atomistic representation of successive steps in the ECALE synthesis of CdTe on an Au
substrate. Observe the deposition and stripping of Te for assembling the correct atomic planes of
the zinc blende structure. (Adapted from [27])

polycrystalline Pt, Cu, and Au electrodes in thin layer electrochemical cells (TLEs)
containing acidic tellurite and Cd(II) ion solutions. UPD layers of Te and Cd were
alternatively electrodeposited to build up thin CdTe films (Fig. 4.4). Tellurium depo-
sition on Pt was found to be inhibited by hydrogen co-deposition at low potentials
and by surface oxide formation at high potentials, while Cu substrates were found
to be unstable at the potentials used to study the reduction of TeO2 to Te(0). From
an electrochemical perspective, Au appeared to be the best substrate for UPD of
Te and Cd, as presenting a large potential window – Au is generally an excel-
lent electrode material, and its surface chemistry in aqueous solutions is reasonably
well understood. However, when performing deposition on single-crystal phase, the
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lattice matching turns out to be quite important. As mentioned already, the CdTe
lattice matching with Au is far from being ideal [e.g., 11% between CdTe(100) and
twice the Au–Au spacing on the Au(100) plane]. Notwithstanding, CdTe formation
by ECALE on low-index planes of Au indicated that the structure of the first couple
of CdTe monolayers formed on Au(100) resembles the CdTe(100) planes that would
be found in a bulk CdTe zinc blende structure, yet with a 10% compression of the
CdTe lattice.

In subsequent studies, Suggs and Stickney focused on the structures formed by
the underpotential deposition of Te on single-crystal Au surfaces, using a com-
bined UHV-electrochemical instrumentation, and investigated the surface chemistry
associated with each step in the ECALE cycle, as well as the microstructures and
coverages resulting from the alternated deposition of Te and Cd atomic layers on
the low-index planes of Au. Sensitive characterization techniques, such as ex situ
LEED, Auger, XPS, and STM were used [29–32]. Several stable Te UPD structures
were observed to form on each of the low-index planes of Au as a function of the
deposition potential. Subsequent deposition of Cd on the various Te structures gave
rise to well-ordered CdTe structures, as observed via LEED and STM, on all three
of the Au low-index planes. On the Au(100) surface the structure of the deposit con-
sisted of c(2×2) unit cells, with 1/2 coverages of both Te and Cd, requiring a 10%
compression of the lattice.

The CdTe bilayers grown by ECALE on the three low-index planes of gold
have been successfully imaged by the in situ STM technique, which (similar to
in situ AFM) allows to follow the changing surface morphology during the differ-
ent stages of growth. Hayden and Nandhakumar [33, 34] established a 2D growth
mechanism consistent with the observed epitaxial growth of the UPD structures
of Te on Au(111) and of Cd on Te-covered Au(111). The Cd/Te bilayer structure
formed by Cd UPD on a Au(111) – (12×12) Te surface was found to correspond to
Au(111) – (3×3)CdTe. A model was suggested for this structure in which the bilayer
corresponds closely to the CdTe(111) plane of the bulk (zinc blende) lattice with an
11% compression. As the bilayer growth is dominated by the requirement to achieve
stoichiometry, the initial coverage of the Te UPD layer was emphasized as of over-
riding importance during the initial growth phase. The researchers showed also that
when substantial rearrangement or reconstruction is required of the Te UPD layer, as
it is found for the first UPD layer of Te on Au(100), it does not result in 3D growth
but in an inhomogeneity in the 2D structure. Stoichiometric CdTe compound depo-
sition by ECALE has been conducted also on Ag(111) [35]. Similar mechanisms
for 2D growth were described.

In comparison to CdTe, the heteroepitaxial growth of CdS on gold should be
easier to handle since the corresponding lattice mismatch is significantly smaller.
Colletti et al. [36] reported preliminary data about this system for ECALE growth
of CdS on polycrystalline gold substrates in a thin layer electrochemical flow cell.
Aqueous alkaline Na2S/NaClO4 solution for the deposition of S and aqueous pH
5.9, CdSO4 solution for Cd deposition were used. Nearly stoichiometric CdS films,
50 monolayer (ML) thick, with a distinctly yellow appearance, were grown. Demir
and Shannon investigated the kinetics of CdS ML formation [37] on single-crystal
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Au and the influence of the Au(111) [38] and Au(100) [39] crystallographic orien-
tations on the structure of the final deposit. Well-defined wurtzite CdS MLs were
formed by Cd deposition on S-modified Au (ECALE process took place in aque-
ous precursors, e.g., Na2S in NaOOCCH3/KOH for S constituent and CdSO4 in
KOH/CH3COOH for Cd). The researchers examined the structure of the initial CdS
ML by μm-scale and atomically resolved STM and found that both S and Cd layers
deposit in a layer-by-layer fashion giving atomically flat surfaces. They identified
a single sixfold structure for the CdS adlayer and proposed a model to account for
these data. In an attempt to improve the overall CdS film quality, the same group
investigated the effect of the deposition order on film structure [40]. Interestingly,
when S (from aqueous H2S) had been deposited on a Cd-modified Au surface,
the characteristic hexagonal structure of wurtzite CdS was not observed until the
deposition of the third complete monolayer. The more complex adatom structures
associated with this approach were attributed to the strong positive interaction
between Cd adatoms and the Au substrate, extending beyond the first monolayer.

Ultrathin films of CdS ranging in coverage from 25 to 200 ML were grown also
by the previous method on Au substrates (of non-specified nature) and were char-
acterized by quantitative Raman resonance [41]. It was found that the electronic
structure of the films in this coverage regime corresponds to that of bulk CdS. It was
concluded also that ECALE does not involve growth by random precipitation of
CdS onto the Au surface; the thin deposited layers of the material were contiguous.

Electrochemical epitaxial growth of CdS/HgS heterojunctions onto Au(111) sub-
strates was attempted by Gichuhi et al. [42]. This system was chosen in the first place
because of the excellent lattice match between the two materials (CdS 0.4135 nm;
HgS 0.4149 nm) and because the band gap of (cinnabar) HgS (2.1 eV) is smaller
than that of CdS (2.47 eV). Actually, two methods were used in order to termi-
nate the initially electrodeposited CdS film with a single HgS monolayer. The first
involved the chemical exchange of the terminal Cd layer with Hg2+, but produced
a disordered, highly polycrystalline film, which was dominated by CdS trap lumi-
nescence. The second method involved ECALE growth of the HgS monolayer and
resulted in the formation of a high-quality heterojunction. Photoluminescence spec-
troscopy measurements indicated a high degree of electronic coupling between the
CdS substrate and the electrochemically deposited HgS layer in this case.

Changing the substrate from gold to silver has been shown to strongly affect the
structure of the first few layers of CdS grown by ECALE. STM measurements car-
ried out on the first CdS layer on Ag(111) revealed a much less compact structure
than the one found on Au(111). This disparity was tentatively attributed to the dif-
ferent structure of the first S layer on Ag(111), as obtained by oxidative UPD from
sulfide ion solutions, due to a higher affinity of sulfur for silver than for gold. The Cd
layers were attained on S by reductive UPD from cadmium ion solutions. Precursors
for both elements were dissolved in pyrophosphate/NaOH at pH 12 [43–45].

Significant improvements in ECALE deposit morphology and quality were
reported as achieved by switching from a thin layer cell to a thick layer H-form
cell, integrated in an automated deposition system [46]. Thin epitaxial films of zinc
blende CdTe, CdSe, and CdS with predominate (111) orientations were grown.
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Films formed with 200 or less cycles generally showed a smooth morphology;
however, deposits made with 500 or more cycles showed increased amounts of
particulates or crystallites.

Regarding zinc chalcogenides, it has been reported [47] that stable deposits of
ZnTe, ZnSe, and ZnS can be electrochemically grown on low-index planes of single-
crystal Au. Thermodynamics appeared to play a role in the formation of the initial
compound monolayer, as the differences in the UPD potentials of these materials
were consistent with their free energies of formation, going like ZnTe > ZnSe >
ZnS. Thus, zinc deposition onto Te, Se, and S-coated electrodes occurred at pro-
gressively more positive potentials as the stability of the zinc compounds increases.
Notwithstanding, Zn was most difficult to deposit on Te and easiest to deposit on S.

Zinc sulfide, ZnS, has been epitaxially deposited by the dual bath approach on
Au(111) surface and studied by STM and XPS [48]. The first complete ECALE
cycle resulted in the formation of nanocrystallites of ZnS randomly distributed
across Au(111) terraces, on account of lattice mismatch induced strain between ZnS
and Au(111) – although the mismatch is only 0.13% for ZnS/Au(111). Atomically
resolved STM images showed the ZnS/Au(111) monolayer to be sixfold symmet-
ric. The average diameter of the crystallites was 10±5 nm and the apparent coverage
0.38.

Stoichiometric deposits of ZnSe with up to 35 Zn layers and 35 Se layers have
been obtained on Ag(111) substrates by automated ECALE in a miniaturized cell;
Se precursor was Na2SeO3 and that of Zn was ZnSO4, both in aqueous pH 9.2
ammonia buffer [49]. The graph of stripping charge suggested that the deposits
grew at a rate of only about 0.14 ML per cycle (referred to a monolayer of the
Ag(111) substrate). A higher growth rate per cycle was reported recently [50] for 15
Zn and Se manual ECALE deposition cycles in similar solutions (except pH 4 for
Se and pH 9 for Zn), with a polycrystalline Au substrate. The deposition program
was optimized by adjusting the effects of Zn and Se deposition potentials and the
Se stripping potential. Each layer of Se and Zn was found to correspond to the ideal
coverage of 0.562 and 0.567 ML – reported as the ratio of deposited atoms per sub-
strate surface atom. The thin ZnSe deposits were single-phase cubic with a strong
(220) preferred orientation and consisted of particles with an average size of about
100 nm.

The ECALE deposition of ternary II–VI compound semiconductors such as
CdxZn1–xS, CdxZn1–xSe, and CdSxSe1–x, on Ag(111), has been reported [51–53].
The compounds were prepared by sequential deposition of the corresponding bina-
ries in submonolayer amounts; for instance, alternate deposition of CdS and ZnS
was carried out to form CdxZn1–xS. The stoichiometry of the ternaries was seen to
depend on the deposition sequence in a well-defined and reproducible way, with the
limit that only certain discrete x values were attainable, depending on the adopted
sequence profile. Photoelectrochemical measurements were consistent with a linear
variation of the band gap vs. the composition parameter x of the mixed compounds.

The group of Stickney reported the first deposits of mercury selenide (HgSe)
formed via ECALE, using a thin layer flow system [54, 55]. The solutions used
were HgO (pH 2) and SeO2 (pH 3) with Na2SO4 as a supporting electrolyte, and the
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electrodeposition was performed on 300 nm thick evaporated gold films, of a (111)
habit, on glass. The effect of Hg and Se deposition potentials, and a Se stripping
potential, were adjusted to optimize the deposition program. Electron probe micro-
analysis (EPMA) and XRD of 100-cycle samples showed a Se/Hg ratio of 1.08 and a
zinc blende structure with strong preferential (111) orientation. Ellipsometric mea-
surements indicated a deposit thickness of 19 nm, where 35 nm was expected. Thus,
the resulting “optimal” deposits were a little over half of that expected from the ideal
model of one compound monolayer for each cycle. FTIR absorption measurements
were consistent with the inverted band structure of the compound, expected from
the literature, and a negative gap of 0.6 eV.

Torimoto et al. reported quantum confinement in thin films, of CdS [56], ZnS
[57], and PbS [58], grown by ECALE. Deposits of these compounds gave anodic
photocurrents in aqueous solutions containing triethanolamine (electron donor), i.e.,
behaved as n-type semiconductor photoelectrodes, and their energy gaps were seen
to increase with a decrease in film thickness due to size quantization effects. The
critical film thickness at which size quantization effects began to appear was about
4.8 nm for ZnS and 6.8 nm for CdS, as was verified by the analysis of action
spectra recorded in the previous solutions. No such threshold could be précised
photoelectrochemically for PbS, presumably due to the presence of surface states
at the semiconductor film electrodes. Interestingly also, the actual changes in the
band gap width of PbS with an increase in film thickness were much smaller
than theoretically predicted, whereas the predicted values for CdS and ZnS were
in good agreement with those obtained experimentally (at least for films having
thicknesses greater than 7.5 and 8.5 layers, respectively). Crystallographic mis-
match differences were invoked to explain the observations. The deposited PbS
films had the normal rock salt structure, yet with a (200) texture. Hence, whereas
a mere mismatch-induced strain was present at the CdS/Au and ZnS/Au inter-
faces, in the case of PbS the lattices were quite incommensurate, as a PbS(200)
plane having a fourfold symmetric structure lay in contact with Au(111) having
a sixfold symmetric structure. This complete misfit was responsible for creation
of various defects in PbS which would degrade its electronic properties in the
observed way.

ECALE has been reported for the fabrication of tin selenide compounds [59]
using acidic Sn2+ and H2SeO3 electrolytes at room temperature. Although no struc-
tural data could be exhibited, analysis of current–time transients and stripping
voltammograms indicated the formation of SnSe2, SnSe, and SnSe2–x compounds,
the latter probably containing Sn in its two oxidation states. A general reaction
scheme was proposed on account of the charges involved in the deposition process.

Vaidyanathan et al. [60] gave a first instance that ECALE can be used to grow
PbSe with atomic layer control. A series of stoichiometric rock salt PbSe thin films,
with a preferred (200) orientation, were electrodeposited on Au substrates using
buffered solutions with millimolar concentrations of Pb(ClO4)2 (pH 5.5), and SeO2
(pH 5.5). IR adsorption studies, of films grown with 10–50 cycles, showed strong
blue shifts of the fundamental absorption edge, which was believed to result from
quantum confinement in the thin films. The band gap for the 50-cycle deposit was
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greater than that for the bulk compound by a factor of four, while the band gaps for
thinner films were even greater, shifted into the visible.

The ECALE synthesis of V–VI (V: Sb, Bi) compounds has been attempted in a
few works. Antimony telluride, Sb2Te3, nanofilms with a homogeneous microstruc-
ture and an average size of about 20 nm were formed epitaxially on a Pt substrate
[61]. The optical band gap of these films was blue-shifted in comparison with that
of the bulk single-crystal Sb2Te3 compound.

The kinetics and growth mechanism of the first and second monolayers of
bismuth sulfide, Bi2S3, on Au(111) has been studied using voltammetry and
chronoamperometry techniques [62]. An adsorption/desorption process governed by
Langmuir kinetics and a nucleation/growth process pertinent to ordered Bi2S3 struc-
tures were considered to take place during the formation of the compound. It was
indicated that depositing Bi as a first layer results in a more ordered Bi2S3 layer than
the deposition of S as the first atomic layer. The significance of employing a room-
temperature process with no complicated precursors or apparatus for preparing
V–VI thermoelectric nanomaterials was emphasized. An optimized ECALE pro-
gram for deposition of bismuth telluride was developed by Yang et al. [63]. Epitaxial
200-cycle thin films of Bi2Te3 were prepared from buffered solutions of millimolar
Bi(NO3)3.5H2O (pH 1.5), and TeO2 (pH 2), on Au-evaporated glass microscope
slides. The UPD regions for both the first bismuth cycle on Te-covered Au and the
first tellurium cycle on Bi-covered Au were determined on the basis of the integrated
faradaic charges of anodic stripping currents. The XRD and EDX results were con-
sistent with the 2:3 compound stoichiometry, while field emission SEM showed
that the deposits consisted of 30–100 nm crystallites and were conformal with the
Au substrate.

A novel approach proposed by Demir and co-workers to attain growth with good
structural control in one step should be included in the present section, as retaining
some features of classical ECALE synthesis, while being deprived of the shortcom-
ings of time consumption and production of a large amount of dilute wastewater that
characterizes the common (non-automatic) technique. This approach was demon-
strated first in preparation of lead sulfide from a single aqueous solution of Na2S,
Pb(CH3COO)2, and EDTA [64]. The idea was to promote an all-UPD atom-by-
atom growth of PbS at the substrate, while keeping Pb complexed avoiding thus the
formation of PbS particles in the solution phase. In specific, the process involved
the co-deposition of Pb and S precursors at a constant potential determined from
the UPD potentials of Pb and S. Highly crystalline and stoichiometric deposits of
PbS could be grown on Au(111) at a kinetically preferred intense cubic (200) tex-
ture. Accordingly [65], monolithic growth of size-quantized ultrathin films of zinc
blende ZnS(111) was achieved on single-crystalline Au(111) by electrochemical
deposition from an aqueous Na2S, Zn(CH3COO)2, EDTA solution at pH 4.6.

A similar one-step process was employed successfully [66] to prepare well-
crystallized CdS thin films of optical quality on Au(111) from an aqueous solution
of CdSO4, EDTA, and Na2S at room temperature. A phase transition from cubic
(zinc blende) to hexagonal (wurtzite) CdS structure was observed with decreasing
pH below 5, while highly preferential orientation along [11.0] directions for the
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hexagonal crystal and [111] directions for the cubic crystal were identified in the
solutions with pH 4 and 5, respectively. UV–visible absorption measurements as a
function of deposition time indicated that the band gap of the CdS film increased as
the deposition time decreased.

4.2.3 Superstructures–Multilayers

Multilayers and superlattices are microstructurally recurrent materials, in the sense
that they present periodic modulation of structure or composition or both (Fig. 4.5).
Superlattices have the additional constraint that they are crystallographically coher-
ent with respect to atomic planes, i.e., of epitaxial nature. For example, in the
CdSe–ZnSe system, a superlattice would comprise periodically alternating epitax-
ial layers of CdSe and ZnSe, whereas in the absence of crystallographic coherence
a bilayer ZnSe/CdSe film or a sequence of multiple layers of ZnSe, CdSe, and/or
other compounds would comprise a simple heterojunction or multilayer system. A
thoughtful way to figure out such systems of two binary compound phases with a
common element is by considering that, as opposed to normal substitutional alloys,
where the compositional modulation is uniform along all of the three space direc-
tions, in a superlattice or multilayer the composition or structure is modulated along
the z-direction only, whereas the x–y plane is compositionally homogeneous [67]
(the equiaxed substitutional alloy of ZnSe and CdSe is the ternary Cd1–xZnxSe
alloy).

Modern solid-state devices rely on the growth of sequences of many ultrathin
epitaxial layers with atomically sharp interfaces and thickness control down to
the monolayer level. In most of the technologically relevant cases, the growth of
perfectly flat, 2D sheets of material is a stringent requirement for functionality.
A typical example is given by quantum well structures where alternating layers
of wide band gap and narrow band gap semiconductors are grown to tailor the
electronic properties by quantum confinement of charge carriers in the low band
gap regions. In such nanomodulated superlattices exhibiting quantization effects,
changing the modulation period by even a few atomic layers may change the mate-
rial’s optical and electrical properties. Interfacial sharpness, lattice mismatch, and

Fig. 4.5 Superlattices
(superstructures) and
multilayers are systems
composed of alternating
layers of, say, phases A and B
with a specified AB bilayer
thickness, which is called the
modulation wavelength (�),
or period
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stoichiometric modulations through the superlattice period all have substantial
effects on these properties.

The primary methodologies for forming superstructures with atomic-level con-
trol are MBE, VPE, and a number of other derivative vacuum-based techniques.
Electrochemical protocols should in principle be quite effective in assembling super-
lattices, as the low processing temperatures involved allows growth with minimal
interdiffusion across interfaces. Most research on the electrodeposition of superlat-
tices has been on metallic systems; the emphasis has been in growing nanoscale
structures with enhanced elastic and plastic properties, improved wear resistance,
and magnetic anisotropy. Alternatively, optical and electrical properties have been
central in attempts to form nanometer-scale metal oxide and metal chalcogenide
compositional superlattices. Electrochemical formation of compound superlattices
has been pioneered by Switzer and co-workers [68]. An excellent example of the
innovative work done in the 1990s in this direction is the electrodeposition of a
lead–thallium–oxygen, Pb–Tl–O, superlattice system with layer thicknesses in the
4–6 nm range from a single aqueous solution by pulsing the applied potential dur-
ing deposition [69]. In this work, the current–time transients that resulted from the
potential steps were monitored to both calculate and tailor the composition profiles
of the superlattices during growth. The authors emphasize that the electrochemical
method is ideal for both measuring and tailoring the interface symmetry and com-
position profiles of superlattices in real time on a subnanometer scale. Modulation
lengths from 3 to 150 nm were reported for the Pb–Tl–O system, although partial
relaxation of coherency was observed for lengths exceeding about 20 nm [70].

Layered structures, in general, can be produced in a variety of ways from the
electrochemical environment. The most common approach is to apply an oscillat-
ing current or potential function to the working electrode during deposition from a
single solution containing precursors for all the elements in a compound. An electro-
chemically fabricated, band gap engineered system of Cd–Zn–Se has been reported
originally by Krishnan et al. [71], being in particular a composition-modulated
“superstructure” resulting from the application of electrodeposition cycles. The
electrochemical modulation of composition in the ZnSe/CdSe system could be
accomplished either by potential or current pulsing between the limits character-
istic of CdSe and ZnSe electrolytic deposition. Similarly, simultaneous cathodic
deposition of PbSe/PbTe multilayer periodic structures from a single acidic aque-
ous solution of Pb(II) ions and XO2 (X = Se, Te), on Pt films evaporated on
Si(100), has been reported by Streltsov et al. [72]; Pb–Se–Te superlattices with
2.5–10 nm periods (modulation wavelength) were electrodeposited by imposing
periodically changing cathodic electrode potential in the single bath. It was not
possible to electrodeposit structures with modulation higher than 10 nm as ternary
phases (PbSexTe1–x) were formed instead.

This pulse plating technique has the advantage of simplicity, i.e., application
of a simple waveform in current or potential in a single solution. Problems arise,
however, because at the more positive potential a pure element or compound is
deposited, while during the pulse the second element or compound formed is
inevitably contaminated with the first. Switzer et al. [73] reported a variation on
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this general theme in which electrochemically driven self-assembly was used to
produce periodic Cu2O superlattices; it was shown that layered nanostructures of
copper (Cu) and cuprous oxide (Cu2O) “can be electrochemically self-assembled
in a beaker at room temperature”. Notwithstanding, the chemical combinations that
can be reached are limited and strictly depend on the differences in the redox poten-
tials. It has been already discussed here that a dual bath method like ECALE can be
used to overcome some of these limitations. Very few works have been published in
this direction.

Well-defined CdS/CdSe superlattices have been formed by means of ECALE
[74]. In these structures the CdS component – and not CdSe – suffered from
substantial crystallographic strain as was evidenced by surface-enhanced Raman
spectroscopy (SERS) – a valuable tool for characterizing the superlattice phonons
in electrochemical or other ambient environments. Torimoto et al. reported quantum
confinement in superlattices of ZnS/CdS grown by ECALE [75].

Only recently the ECALE formation of PbSe/PbTe superlattice films was
reported [76]. An automated electrochemical thin layer flow deposition system was
used to grow PbSe/PbTe superlattices with periods of 4:4 and 6:6, on Au evaporated
on glass; for instance, for the 4:4 superlattice, each period was formed using four
cycles of PbSe followed by four cycles of PbTe (Fig. 4.6). It was concluded that the
critical thickness in the system is above 4 nm and below 7 nm, so that by increasing
the layer sequence ratio from 4:4 to 6:6, a significant increase in the defect density
resulted. The IV–VI compounds PbSe and PbTe have band gaps of 0.26 and 0.29 eV,
respectively. Previous studies of lead chalcogenide superlattices have suggested that

Fig. 4.6 Layer sequence and X-ray diffraction (CuKα) of 81 period 4PbTe/4PbSe superlattice.
Buffer layer is a 10-cycle PbSe. Angle of incidence is 1◦. The (111) diffraction peak (S0), along
with both ± first-order satellite peaks, and one second-order peak, are evident and indicative of the
formation of a superlattice. (The XRD diagram is reprinted with permission from [76], Copyright
2009, American Chemical Society)
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they have type II band alignment, which usually results in superlattice band gaps less
than either of the constituent semiconducting compounds. However, in this study,
the band gaps were blue-shifted from those of the constituent compounds. Note that
PbSe and PbTe have a significant lattice mismatch, 6%, and are thus considered
to form strained-layer superlattice structures, where dislocations and island growth
may occur. Strain builds as a film grows on a mismatched substrate until the critical
thickness, at which point the defects result. The principle of a strained-layer super-
lattice is that, by switching back to the other compound before the critical thickness,
the strain should relax, preventing the formation of the defects.

4.3 Atomic Layer Epitaxy and UPD Revisited

Most of the electrochemical syntheses involving epitaxy entail the underpoten-
tial deposition of constituent elements as a surface-limited reaction to establish
compound growth controlled in an atomic level. Therefore, knowledge of this phe-
nomenon is central in performing successful electrochemical epitaxy. UPD results
from the free energy given off by surface-binding events leading to formation of
adsorbate layers or chemical associations and may involve either an oxidative or
a reductive process. Oxidative UPD is the result of the oxidative deposition of an
element from a reduced state to form an atomic layer, such as in the deposition of I
atoms from an I– solution. Elements amenable to oxidative UPD include As, Sb, Te,
Se, and S. Reductive UPD involves the reductive deposition of an element, usually a
metal, from an oxidized form of the element, i.e., deposition of Cu from a Cu2+ solu-
tion on Au. In any case, the depositing atomic layer is stabilized by interacting with
terminal element(s) on the deposit surface. The study of UPD processes presents
an exceptional possibility to obtain information on the mechanism of a number of
electrochemical phenomena such as adsorption, charge transfer, surface diffusion,
double layer changes, and, most relevant here, nucleation and growth. Note that the
induced co-deposition concept (Chap. 3) extends the UPD theory from monolayer
deposition to bulk growth.

UPD has been the subject of investigation for over 50 years. Most of the pub-
lished works in this connection have been devoted to the investigations of metal
adatomic layers on foreign metals, in particular the flat faces of single-crystal Ag,
Au, and Pt. The UPD of metals on crystallographically well-defined metal surfaces
appears to take place with the formation of regular surface structures at sub- and
full-monolayer coverage. In the case of small lattice mismatch between the adsor-
bate and the substrate, the resulting structures are often commensurate. In systems
with a large lattice mismatch, the deposits are generally incommensurate, espe-
cially at monolayer coverage. Recent reviews have emphasized the role of anion
co-adsorption during the process [77]; the kinetics of electrodeposition/desorption
and the resulting structures are greatly dependent on the nature and concentration
of anions in the solution (introducing repulsive interactions with the metal adatom
layer [78]). In the presence of weakly adsorbing anions (e.g., perchlorate), the
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kinetics of deposition/desorption are typically sluggish. The presence of strongly
interacting anions (e.g., halides except fluoride) generally leads to much faster kinet-
ics often ascribed to the formation of co-adsorbed M–X layers (X = halide). The for-
mation of these layers is associated in some cases with phase transitions. As a gen-
eral mechanism for the monolayer formation one can postulate a sequence of events
that involve electrodeposition of the metal coupled with the co-adsorption of anions
to form a 2D metal anion layer. Further reduction results in the disruption of these
layers with additional electrodeposition leading to the formation of a zero-valent
metal adlayer. The presence of surface steps greatly modifies the structure and kinet-
ics by providing sites of enhanced reactivity for adsorption of both metal and anions.

There has been an increasing number of studies of the UPD of main group ele-
ments, including S, Se, Te, I, Br, Cl, and As, on metal substrates, whereas studies
of UPD processes on the surface of semiconductors and semimetal substrates are
significantly less. Presently, most interesting in this connection is the combined use
of photoexcitation of a semiconductor substrate and/or an immobilized precursor,
and electrodeposition, as will be discussed in a subsequent paragraph.

Definitely, the relevant studies for deposition of chalcogens on metals, or of met-
als on chalcogens, are substantial in gaining information on the mechanisms of
electrodeposition of metal chalcogenides, in particular when employing ECALE.
The investigation of the properties of adatomic monolayers (purposely formed or
not) on an electrode surface is of fundamental importance also in catalytic processes.
Chalcogen layers covering the surface of an electrode typically inhibit catalytic elec-
trode reactions – for instance, sulfur is a well-known catalyst poison [79] – but
have been found also to provide in some cases an increased electrocatalytic activity
and selectivity. The effect of sulfur and selenium, mostly chemically linked to pre-
cious metal clusters, will be discussed in Chap. 6 in connection with electrocatalytic
processes of global importance such as the oxygen reduction in fuel cells.

Electrochemical reaction/adsorption effects of sulfur on metal surfaces have been
intensively investigated and well documented. Studies of self-assembled monolay-
ers (SAMs) of S (mostly on Au) have increased dramatically in the last few years –
such studies on chalcogen adsorption layers are of particular interest as the struc-
tures formed generally consist of clusters or chains of atoms, unlike the UPD of
transition metals, for example, where close-packed adlayers are normally formed.
A detailed insight into the voltammetric behavior of sulfur in the UPD range is
provided by Alanyahoğlu et al. [80], who discuss the kinetics of the electrochem-
ical deposition and desorption of S monolayers on highly oriented Au(111) and
polycrystalline Au electrodes in aqueous solutions containing sodium sulfide.

Before examining selenium in some detail, as an illustration of the phenomena
under consideration, let us note here that although oxidative UPD of sulfur can be
achieved from sulfide solutions, the oxidative UPDs of Se and Te are complicated
by the fact that, unlike sulfides, the Se2– and Te2– species are not very stable in aque-
ous solutions; they tend to react with even traces of O2, to form the corresponding
element.

The electrochemistry of Se adsorbate and bulk layers has been studied (and
debated) by many research groups (e.g., [81, 82]; see also references connected
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Fig. 4.7 Voltammetric behavior of a Au(111) electrode immersed in 1 mM SeO2 in 0.100 M
HClO4 supporting electrolyte. The five major cathodic waves corresponding to Se deposition are
labeled C1–C5, respectively. The scan rate was 0.100 V s–1. (Reprinted from [82], Copyright 2009,
with permission from Elsevier)

to deposition of selenides, specifically CdSe). Following the work of Alanyahoğlu
et al. [82] on the voltammetry of Au(111) electrodes in SeO2/HClO4 solutions,
one can see that the system is characterized by three voltammetric features pre-
ceding the onset of bulk Se deposition (Fig. 4.7). Two of those (peaks C1 and
C2) are associated with the conversion of adsorbed selenate species to adsorbed
selenite, while only peak C3 is associated with the four-electron, four-proton
reduction of adsorbed selenite to Se, i.e., to the formation of atomic layers of
elemental Se. These three peaks are surface-limited waves, qualitatively similar
to the UPD peaks observed during reduction of metals on high work function
substrates. Peak C4 corresponds to the bulk deposition of Se and peak C5 to
the reduction of adsorbed Se(0) to Se(–II), which then undergoes a conpropor-
tionation reaction with Se(IV) in solution, leading to the chemical formation
of Se(0).

In atomistic growth processes of compounds, the first deposited atomic layer is
rather the most critical, as that element is depositing on a foreign substrate, and
the formation of an adatomic layer partially or wholly covering a foreign surface
is the step preceding the nucleation and growth of a new phase. Stickney and co-
workers [83], in their study of the Se UPD on Au(100), examined three different
methods for forming electrochemically ordered atomic layers of Se, namely (a) the
underpotential reduction of Se(IV) species (e.g., HSeO3

–) to elemental Se; (b) the
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anodic stripping of a previously deposited thin film of bulk Se, and (c) the cathodic
stripping of bulk Se to Se2–.

Studies of the adatomic structures resulting from the previous methods revealed
four distinctly different stable Se configurations on Au(100), all of which could be
considered monolayers, as none was more than a single Se atom thick. The sequence
of structures was found to involve the formation of a 1/4 coverage (2×2) followed by
a (2×√

10) at 1/3 coverage and then a c(2×2) at 1/2 coverage. In addition, Se8 rings
were observed to form, much the same as S8 rings previously observed for sulfur
adsorbed on Au surfaces. At coverages near 0.7, these Se8 rings begin to coalesce
into a nearly complete monolayer of Se atoms, but with systematic absences, which
roughly correspond to the initial holes in the rings. This structure appeared to have
an average unit cell which could be described as (3×√

10).
It has been illustrated further [84, 85] that UPD of Se on Au(111) results in

a surface composed of domains of two structures: a (
√

3×√
3)R30◦ structure at

1/3 coverage and a close-packed layer of square Se8 rings (Fig. 4.8). The Se8 ring
structure consists of three domains, each rotated by 120◦. Formation of a single
structure homogeneously covering the whole surface was proven difficult due to the
kinetics of the UPD process. Subsequent deposition of a Cd atomic layer resulted in
the formation of a CdSe structure with a (3×3) unit cell and 4/9 coverage of both
Cd and Se. The unit cell and coverages were accounted for by a slice out of the bulk
wurtzite structure for CdSe laid onto the Au(111) substrate, with twice the surface
lattice constant for CdSe matching up with three times the Au interatomic spacing.

a b

Fig. 4.8 Proposed structures for Se, on Au(111): (a) (
√

3×√
3)R30◦ at 1/3 coverage; (b) domain

structure of Se8 molecules. (Adapted from [85])
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STM studies of the Au(110) surface indicated that only the Se (2×3) structure
was formed at coverages much below one monolayer and that it was formed homo-
geneously. At monolayer and higher coverages, a honeycomb structure composed
of chains of Se atoms was observed, which at still higher coverages filled in to
complete a second Se layer.

UPD of selenium has been studied also on polycrystalline platinum, in aqueous
HClO4 solutions of SeO2 by employing cyclic voltammetry, rotating-ring-disk-
electrode (RRDE), and electrochemical quartz crystal microbalance (EQCM) tech-
niques [86]. A mechanism for Se monolayer UPD was proposed, consisting in the
transfer of four electrons to each Se adatom and the occupation of two active Pt sur-
face sites by each Se. The simultaneous adsorption of non-electroactive molecules
such as water and ClO4

– on the Se monolayer, as well as the formation of platinum
oxide, was detected. An older investigation on the voltammetric behavior of sele-
nium in sulfuric and perchloric acid electrolytes on single-crystal Pt basal planes
and Pt(332) and Pt(755) stepped surfaces describes the irreversible adsorption of
the element [87].

Numerous works have been implemented on tellurium electrochemistry and its
adsorption at metal surfaces. The morphological structures of electrodeposited Te
layers at various stages of deposition (first UPD, second UPD, and bulk deposition)
are now well known [88–93]. As discussed in the previous paragraphs, Stickney
and co-workers have carried out detailed characterizations of the first Te monolayer
on Au single-crystal surfaces in order to establish the method of electrochemical
atomic layer epitaxy of CdTe.

The use of chalcogen-modified surfaces for subsequent deposition of a metal in
order to form a metal chalcogenide phase has been addressed by Rajeshwar and
co-workers, as exemplified originally by the cathodic reduction of a sulfur-modified
polycrystalline Au support for the direct generation of iron sulfide (FeS2) [94]. In
this method, the first step was the formation of sulfur adlayers on the Au support
surface by potentiodynamically controlled sulfur UPD and stripping, in a sulfide ion
solution. Then, in the presence of Fe2+ in solution, a thin film of FeS2 was formed in
the potential domain of sulfur adlayer electroreduction to polysulfide species. The
binary compound (actually two different solid phases of the compound) was seen
to precipitate onto the support electrode structure, upon surpassing its solubility
product. The overall reaction scheme for this process was considered to comprise
the reactions

Au-S/Sn + 2e− → Au-S/S2−
x (x = 2 to n)

Au-S/S2−
x + Fe2+(aq) → Au-S/FeSx(s) (x ∼ 2)

As an illustrative example of this method for electrochemical synthesis of sul-
fide compounds consisted in utilizing a sulfur-modified metal surface as a template
for the electrodeposition of metal sulfide films, Tacconi and Rajeshwar described
the first attempt to obtain all-electrodeposited indium sulfide thin films, by a dual
bath procedure [95] (cf. conventional deposition of indium chalcogenides). The
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Fig. 4.9 Schematic illustration of the electrosynthesis procedure using a sulfur-modified gold
electrode and alternating exposure to indium- and sulfide ion containing aqueous baths. (a) A
polycrystalline gold surface is first modified with a sulfur layer. (b) Indium is plated onto this
layer forming indium sulfide. (c) Indium continues to deposit atop the indium sulfide layer. (d)
Transfer back to a sulfide ion containing bath results in the sulfidization of the residual indium
sites. (Reprinted from [95], Copyright 2009, with permission from Elsevier)

method, depicted in Fig. 4.9, was illustrated as follows: multiple (nominally, tens of
monolayers) layers of sulfur are first potentiostatically grown on a polycrystalline
gold electrode surface from a Na2S/Na2SO4 aqueous solution. The electrode is then
transferred to an indium ion containing acidic (pH 2.5) HCl/In2(SO4)3 electrolyte,
where UPD of indium takes place. This results in the formation of an initial indium
sulfide layer that has a “catalytic” effect in further deposition of (metallic) indium on
the top of it. Finally, the transfer back to the sulfide medium and sulfidization of the
incipient indium surface sites yields an indium sulfide film atop the polycrystalline
gold support. The product was shown to be photoelectrochemically active n-type
indium sulfide, which was assumed to comprise the β-In2S3 defect spinel structure.

The UPD of metals onto the surface of chalcogens can be performed not only
electrochemically but chemically, i.e., through the use of appropriate redox pairs
in solution. Such an approach has been demonstrated by the electroless UPD of
bismuth(III) onto the Te surface using the titanium(III)/(IV) redox pair in aqueous
solution [96].

Recent considerations of metal UPD on semiconductor surfaces suggest that
light-assisted processes gain much significance in the relevant technology. The
use of photoinduced UPD as an approach for the preparation of compounds and
composite semiconductors either in thin films (layered structures) or in particulate
suspensions is a challenging issue that will be outlined promptly.

Rajeshwar and co-workers performed “photocatalytic underpotential deposition”
of Cd and Pb onto the surface of Se-modified TiO2 particles to prepare CdSe/TiO2
and PbSe/TiO2 composites [97, 98]. The Se-modified TiO2 particles were prepared
themselves by UV illumination of titania particles in a Se(IV)-containing aqueous
solution. The photocatalytic UPD of Cd and Pb on the bare TiO2 surface was found
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to be either kinetically sluggish (Pb) or thermodynamically unfavorable (Cd), but
in the presence of the selenium layer it was made possible. Detailed characteri-
zation and model simulations of Se-modified TiO2/electrolyte junctions were also
performed [99].

The preparation of immobilized CdTe nanoparticles in the 30–60 nm size range
on a Te-modified polycrystalline Au surface was reported recently by a method com-
prising combination of photocathodic stripping and precipitation [100]. Visible light
irradiation of the Te-modified Au surface generated Te2– species in situ, followed
by interfacial reaction with added Cd2+ ions in a Na2SO4 electrolyte. The resultant
CdTe compound deposited as nanosized particles uniformly dispersed on the Au
substrate surface.

The implications of the lead UPD onto chalcogen-modified electrodes have been
investigated by Streltsov and co-workers. In one work [101], Pb UPD onto amor-
phous Se (a-Se) was used to produce nanocomposite films consisting of nanosized
PbSe clusters distributed throughout the a-Se matrix. The a-Se sublayer was elec-
trodeposited at constant potential, under illumination, on Au foil electrodes, from
acidic SeO2 bath at ambient conditions. Then, lead-doped Se was produced by the
metal UPD on the foremost Se layer from a solution containing Pb(NO3)2. Lead
doping resulted in a change of the electronic properties of the Se substrate, man-
ifested by an increase of the charge transfer efficiency both in the film bulk and
through the Se/electrolyte interface. This translated to a catalytic effect on Pb UPD
in the dark, so that additional submono- and monolayers of PbSe could be readily
deposited on the Se(Pb) electrodes. It was argued that modification of the Se surface
both with Pb adatoms and PbSe clusters gives rise to electron surface states located
in the Se band gap near the valence band edge. Rapid electron exchange between
these surface states and the valence band facilitates the dark anodic and cathodic
processes that are retarded at the unmodified Se surface due to the presence of a
wide space charge region hindering electron transfer. Actually, photoinduced UPD
of a Pb monolayer can take place much more readily. Upon illumination of the
Se electrode, a significant UPD shift (up to 800 mV) occurs for Pb, while concur-
rently Se photocorrosion in the Pb(II)-containing solutions results in the formation
of PbSe clusters on the Se electrodes [102]. The driving force of both the dark and
photoinduced UPD of lead is the formation of strong chemisorption bonds of the
Pb adatoms with Se atoms situated at the surface of Se or PbSe particles. The local
environment of the Pb adatoms influences their energy state as indicated by the fact
that the Pbad on Se are oxidized at more positive potentials than those on PbSe.

The UPD and anodic oxidation of Pb monolayers on tellurium was investi-
gated also in acidic aqueous solutions of Pb(II) cations and various concentrations
of halides (iodide, bromide, and chloride) [103]. The Te substrate was a 0.5 μm
film electrodeposited in a previous step on polycrystalline Au from an acidic
TeO2 solution. Particular information on the time–frequency–potential variance
of the electrochemical process was obtained by potentiodynamic electrochemical
impedance spectroscopy (PDEIS), as it was difficult to apply stationary techniques
for accurate characterization, due to a tendency to chemical interaction between
the Pb adatoms and the substrate on a time scale of minutes. The impedance
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spectroscopy revealed that the Pb UPD on Te comprises an irreversible process,
a conclusion supported also by voltammetric measurements. In investigating the
effect of halide addition in the electrolyte, the researchers found that iodide has
the most pronounced effect as stabilizing the UPD monolayer of Pb against anodic
oxidation.

Streltsov and co-workers [104] reported the photoelectrochemical deposition of
PbSe and CdTe nanoparticles onto p-type Si(100) wafers or porous SiO2 layers
[grown thermally on p-Si(100)] from aqueous solutions containing the bivalent
metal cations and the H2SeO3, H2TeO3 acids. Deposition was performed at constant
cathodic potentials positive to the reversible metal redox values (UPD). It was shown
that the UPD of Pb (or Cd) occurs only onto the co-deposited Se (or Te) atoms due
to electrons photogenerated in the silicon substrate. Depending on the duration of
electrodeposition, distinct chalcogenide particle clusters or polycrystalline film-like
layers were obtained on the Si substrates. The PbSe particles formed at ambient con-
ditions were XRD crystalline, whereas crystalline CdTe nanoparticles were obtained
only after heating the electrolyte up to 80 ◦C. The average size of the chalcogenide
particles obtained onto p-Si(100) was from 50 to 200 nm for PbSe and 30–80 nm
for CdTe. The same group studied the mechanism of PbSe electrocrystallization
onto n-type Si(100) wafers from similar baths in terms of the charge transport in the
n-Si/PbSe/electrolyte system [105]. Electrocrystallization of PbSe on silicon was
observed to occur at more negative potentials than on metal substrates due to the
semiconductor nature of Si. According to the researchers, initially 3D Pb and Se
nuclei are simultaneously deposited at potentials more negative than the flat band
potential of the Si substrate and interact chemically to yield PbSe. Upon formation
of the n-Si/PbSe heterostructure, the overvoltage of bulk lead deposition increases,
so that further growth of PbSe onto the previously formed nuclei is realized by UPD
of Pb and overpotential deposition (OPD) of Se. It was noted that electrodeposition
of PbSe on n-Si is irreversible, i.e., anodic stripping does not take place in the dark
due to the barrier on the solid interface; oxidation of PbSe on n-Si can be observed
only under illumination, when photoholes are generated in the n-Si substrate. We
note that PbSe/Si structures have been investigated mostly as produced by MBE,
vacuum evaporation, liquid-phase epitaxy (LPE), and pulsed laser deposition. In
fact, direct epitaxy of rock salt PbSe on faceted Si substrates is rarely used due to
a large lattice mismatch (11.9%) and also thermal expansion mismatch that causes
strains in the PbSe layer when the substrate is cooled from the growth tempera-
ture down to room temperature. To achieve good epitaxial growth, CaF2 and BaF2
are commonly used as intermediate layers to mitigate the lattice mismatch between
PbSe and the Si substrate.

A similar procedure has been used to cathodically deposit lead telluride, PbTe,
onto n-Si(100) wafers from an acidic electrolyte containing Pb(II) and Te(IV)
species at ambient conditions [106]. Rock salt PbTe particles with size from 80 to
180 nm were obtained, distributed randomly on the Si substrate. The mechanism of
PbTe nucleation was considered to involve OPD of 3D islands of tellurium followed
by lead UPD. The barrier for anodic current formed at the n-Si/PbTe interface ren-
dered the deposition of PbTe irreversible, although high-efficiency photooxidation
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of PbTe could be realized allowing the creation of semiconductor patterns on n-Si
by means of selective oxidation at illuminated areas of the electrode surface.

By utilizing the principles of photoelectrochemistry, semiconductor particulate
systems, i.e., colloidal semiconductors, have been developed to be used as pho-
tocatalysts. In this connection, metal chalcogenides receive considerable attention
because of their photocatalytic activity under visible light irradiation. We will refer
here to a recent synthesis example involving photodeposition of In2Se3 and CdSe in
a colloidal system using a Se electrode precursor [107]. Nanoparticles of these com-
pounds with average sizes from 40 to 80 nm were synthesized in acidic solutions
of the corresponding metal nitrates by a photoelectrochemical technique compris-
ing the illumination of Se electrode at a cathodic potential more positive than the
redox potentials of the metals. Selenium film electrodes were prepared by galvano-
static deposition of Se onto suitably treated Au foil from an aqueous solution of
selenite. The nanoparticles were obtained both at the Se cathode surface and in the
electrolyte bulk as a result of interactions between metal ions (Men

+) and H2Se
generated photoelectrochemically (Fig. 4.10).

The localization of the chalcogenide nanoparticles was influenced mainly by the
concentration of the metal ions in the electrolyte. At metal ion concentrations below
0.01 M, the In2Se3 and CdSe particles were negatively charged because of HSe–

anion adsorption and repulsed from the electrode surface thus forming colloidal
solutions. At metal ion concentration above 0.01 M, selenide particles were posi-
tively charged because of Men

+ adsorption. The positive charge did not allow them
to leave the negatively charged electrode surface, which resulted in the formation of
Se/MexSey heterostructures.

A novel method called pulsed light assisted electrodeposition (PLAE), involv-
ing the alternate depositions of two elements to form a compound semiconductor,
one by electrochemical and the other by photoelectrochemical deposition, should
be referred to in this context. Takahashi et al. [108] suggested that high-quality

Fig. 4.10 Scheme of (a) colloid solution formation; (b) selenides particles deposition onto the
electrode surface. (Reproduced from [107], Copyright 2009, with permission from Elsevier)
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Fig. 4.11 Schematic representation of the pulsed light assisted electrodeposition of CdTe. (a)
Deposition of one Te monolayer in the dark; (b) deposition of one Cd monolayer under illumi-
nation. (Reproduced with permission from [108], Copyright 2009, American Institute of Physics)

and highly oriented epitaxial CdTe films can be grown by electrodeposition onto
p-Si(111), assisted by pulsed light, as schematically illustrated in Fig. 4.11.

The deposition takes place from HTeO3
2– and cadmium–EDTA complex solu-

tions at a potential whereat, whilst Te is deposited from HTeO3
2– under a diffusion-

limited condition, the Cd–EDTA complex ion is not reduced to metallic Cd. The
first step is the “dark” deposition of one monolayer of elemental Te on the p-Si
substrate (Fig. 4.11a, i). After completion of this step, as specified by measuring
the charge passed, the electrode is illuminated by light with energy higher than the
band gap energy of silicon for a limited time. Then conduction band electrons are
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generated, which are energetic enough to reduce the Cd–EDTA complex to Cd, so
that a cathodic current due to the Cd deposition flows in addition to the cathodic
current due to the Te deposition (Fig. 4.11b, ii). The current is controlled by the
light intensity and is generally quite higher than for the Te-alone deposition in the
dark. Therefore, although Te deposition still takes place under illumination, it can
be neglected in comparison with Cd deposition that preferentially occurs on the Te
sublayer. The illumination is stopped after the one monolayer of Cd is deposited,
which can be determined again by measuring the charge passed. The Te deposi-
tion then proceeds on the deposited Cd layer in the dark. These processes should
be repeated until the Cd/Te film of the desired thickness is formed. The researchers
note that CdTe is expected to be formed by the solid-state reaction.

4.4 Electrodeposition of Nanostructures: Size-Quantized Films
on Metal Substrates

Thin film coatings of nanocrystalline semiconductors, as collections of quantum
dots (QD or Q-dot) attached to a solid surface, resemble in many ways semicon-
ductor colloids dispersed in a liquid or solid phase and can be considered as a
subsection of the latter category. The first 3D quantum size effect, on small AgI and
CdS colloids, was observed and correctly explained, back in 1967 [109]. However,
systematic studies in this field only began in the 1980s.

Size quantization in films of nanocrystalline semiconductors has been demon-
strated for many different semiconductors, but a large part of the published work
has concentrated, at least originally, on CdSe and CdS. Hodes and co-workers [110,
111] established for the first time a 3D quantum size effect in a coherent film, as
exemplified by chemically deposited (CBD) cadmium selenide, and discussed the
implications of this effect when found in a thin film as contrasted with colloids
and loose aggregates. Size quantization was manifested in the large blue shifts of
the optical transmission (absorption) spectra for films with very small crystallites
(normally 4–8 nm) due to charge localization in individual crystals; conversely, red
shifts of the optical spectra of the films could be correlated with an increase in crys-
tal size. The charge localization clearly implied an electronic isolation between the
particles, most probably due to a surface potential arising from a surface insulating
layer, unlike the normal intergrain potential barrier between crystallites in a poly-
crystalline material, resulting from a space charge layer in the crystallites. The CBD
CdSe layers, precipitated on glass microscope slide and Ti metal substrates, were
compared to CdSe films electrochemically deposited from the same bath [aque-
ous, alkaline, pH 8–10, solution of Na2SeSO3, CdSO4, and sodium nitrilotriacetate
N(CH2COONa)3] on SnO2-coated glass. The electrodeposited samples represented
“normal” CdSe, possessing properties similar to the large-grained or single-crystal
material with a room-temperature band gap of 1.73 eV. However, the chemically
deposited layers presented varying blue-shifted band gaps with respect to the normal
value, as was established by transmission and photoluminescence spectra. Visually,
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a striking difference between CBD and normal CdSe was the change in color of the
former and the range of different colors which could be prepared reflecting the vary-
ing absorption characteristics. The possibility of direct electrochemical potential and
current measurements of (photo) electrochemical reactions on small semiconductor
particles was noted in particular.

The same group has investigated all-electrochemical protocols to deposit
nanocrystalline semiconductor films exhibiting quantum size effects on noble metal
substrates in non-aqueous baths. It was demonstrated originally that wurtzite CdSe
nanocrystals can be epitaxially electrodeposited from hot DMSO solutions on a
{111}-textured gold substrate [112]. The nanocrystals were shown by TEM to be of
∼5 nm in lateral dimensions and of a similar height. Their distribution, i.e., as iso-
lated nanocrystals or aggregates, could be controlled by varying the deposition time,
current density, and temperature. A clear (3×3) structure was observed (TEM) cor-
responding to only a –0.6% expansion of the CdSe lattice. The CdSe particles were
oriented with their basal, (00.1), plane parallel to the (111)Au surface and possessed
a uniform azimuthal orientation on the Au single-crystal grains. Thereby, the epi-
taxy was attributed to the close lattice match between the relevant spacings, that is
d{110}Au and a0 for wurtzite CdSe, taken in a 3:2 ratio (Fig. 4.12). The epitaxial
relationship was investigated and confirmed subsequently by high-resolution elec-
tron microscopy imaging and optical diffraction from HREM images [113]. Very
few (if any) lattice imperfections were identified in the nanocrystals. Note that in the
present case, lattice match is more favorable than for CdS; the previously reported
[38] (3×3) CdS structure on Au(111) corresponded to a 4% expansion of the CdS
lattice. In thicker layers, though, with the CdSe particles not in direct contact with
the Au substrate, both the epitaxy and the homogeneous size distribution were lost.

It is well known presently that under certain conditions self-assembled nanocrys-
tal QDs may nucleate spontaneously when a material is grown by an atomistic

a b[0001]
CdSe basal plane

{111} section
of Au lattice

〈110〉Au

CdSe a-direction

ao (CdSe) d {110} Au

Fig. 4.12 (a) CdSe wurtzite unit cell; (b) schematic illustration of a hexagonal (wurtzite) CdSe
basal plane on a (111) section of the gold lattice, emphasizing the 2:3 lattice match. Note the [111]
Au//(0001)CdSe orientation, with the CdSe a-directions aligned along the (110)Au. The outlined
rhombus indicates the projection of a CdSe unit cell. (Adapted from [112])
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technique (e.g., MBE, MOVPE) on a substrate to which it is not exactly lattice
matched. In fact, the resulting strain produces coherently strained islands, usually
on top of a 2D “wetting” layer, by a Stranski–Krastanov mode of growth (2D–3D
transition). Along this line, Hodes and his group, based on XRD and Raman spec-
troscopy results, which indicated that epitaxial QDs on Au are coherently strained,
suggested that relaxation of mismatch-induced strain energy was the driving force in
the CdX/Au system for the transition from 2D heteroepitaxial growth to aggregates
of 3D QDs. Experiments on the control of QD size by “misfit tuning” in Cd(Se,Te)
QDs on Au supported this finding [114]. The mismatch tuning was accomplished by
systematic incorporation of very small amounts of Te into the CdSe QDs, by using
a straightforward and easily controlled electrochemical procedure. Thereby, quan-
tum size effects (e.g., variations of the band gap with QD size) could be studied
almost independently of chemical composition, since the QD size-control mecha-
nism required only minute changes in their Te/Se content ratio. It was found that
increasing the lattice parameter of “CdSe” QDs by incorporation of Te in the lattice
led to reduced mismatch with the (111)Au substrate and lower mismatch-induced
strain during QD growth, hence to larger QD size. Conversely, partial substitu-
tion of Cd by Zn (smaller atomic radius) had the opposite effect, i.e., increased
mismatch and larger strain during growth, resulting in smaller QDs. Alternatively,
a substrate crystal with larger mismatch was used in order to increase the strain,
namely single-crystal {111} Pd, affording a 4.1% mismatch for the 3:2 ratio [115].
In this case, electrodeposition resulted in diffraction-amorphous CdSe (a-CdSe)
nanoparticles, with no apparent size limitation, on top of an ultrathin CdSe film,
both comprising extremely small (typically 1 nm) ordered CdSe clusters (QDs) in
an amorphous CdSe matrix [116]. These “amorphous” CdSe QDs, reported for the
first time, were found to exhibit the same short-range order as the crystalline QDs
on Au and consisted of < 2.5 nm ordered domains showing a preferred epitaxial
relationship with the Pd substrate. Preliminary results of photoelectrochemical mea-
surements indicated that the nanoparticles responded as QDs, showing a blue shift
in their energetic gap. It was argued that amorphous QDs are of special interest
with respect to the optical and electronic properties expected in highly localized
amorphous nanostructures.

Although lattice mismatch plays a major role in the QD size-control mechanism,
deviations of the expected behavior were observed in some cases that were attributed
to differences in surface energy and in chemical interactions at the QD/substrate
interface. For instance, a rock salt CdSe structure was found to form in the early
stages of nanocrystals’ electrodeposition from a DMSO solution onto a Cd–Au alloy
substrate [117]: this metastable octahedral phase is normally stable only under high
pressures, and its lattice parameter, although depending on pressure, is typically
5% smaller than those of the CdSe wurtzite or zinc blende tetrahedral structures.
Formation of this phase was thought to be related to the strong interaction between
CdSe and Cd–Au and to the compressive surface tension forces of the very thin
crystals. Given these complications, and in order to establish the role of the lat-
tice mismatch in determining the QD growth mode, this should be separated from
the chemical interaction factor, as any modification adjusting the lattice parameter
normally involves a parallel chemical change. This separation was implemented by
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mechanically straining the Au substrate via a mica support and depositing CdSe
QDs on the strained Au, so that the lattice mismatch between Au and CdSe could
be varied without affecting the chemistry at the QD/Au interface [118].

In subsequent works, the nature of the anion of the Cd precursor salt dissolved in
the electrolyte was included among the factors that had been identified as control-
ling the QD size. In particular, the particle dimensions in nanocrystalline CdSe and
CdS – electrodeposited galvanostatically from DMSO solutions of elemental Se or
S, and a Cd salt, on soda-lime glass coated with conductive tin oxide (NESA glass) –
was shown to depend on the anion of the Cd salt [119]. Adsorbing anions resulted in
smaller dimensions than non-adsorbing ones. Specifically, the particle size in CdSe
and CdS films deposited from baths containing CdCl2 was smaller than that from
baths containing Cd(ClO2)4. Since chloride is a relatively strongly adsorbing anion
while perchlorate is a weakly adsorbing one, this suggested that the Cl ions acted as
a capping agent on the growing CdSe and CdS. The same effect was obtained if the
adsorbing anion was added as a non-Cd salt to the deposition solution. The presence
of alkyl phosphine, a strong adsorbent to CdSe and CdS, induced even smaller crys-
tal sizes. The effect was attributed to capping of the growing crystals that prevented
their continued growth. Further evidence for this mechanism of size limitation was
obtained with electrodeposition of CdTe QDs as will be discussed promptly.

Size quantization of electrochemically or chemically deposited CdTe is more dif-
ficult to obtain than for CdS and CdSe due to the lack of suitable tellurium source;
hence, few related works have been published. The organic electrodeposition tech-
nique used to deposit nanocrystalline CdSe and CdS has not been successful in
depositing similar films of CdTe, as it was not possible to dissolve any apprecia-
ble amount of elemental Te in DMSO. Most other methods of electroplating CdTe
using aqueous TeO2 baths or organic TeCl4 baths result in crystallite sizes of at least
20 nm, hence no size quantization would be expected (the Bohr diameter for CdTe,
which indicates this critical size, is ca. 15 nm). However, an older work on CdTe
electrodeposition [120], where tri-n-butylphosphine (TBP) was used to complex ele-
mental Te in propylene carbonate solution, did suggest smaller crystal sizes; the as-
deposited films were reported to be amorphous, and even after annealing at 400 ◦C,
the crystal size was only 50 nm. Using a simplified version of this technique, Mastai
and Hodes [121] attempted the electrodeposition of nanocrystalline CdTe films from
DMSO solutions containing TBP telluride as a Te source, and cadmium perchlorate,
at 100 ◦C. The phosphine was found to play a double role, enabling dissolution of Te
in the organic electrolyte and acting as a capping agent for the CdTe crystals, result-
ing finally in crystal sizes of few nanometers. The as-obtained films contained about
5–10% Te excess and exhibited small blue shifts (0.1–0.2 eV) in their optical spec-
tra. XRD and SEM characterization suggested a typical crystal size of 8 nm but with
a very large size and shape distribution. Pulse reverse plating was used to improve
the film stoichiometry, and almost stoichiometric films with average crystal sizes
from 4 to 7 nm were obtained, showing even 0.8 eV shifts over the bulk gap, i.e.,
an energetic band gap of 2.3 eV. Annealing of the films resulted in gradual crystal
growth and corresponding spectral red shifts until the bulk band gap was reached.
XPS showed phosphorous incorporation in the films. The small crystal size was
attributed to capping of the depositing CdTe by strongly adsorbed phosphine groups
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and could be controlled by the duty cycle of the plating pulsed current: a longer
off-time allowed more efficient capping and therefore smaller nanocrystal size.

For a detailed insight into the work briefly outlined in the last paragraphs, the
reader should consult the expert account of Hodes and Rubinstein, concerning
research results up to 2000 [122].

A novel, electrochemically assisted method of obtaining semiconductor quan-
tum dots supported on a surface has been introduced by Penner and his group [123].
It comprised a hybrid electrochemical/chemical (E/C) process consisting of elec-
trochemical deposition followed by chemical modification and it was described as
a general, rapid, and low-cost solution-phase method for synthesizing supported
Q-dots of metal salts.

The E/C synthesis, as exemplified originally for the systems β-CuI and CdS [124,
125], involved three steps: first, metal nanocrystals (e.g., Cd) of narrow size distribu-
tion are electrochemically deposited on a graphite surface from an aqueous solution
containing the metal ion (Cd2+); second, these particles are oxidized either chemi-
cally or electrochemically, thereby transforming, e.g., into Cd(OH)2 particles; and
finally, the hydroxyl (OH–) is displaced with another anion (e.g., sulfide, S2–) to
yield nanoparticles of the compound (CdS). The conversion from metal to metal
(hydro-)oxide and then to metal salt occurs on a particle-by-particle basis, so that
each metal nanoparticle is converted into a semiconductor nanoparticle. In fact, in
a single E/C synthesis operation one metal salt particle is produced for every metal
nanoparticle that was formed on the graphite surface during the first step. The proce-
dure is illustrated in the scheme of Fig. 4.13, regarding in particular the preparation
of CdS single particle or core–shell nanostructures.

Fig. 4.13 Electrodeposition of Cd nanoparticles on the graphite surface is followed by electro-
chemical oxidation and conversion of the oxidized intermediate to CdS or core–shell sulfur–CdS
particles. (Reproduced from [125])
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The primary goal of the researchers has been to produce Q-dots possessing all of
the attributes of the Q-dots prepared using liquid-phase synthetic methods (that is
adjustability of the nanocrystal identity and diameter and size monodispersity) and
also the technological utility of Q-dots prepared by MBE (specifically, the deposi-
tion of nanocrystals with a defined orientation and an electrical output contact). It
was shown that the E/C-synthesized β-CuI and CdS Q-dots were indeed epitaxial
with narrow size distribution and strong photoluminescence tunable by the particle
size. One of the advantages of the E/C method is that it can be made size selective.
The key point is that the size as well as the size dispersion of product nanoparticles
are directed actually by the corresponding properties of the metal nanoparticles;
therefore the first deposition step assumes special importance.

4.5 Directed Electrosynthesis

In the previous two sections, several instances were given of spatially directed or
localized growth of semiconductors on metal substrates. Such would be considered,
for example, the hybrid E/C synthesis technique of Penner [123], as involving a
predetermined distribution of active sites for deposition, or the method of Rajeshwar
[97] using Se-modified TiO2 as chemical template for the subsequent photoas-
sisted deposition of metal selenide on the oxide surface. Directed synthesis aims
to obtaining materials with prescribed properties and can be attained in effect by
using building units with determined characteristics. For example, shape control
of nanocrystals may afford efficient 1D electrical transport, which would prove
essential for the effectiveness of solar photovoltaic devices built from nanostruc-
tured active components (Fig. 4.14); or, fabrication of “core–shell” semiconductor
Q-dot structures, with the shell material having a larger band gap, may provide for
emission of bright fluorescence at wavelengths determined by the size of the core –
such is the case of CdS/ZnS core–shell nanocrystals that can be made to emit in
the 460–480 nm range, hence making up blue-light emitters for display applications
[126].

Fig. 4.14 SEM micrograph of CVD nickel-coated carbon microfibers (INCOFIBER R© 12K20)
before (a) and after (b) the cathodic electrosynthesis of ZnSe on their surfaces (the scale bar is
8 and 10 μm, respectively). Such low-dimensional substrates find application in new-generation
photovoltaic solar cells, chemical/biological sensors, and light-emitting devices. (Reprinted from
[127], Copyright 2009, with permission from Elsevier)
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Spatially directed synthesis implies control of film growth in the lateral dimen-
sion and often necessitates the use of an appropriate template defining the areas
where nuclei of a new phase can be formed on the substrate surface, inhibiting the
rest of the portions of it. Such templates can be either physical, e.g., porous alu-
mina membranes (next section) and self-assembled latex sphere arrangements, or
chemical, e.g., islands of a suitable reagent supported on an electrode, which can
be used to direct subsequent growth to targeted areas (often under light assistance),
and molecular templates [127].

Colloidal assemblies of monodisperse silica and polystyrene spheres have
attracted much attention as physical templates for making photonic materials,
because of their size tunability and 3D structure allowing for embedding nanometer-
size clusters in such a way as to provide a high density of light-emitting centers
[128, 129]. Such template structures can be built up layer by layer through con-
ventional lithography, but processing difficulties limit the formation of more than
a few layers. Electrophoretic deposition has been shown to be a suitable method
to induce a layer-by-layer aggregation of monodisperse metal and latex particles
[130]. Rogach et al. [131] grew colloidal latex crystal layers by electrophoretic
deposition on ITO/glass supports from aqueous ethanol emulsions of monodisperse,
submicrometer-sized, negatively charged polystyrene spheres. They demonstrated
further that electrophoretic deposition can be used as well for the impregnation
of these assemblies with luminescent CdTe nanocrystals synthesized chemically in
aqueous solution. Such colloidal photonic crystals (artificial opals) present a high
refractive index contrast, along with a band gap in the visible/near-infrared spec-
trum. Promising materials for photonic applications, such as CdS and CdSe, are
very reluctant to form 3D microstructures by traditional techniques. Considering
that electrodeposition should be an ideal way to fill topologically complex struc-
tures (as it starts from deep within the structure and then grows out toward the
exposed surfaces, thus filling the interstitial space completely), Braun and Wiltzius
[132] showed that these semiconductors can be grown in the form of 3D microp-
orous structures, suitable for photonic applications, by electrochemical deposition
within colloidal polystyrene templates.

Molecular templates in the form of self-assembled monolayers (SAMs) are
known for their application in molecular recognition of certain sizes, but consti-
tute also an attractive approach to spatially directed semiconductor growth. SAMs
formed on electrode surfaces can be used for obtaining highly ordered arrays of
Q-dots by electrochemical techniques. A template is created by causing an ionic
reaction at an electrolyte–metal interface resulting in the spontaneous assembly of
nanostructures on the metal, which then can be used as a mask for mesa-etching
or deposition. Choi et al. [133] described electrochemical preparation of CdSe
nanoparticles in the cavities of thiolated b-cyclodextrin, a template molecule which
forms a well-defined SAM on gold electrode surface. A two-step electrosynthesis
method was used, similar to that developed earlier by Tacconi and Rajeshwar [95],
based on initial deposition of Se on the SAM-modified gold electrode at an appro-
priate potential, and subsequent reductive stripping of Se to HSe– in a Se(IV)-free
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solution containing Cd2+, to produce CdSe. According to SEM imaging, Se0 and
CdSe particles of smaller than 60 and 150 nm diameter, respectively, were deposited.
Patterned self-assembled monolayers of alkanethiolates on silver have been used
also as templates to make ordered 2D arrays of solid CdS nanoclusters [134]. The
CdS was grown by ECALE inside the sub-micrometric stripes of hexadecanthiol
SAM fabricated by microcontact printing.

4.5.1 Porous Templates

Physically templated synthesis on a surface is a method of preparing materials
within the pores/voids of a matrix substrate consisting typically of cylindrical
tubules of uniform diameter. Organic and inorganic porous matrices in the form
of membranes or sheets with various thicknesses, and with pore dimensions in the
order of few nm to some hundred nm or a few microns, have been used in order to
template the growth of desired structures. Extremely uniform template pores with
almost any diameter are obtainable presently, so that highly regular and dimen-
sionally uniform (i.e., monodisperse) structures can be synthesized by deposition
of materials in such matrices. In this manner, arrays of, e.g., mesoscopic clusters
(2–50 nm) can be fabricated for various purposes. Depending on the filling mate-
rial and the chemistry of the template pore wall, solid or hollow cylinder arrays
may be obtained, e.g., nanofibrils or nanotubules, respectively. After the pore fill-
ing/impregnating procedure, the target material may be freed from the template as a
stand-alone structure or collected. Alternatively, an ensemble of uniform structures
that protrude from a surface may be obtained.

Chemical and electrochemical techniques have been applied for the dimen-
sionally controlled fabrication of a wide variety of materials, such as metals,
semiconductors, and conductive polymers, within glass, oxide, and polymer matri-
ces (e.g., [135–137]). Topologically complex structures like zeolites have been used
also as 3D matrices [138, 139]. Quantum dots/wires of metals and semiconduc-
tors can be grown electrochemically in matrices bound on an electrode surface or
being modified electrodes themselves. In these processes, the chemical stability of
the template in the working environment, its electronic properties, the uniformity
and minimal diameter of the pores, and the pore density are critical factors. Typical
templates used in electrochemical synthesis are as follows:

(i) Filtration membranes that have been prepared by the track-etch method [140].
This method entails bombarding a non-porous sheet (standard thickness range
from 6 to 20 mm) of the membrane material with nuclear fission fragments
to create damaged tracks and then chemically etching these tracks into pores.
The resulting membranes contain randomly distributed cylindrical pores of
monodispersive dimensions. Commercial membranes are available with pore
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diameters as small as 10 nm (pore density ca. 109 pores cm−2) and are prepared
typically from polycarbonate or polyester.

(ii) Porous aluminum oxide films prepared via the anodization of aluminum metal
in strong acids (interchangeably abbreviated as PAA: porous anodic alumina;
AAM: anodic alumina membranes; AAO: anodic aluminum oxide). These
membranes contain cylindrical pores of uniform diameter, ranging from below
10, to 200 nm, regularly arranged in a hexagonal array. Pore densities as high
as 1011 cm−2 can be achieved and typical membrane thickness can range
from 10 to 100 mm, with pore lengths from 1 to 50 μm. The pore diameters
and densities of AAO films can be easily varied by changing the anodization
parameters such as the electrolyte used, its concentration, and the anodizing
voltage [141]. Pores in AAMs have been found to be uniform and nearly
parallel with respect to the surface normal, unlike the track-etch membranes
where the pores are typically tilted. In fact, their isolating, non-connecting
pore structure makes the AAO membranes ideal templates for electrochemi-
cal deposition of monodispersed nanometer-scale structures. In addition, the
optical transparency of the oxide matrix offers the possibility of producing
optoelectronic devices based on semiconductor nanostructures. It is now fea-
sible to produce AAMs with pore sizes on the scale of the Bohr diameters
of bulk semiconductor excitons, suggesting that quantum confinement effects
might be observed in the radial, although not necessarily in the axial, direc-
tion; however, such pore sizes are not readily available with commercial AAO
membranes.

The main constraint in using AAO sheets directly after anodization for electro-
chemical purposes is the insulating, dense aluminum oxide barrier layer separating
the Al metal substrate and the porous portion of the oxide; this imposes a serious
limitation on the use of dc electrodeposition to fill the pores. Further, cracks and
defects in the membrane material are detrimental to growth, especially of nanos-
tructures, since deposition primarily occurs in the more accessible cracks, leaving
most of the nanopores unfilled. In order to perform electrochemical deposition,
the insulating barrier layer is usually removed, and a thin conducting metal film
is then evaporated onto the back of the remaining membrane to serve as the cathode
for plating. It is possible, however, to employ ac (pulse) electrodeposition with-
out removal of the barrier layer, by utilizing the inherent rectifying properties of
the oxide which allow the pores to be filled uniformly without simultaneously
depositing material on the surface or into the macroscopic defects of the mem-
brane; since no rectification occurs at defect sites, the deposition and stripping
rates are equal, and no material is deposited. Hence, the difficulties associated with
cracks are avoided. In this fashion, metals, such as Ag, Co and Fe, and semicon-
ductors, such as CdS, have been deposited into the pores of PAA templates without
removing the barrier layer. Surfactants are used when necessary, to facilitate pore
filling.
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4.5.2 Templated and Free-Standing Nanowires and other Forms

Of the many methods that have been described in the literature for synthesizing
nanowires (NWs), there are just three that permit the preparation of free-standing
metal NWs with lengths of more than a few microns: (1) template synthesis; (2)
fullerene encapsulation; and (3) bulk chemical reduction in micellar solutions.
The concept of using a mesoporous membrane as a template for electroplating
mesoscopic metal fibrils was first demonstrated in 1970 by Possin [142], who
produced metal wires (Sn, In, Zn) with diameters as small as 40 nm and about
15 μm long in an insulating track-etched mica matrix. Since then, electrochemical
methods were utilized broadly to accomplish the formation of highly anisotropic,
aligned metal particle/wire arrays into the pores of a template. The unusual opti-
cal and magnetic properties of the produced structures motivated further work in
the field. Electrodeposition of nanostructures into the pores of nanophase mem-
brane templates has been demonstrated by Martin and co-workers [143, 144] who
studied the optical properties of template-synthesized materials and also prepared
arrays of micro- and nanoscopic electrodes for fundamental and applied electro-
chemistry. Chakarvarti and Vetter [145] presented the first templated synthesis of
semiconductors, in particular semiconductor–metal heterostructures (Se–Cu) and
Se microtubules, by electrodeposition in the etched 2.5 μm pores of a nuclear track
filter.

Patterned arrays/aggregates of semiconductor microcylinders and nanowires
have been electrochemically prepared with the prospect of advancing the fabrica-
tion of optical, electronic, and electrochemical devices, such as diodes, LEDs, LDs,
high-resolution optical detectors, high-definition displays, solar cells, and chemi-
cal sensors. In the last 15 years, most of the work in this direction has involved
electrodeposition within the pores of porous alumina membranes. The II–VI type
compounds, as being especially pertinent to electrodeposition, have been the almost
exclusive object of investigation in this field. The key point in the early works was
that the restricted dimensions of the membrane templates used are found to elim-
inate the fractal-like cauliflower morphology often observed in electrodeposited
II–VI materials. On these grounds, electrodeposition directly into a suitable tem-
plate appeared to be a simple and efficient method of producing semiconductor NW
arrays with well-controlled crystalline structure.

Nanowires of CdS, CdSe, and CdTe have been prepared either by dc or ac
deposition in PAA membranes from aqueous and non-aqueous electrolytes. Klein
et al. [146] were the first to demonstrate the electrodeposition of polycrystalline
chalcogenide NWs in 1993, by producing cadmium selenide/telluride wires into the
0.2 μm pores of Anopore AAO membranes (brand name from Anotech Separations,
Ltd) (Fig. 4.15). Arrays of diodes in which a CdSe segment was electrochemi-
cally grafted onto a gold segment were fabricated. These CdSe/gold NWs showed
rectification, qualitatively as expected for Schottky barriers.

In order to perform the electrodeposition, first a 3 nm layer of Au was sputter-
coated onto one side of the ca. 50 μm thick membrane to form a conductive surface.
A Ni substrate layer was then electrochemically plated on top of the Au, as to
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Fig. 4.15 SEM image of a
CdSe diode array
electrodeposited on a Ni
substrate, using an Anopore
membrane template.
(Reprinted with permission
from [146], Copyright 2009,
American Chemical Society)

completely cover one side of the membrane and partially fill the pores. Cadmium
selenide was deposited using an ac technique from a typical acidic aqueous solution
of selenite. The crystal structure of CdSe was found to be primarily zinc blende,
with a crystallite size in the order of 200–300 nm. After deposition, the mem-
brane was removed by soaking the electrode in caustic soda. Graded CdSe/CdTe
heterojunctions were prepared by initially depositing a predetermined amount of
CdSe within the Anopore template and afterward an equal amount (as determined
by coulometer) of CdTe from a typical aqueous solution of tellurite. The as-
deposited CdTe was non-crystalline. The main conclusion of this work was that
template-restricted growth provides an improved morphology of electrodeposited
semiconductors, although it did not appear to yield enhanced electronic properties
at that point. Pena et al. [147] used a similar approach to synthesize ensembles
of gold/CdSe/gold nanowires that showed photoconductivity. Highly ordered poly-
crystalline CdSe NWs with uniform diameters of about 60 nm were synthesized by
dc electrodeposition in PAA membrane from an alkaline (pH 9) aqueous solution
containing CdCl2 and SeO2 [148]. The CdSe NWs were stoichiometric and adopted
a wurtzite structure after annealing in argon at 400 ◦C.

Routkevitch et al. [149] described the ac electrodeposition technique for fab-
ricating arrays of uniform CdS NWs with lengths up to 1 μm and diameters as
small as 9 nm, directly into the pores of AAO films, from an electrolyte containing
Cd2+ and sulfur in DMSO. Although different in execution, the technique was sim-
ilar in scope to those used by Chakarvarti and Vetter and Klein et al. However, in
the present work the employed membranes contained pores of considerably smaller
dimensions, close to the Bohr diameter of the 1s exciton in CdS, which is estimated
to be approximately 4 nm. The deposited material was found to be hexagonal CdS
with the crystallographic c-axis preferentially oriented along the length of the pore.
On average, the thicker wires (with diameters larger than 12 nm) consisted of a large
number of crystallites in the axial direction and rather few in the radial direction,
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but the thinner wires (with diameters less than 12 nm) were single-crystal struc-
tures. The effects of annealing on the crystallinity of the deposited semiconductor
were investigated. Following the previous method, CdS NWs were obtained in PAA
templates with 10 nm pore diameter and about 1 μm pore length, either by direct
deposition in the pores or after an initial Ag deposition [150]. It was concluded that
CdS grew epitaxially on the silver surface into the pores of the substrate. However,
the epitaxial growth did not continue to the same degree over the length of the wire,
but rather was most efficient closer to the surface.

Actually, the electrochemical template synthesis of CdS nanowires via PAA
membranes is considered to be rather complicated [151], and uniformity of the NWs
when transferred away from the templates is hard to control unless special design
is integrated [152]. In their investigation on the electrochemical fabrication of low-
cost polymer solar cells in ambient environment, Xi et al. [153] showed recently
that vertically aligned CdS nanorods can be grown in a self-assembling manner by
template-free electrochemical deposition. The addition of vertically aligned semi-
conductor nanorods to polymer solar cells was considered important in terms of
improvement of their photovoltaic characteristics, as the interface between a conju-
gated polymer and semiconductor should provide an efficient charge separation for
photogenerated excitons. The nanorods were deposited at constant potential on glass
substrates covered by a 1 nm thick titanium layer and a 10 nm thick gold layer, from
an acidic aqueous (pH 1.8) solution of cadmium sulfate and potassium thiocyanate,
at 70 ◦C. A yellowish film containing CdS nanorods of a wurtzite structure ori-
ented along the [001] direction was observed after several hours of deposition. The
dimension of the nanorods was tailored by experimental conditions with diameter
from 20 to 40 nm and height from 100 to 300 nm. To prepare hybrid films for photo-
voltaic application, the conjugated polymer polybithiophene was deposited into the
nanorod arrays by in situ electrochemical polymerization until the total film thick-
ness reached approximately 200 nm. The film was then covered by an evaporated
Ca/Al metal layer contact. The nanohybrid films with the Ca/Al cathode and Au
anode showed a rectification ratio as high as 103, a large open-circuit voltage of
0.84 V, and a relatively low short-circuit current under white light illumination.

Recently it was reported [154] that CdSe self-assembled nanowires could be
grown electrochemically in template-free and surfactant-free conditions, from a
classical acidic selenite electrolyte on ITO glass at constant current. The morphol-
ogy of the CdSe deposit was seen to change during electrodeposition from primarily
amorphous spherical grains to web-like and then to nanowire-like structures as the
deposition time increased from 500 to 1,000 and then to 1,500 s, respectively.
Annealing at 473 K of the 1,500 s samples led to an aggregate of, 20–40 nm in
diameter, crystalline NWs randomly distributed on the substrate.

Non-aqueous electrolytes have been used for the preparation of CdS, CdSe,
and CdTe nanowire arrays by dc electrodeposition in porous AAO templates of
various pore diameters [155, 156]. For instance, CdSe NW arrays with uniform
wurtzite crystal structure were fabricated from a non-aqueous DMSO solution
containing CdCl2 and elemental Se. The NWs were shown to be of uniform
length (2–15 μm) and diameter (about 20 nm). The c-axis, [00.2], of the grown
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hexagonal crystals was preferentially aligned along the direction normal to the sub-
strate. The dimension of the as-oriented crystallite domains of the NWs in the radial
direction was very close to the pore size of the AAO template used. Both the crys-
tallite dimension along the [00.2] axis and the crystallite orientation were reported
to be larger than in the CdS NWs which Routkevitch et al. [149] fabricated by ac
electrolysis.

Thin film nanostructures of the III–VI compound In2Se3 were obtained inside
the pores (200 nm) of commercial polycarbonate membrane by automated ECALE
methodology at room temperature [157]. Buffered solutions with millimolar con-
centrations of In2(SO4)3 (pH 3.0) and SeO2 (pH 5.5) were used. The atomic ratio
of Se/In in the deposited films was found to be 3/2. Band gaps from FTIR reflection
absorption measurements were found to be 1.73 eV. AFM imaging showed that the
deposits consist of 100 nm crystallites.

There is a growing interest presently in nanostructured thermoelectric mate-
rials, such as nanowires, superlattice thin films, and quantum dots, because of
the remarkable efficiency improvement that can be achieved as compared to their
bulk counterparts, due to quantum confinement effects. Binary and ternary tel-
lurides of Bi and Sb, i.e., Bi2Te3, Sb2Te3, and alloys thereof (Bi0.5Sb1.5Te3),
are among the preferred thermoelectric materials for applications near room tem-
perature, which makes them best targets for synthesis in nanostructured forms.
Martin-Gonzalez et al. [158] managed to fabricate (Bi1−xSbx)2Te3 NWs by elec-
trodeposition on porous AAO from an acidic (1 M HNO3) solution of TeO2,
Bi3+, and SbO+, in which tartaric acid was introduced as a complexing agent
to increase the Sb solubility by forming Sb-tartaric complexes. Optimal depo-
sition conditions for film preparation were determined first with Ag electrodes
and used as starting point for deposition of the NWs in the alumina templates.
Voltammetric studies showed that the electrodeposition mechanism of the ternary
system was similar to that of Bi2Te3, that is, UPD of both Bi and Sb (Chap. 3).
Thick (200 nm) and thinner (40 nm) nanowire arrays with EDAX composition
Bi0.7Sb1.4Te2.9 and Bi0.6Sb1.6Te2.8, respectively, were formed on commercial and
laboratory-made AAO porous substrates. Pore filling of approximately 80% was
accomplished.

Jin et al. [159] synthesized structurally uniform and single-crystalline Sb2Te3
nanowires, 50 nm in diameter, by galvanostatic electrodeposition on self-made
porous AAO membrane templates, from an acidic nitrate bath of HTeO2

+ and
SbO+, with citric acid as a complexing agent. The produced NWs grew highly
preferentially along (11.0) planes and the pore filling approached 100%.

Underscoring the theoretical prediction that further enhancement of the ther-
moelectric figure of merit can be achieved with superlattice nanowires (zero-
dimensional) rather than conventional nanowires (1D) or superlattice thin films
(2D), Yoo et al. [160] developed a simple electrodeposition technique to synthesize
Bi2Te3/(Bi1−xSbx)2Te3 superlattice NWs, on a polycarbonate membrane template
from a single acidic nitrate solution of TeO2, Bi3+, and SbO+ (tartrate). The method
was based on the application of a waveform potential profile alternating between
−20 and −100 mV vs. SCE. At −20 mV, Bi2Te3 with a small amount of Sb
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incorporation (< 3 at.%) was deposited; at −100 mV, (Bi0.3Sb0.7)2Te3 was obtained,
which was close to the best bulk composition Bi0.5Sb1.5Te3. The average diameter
of the NWs was approximately 50 nm, as predetermined by the pore size of the PC
membrane. The composition and length of each nanowire segment were precisely
controlled by adjusting deposition potentials and time.

Within the scope of thermoelectric nanostructures, Sima et al. [161] prepared
nanorod (fibril) and microtube (tubule) arrays of PbSe1-xTex by potentiostatic elec-
trodeposition from nitric acid solutions of Pb(NO3)2, H2SeO3, and TeO2, using
a ~30 μm thick polycarbonate track-etch membrane, with pores 100–2,000 nm in
diameter, as template (Cu supported). After electrodeposition the polymer mem-
brane was dissolved in CH2Cl2. Solid rods were obtained in membranes with small
pores, and hollow tubes in those with large pores. The formation of microtubes
rather than nanorods in the larger pores was attributed to the higher deposition
current.

Lead sulfide, PbS, nanoparticulate thin films having pancake-like geometry and
exhibiting 1D quantum confinement, as controlled by the lowest dimension of the
particles, have been synthesized by cathodic electrodeposition on ITO/glass and
titanium electrodes from a pH 0.62 solution containing Pb(NO3)2 and Na2S2O3
[162].

Semiconductor nanoribbons have attracted much attention ever since the discov-
ery of silicon and oxide nanoribbons. In the past few years, gas sensors, microcavity
lasers, field-effect transistors, optical waveguides, resonators, and generators have
been fabricated using single nanoribbons as building blocks. Single-crystalline
CuTe nanoribbons, which might be used as building blocks for fabricating opto-
electronic nanodevices, have been synthesized recently for the first time by a simple
electrodeposition method at low temperature (typically 85 ◦C) on ITO glass sub-
strates, from alkaline (pH 13) aqueous solutions of TeO2, CuSO4, and NH3 [163].
No template or capping agent was used during the growth process. The CuTe
nanoribbons were orthorhombic and grew along the [010] direction. It was sug-
gested that the ribbon-like morphology of the CuTe resulted from the synergistic
effect of the anisotropic crystal structure of CuTe and the thermodynamics of the
crystal growth process, as has been proved in the formation of ZnO nanoribbons
[164]. In fact, the arrangement of the atoms in CuTe crystal can be described as
a typical layered structure. One Cu atom is distorted and tetrahedrally coordinated
to four Te atoms, and one Te atom is one-sided coordinated to four Cu atoms. The
Cu–Cu distances are 2.64 Å, which indicates a weak metallic bond between the
Cu atoms. Under a suitable temperature and environment, such layered structure of
CuTe crystal would prefer growing in a certain plane and finally form a lamelliform
morphology.

Electrochemical preparation studies on low-dimensional structures of ternary or
higher order compounds have appeared in the last few years. For example, whiskers
of the quasi-1D copper(I) sulfide series KCu7–xS4 (0 ≤ x ≤ 0.34) were grown by
employing electrochemical methods via anodic dissolution of copper electrodes, at
110 ◦C in ethylenediamine solution of polysulfide K2Sn (n = 5, 6) electrolytes and,
in some cases, CuCl [165].
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4.5.3 Electrochemical Step Edge Decoration

The different sites where nuclei are formed on a surface are thermodynamically not
equivalent. In fact, the formation of stable nuclei is more favorable at surface inho-
mogeneities like step edges than on an atomically flat ideal surface. Hence it can be
controlled by the adjusted supersaturation, i.e., the electrode potential. This feature
is exploited for example in the electrochemical growth of nanoclusters on graphite
surfaces [166, 167] or of nanowires with lengths of several micrometers at the step
edges of graphite substrates, being decorated at the lowest supersaturation before
nuclei are formed at other surface inhomogeneities [168]. A preparation technique
utilizing the effect of selective nucleation at the step edges of a surface has been
suitably named “electrochemical step edge decoration” (ESED).

Penner and his group [169, 170] managed to produce hemicylindrical in cross
section, free-standing molybdenum nanowires with diameters ranging from 10 nm
to 1 μm and having lengths of up to 500 μm, by employing an electrochemi-
cal/chemical (E/C) two-step process involving the electrodeposition of molybdenum
dioxide (MoO2) NWs on a highly oriented pyrolytic graphite (HOPG) surface fol-
lowed by reduction at 500 ◦C to form molybdenum metal. On the basis of these
results, they reported subsequently the first synthesis of non-fullerene, polycrys-
talline MoS2 nanowires and nanoribbons [171]. The E/C synthesis relied on the
step edge selective electrodeposition of MoOx to form hemicylindrical nanowires
on the basal plane of a HOPG crystal, followed by the conversion of these NWs to
MoS2 in H2S at elevated temperatures.

In the first step, amorphous MoOx nanowires were electrodeposited by ESED
according to the reaction

MoO2−
4 + (4 − x) H2O + (6 − 2x)e− → MoOx + (8 − 2x)OH−

In the second step, these MoOx NWs were converted to MoS2 by exposure to H2S
within either of two temperature regimes (500–700 ◦C or 800–1,000 ◦C) according
to the reaction (for x = 2)

MoO2 + 2H2S → MoS2 + 2H2O

As indicated in Fig. 4.16, conversion from MoOx to MoS2 within these two tem-
perature regimes produced wires with different morphologies: Conversion of MoOx

wires at 500–700 ◦C yielded hemicylindrical wires that were nearly identical in
diameter to the MoOx precursor wires. These low-temperature or LT MoS2 wires
were composed of multiple, interwoven 2H-structure MoS2 strands with widths of
7–16 nm and lengths of up to hundreds of nanometers. At the higher temperatures
(HT) of 800–1,000 ◦C, conversion to MoS2 was followed by rapid grain growth
that produced highly crystalline HT MoS2 wires or “ribbons” that were hundreds
of microns in length, 50–800 nm in width, and 3–100 nm in thickness (Fig. 4.17).
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Fig. 4.16 Schematic representation of the E/C method for synthesizing polycrystalline MoS2
nanowires and nanoribbons on graphite surfaces. (Reproduced in gray scale with permission from
[171]. Copyright 2009, American Chemical Society)

Fig. 4.17 SEM image of HT (high-temperature) MoS2 nanowire arrays on the adhesive surface at
two magnifications. The surface was coated with 10 nm of gold for SEM imaging. (Reprinted with
permission from [171], Copyright 2009, American Chemical Society)
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According to absorption spectroscopy, these nanoribbons were composed of 3R-
MoS2. The E/C synthesis of MoS2 wires and ribbons was size selective: control
over the wire or ribbon size was provided by control of the MoOx nanowire dimen-
sions, which in turn were controlled using the electrodeposition potential and time
in the first step of the synthesis.

ESED was used recently in combination with a cyclic electrodeposition/stripping
process for the preparation of polycrystalline CdSe NWs composed of many zinc
blende CdSe nanocrystallites, on HOPG surfaces, from standard acidic selenite plat-
ing baths [172]. The NWs were 30–300 nm in diameter and their length could
exceed 100 μm. They were organized into parallel arrays on the HOPG surface,
mimicking the organization of step edges present on these surfaces.

ESED has been applied also to produce polycrystalline nanowires of the thermo-
electric material Bi2Te3 on HOPG electrodes, directly by one-step electrodeposition
from an aqueous telluride solution of Bi3+ [173]. The NWs were in the 100–300 nm
diameter range narrowly dispersed in diameter, more than 100 μm in length, and
organized into parallel arrays containing hundreds of wires. Smaller NWs, with
diameters down to 30 nm, with a narrower diameter distribution were obtained
by electrooxidation of 150 nm diameter Bi2Te3 NWs under conditions of kinetic
control. These NWs retained a Bi2Te3 core covered by a thin surface layer com-
posed of Bi and Te oxides. The oxidation process was seen to unexpectedly improve
the uniformity of Bi2Te3 NWs. The researchers noted that in contrast to template
synthesis methods, ESED produces nanowires that are much longer – more than
100 μm in length. This attribute was considered to be essential to the fabrication
of high-performance thermoelectric devices, as also was the horizontal orientation
of the ESED NWs on the electrode surface and the ease with which they might
be transferred to an electrically and thermally insulating surface. After transfer,
metal contacts might be readily deposited onto ensembles of these NWs, expediting
the measurement of thermal properties. The analogous measurements for template-
synthesized nanowires, oriented vertically on the electrode and encapsulated by the
template, have proven to be much more difficult.
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82. Alanyahoğlu M, Demir U, Shannon C (2004) Electrochemical formation of Se atomic layers
on Au(111) surfaces: the role of adsorbed selenate and selenite. J Electroanal Chem 561:
21–27

83. Lister TE, Huang BM, Herrick II RD, Stickney JL (1995) Electrochemical formation of Se
atomic layers on Au(100). J Vac Sci Technol B 13: 1268–1273

84. Lister TE, Stickney JL (1996) Formation of the first monolayer of CdSe on Au(111) by
electrochemical ALE. Appl Surf Sci 107: 153–160

85. Lister TE, Stickney JL (1996) Atomic level studies of selenium electrodeposition on
gold(111) and gold(110). J Phys Chem 100: 19568–19576

86. Santos MC, Machado SAS (2004) Microgravimetric, rotating ring-disc and voltammetric
studies of the underpotential deposition of selenium on polycrystalline platinum electrodes.
J Electroanal Chem 567: 203–210

87. Feliu JM, Gömez R, Llorca MS, Aldaz A (1993) Electrochemical behavior of irreversibly
adsorbed selenium dosed from solution on Pt(h,k,l) single crystal electrodes in sulphuric and
perchloric acid media. Surf Sci 289: 152–162

88. Yagi I, Lantz JM, Nakabayashi S, Corn RM, Uosaki K (1996) In situ optical second har-
monic generation studies of electrochemical deposition of tellurium on polycrystalline gold
electrodes. J Electroanal Chem 401: 95–10

89. Yagi I, Nakabayashi S, Uosaki K (1998) Real time monitoring of electrochemical deposition
of tellurium on Au(111) electrode by optical second harmonic generation technique. Surf Sci
406: 1–8

90. Sorenson TA, Lister TE, Huang BM, Stickney JL (1999) A comparison of atomic layers
formed by electrodeposition of selenium and tellurium: Scanning tunneling microscopy
studies on Au(100) and Au(111). J Electrochem Soc 146: 1019–1027

91. Choong KR, Changhoon J, Bonseong K (2005) 2-Dimensional atomic arrangements of Te
on Pt(111) whose coverage is higher than 0.25+. J Solid State Electrochem 9: 247–253



References 203

92. Santos MC, Machado SAS (2005) A voltammetric and nanogravimetric study of Te
underpotential deposition on Pt in perchloric acid medium. Electrochim Acta 50:
2289–2295

93. Zhu W, Yang JY, Zhou DX, Bao SQ, Fan XA, Duan XK (2007) Electrochemical character-
ization of the underpotential deposition of tellurium on Au electrode. Electrochim Acta 52:
3660–3666

94. Tacconi NR, Medvedko O, Rajeshwar K (1994) Cathodic electrosynthesis of metal sulphide
thin films at a sulphur-modified gold surface: application to the iron sulphide system. J
Electroanal Chem 379: 545–547

95. Tacconi NR, Rajeshwar K (1998) Electrosynthesis of indium sulfide on sulfur-modified
polycrystalline gold electrodes. J Electroanal Chem 444: 7–10

96. Osipovich NP, Streltsov EA, Susha AS (2000) Bismuth underpotential deposition on
tellurium. Electrochem Commun 2: 822–826

97. Chenthamarakshan CR, Ming Y, Rajeshwar K (2000) Underpotential photocatalytic deposi-
tion: A new preparative route to composite semiconductors. Chem Mater 12: 3538–3540

98. Somasundaram S, Chenthamarakshan CR, Tacconi NR, Ming Y, Rajeshwar K (2004)
Photoassisted deposition of chalcogenide semiconductors on the titanium dioxide surface:
Mechanistic and other aspects. Chem Mater 16: 3846–3852

99. Tacconi NR, Chenthamarakshan CR, Rajeshwar K, Tacconi EJ (2005) Selenium-modified
titanium dioxide photochemical diode/electrolyte junctions: Photocatalytic and electrochem-
ical preparation, characterization, and model simulations. J Phys Chem B 109:11953–11960

100. Ham S, Choi B, Paeng KJ, Myung N, Rajeshwar K (2007) Photoinduced cathodic depo-
sition of CdTe nanoparticles on polycrystalline gold substrate. Electrochem Commun 9:
1293–1297

101. Ivanov DK, Osipovich NP, Poznyak SK, Streltsov EA (2003) Electrochemical preparation
of lead-doped amorphous Se films and underpotential deposition of lead onto these films.
Surf Sci 532–535: 1092–1097

102. Streltsov EA, Poznyak SK, Osipovich NP (2002) Photoinduced and dark underpotential
deposition of lead on selenium. J Electroanal Chem 518: 103–114

103. Ragoisha GA, Bondarenko AS, Osipovich NP, Streltsov EA (2004) Potentiodynamic
electrochemical impedance spectroscopy: Lead underpotential deposition on tellurium. J
Electroanal Chem 565: 227–234

104. Ivanou DK, Streltsov EA, Fedotov AK, Mazanik AV, Fink D, Petrov A (2005)
Electrochemical deposition of PbSe and CdTe nanoparticles onto p-Si(100) wafers and into
nanopores in SiO2/Si(100) structure. Thin Solid Films 490: 154–160

105. Ivanova YA, Ivanou DK, Streltsov EA (2008) Electrodeposition of PbSe onto n-Si(100)
wafers. Electrochim Acta 53: 5051–5057

106. Ivanova YA, Ivanou DK, Streltsov EA (2007) Electrodeposition of PbTe onto n-Si(100)
wafers. Electrochem Commun 9: 599–604

107. Rabchynski SM, Ivanou DK, Streltsov EA (2004) Photoelectrochemical formation of indium
and cadmium selenide nanoparticles through Se electrode precursor. Electrochem Commun
6: 1051–1056

108. Takahashi M, Todorobaru M, Wakita K, Uosaki K (2002) Heteroepitaxial growth of CdTe
on a p-Si(111) substrate by pulsed-light-assisted electrodeposition. Appl Phys Lett 80:
2117–2119

109. Berry CR (1967) Structure and optical absorption of AgI microcrystals. Phys Rev 161:
848–851

110. Hodes G, Albu-Yaron A, Decker F, Motisuke P (1987) Three-dimensional quantum-size
effect in chemically deposited cadmium selenide films. Phys Rev B 36: 4215–4222

111. Gorer S, Hodes G (1994) Quantum size effects in the study of chemical solution deposition
mechanisms of semiconductor films. J Phys Chem 98: 5338–5346

112. Golan Y, Margulis L, Rubinstein I, Hodes G (1992) Epitaxial electrodeposition of cadmium
selenide nanocrystals on gold. Langmuir 8: 749–752



204 4 Electrochemical Preparations II (Non-conventional)

113. Golan Y, Margulis L, Hodes G, Rubinstein I, Hutchison JL (1994) Electrodeposited quantum
dots II. High resolution electron microscopy of epitaxial CdSe nanocrystals on (111) gold.
Surf Sci 311: L633–L640

114. Golan Y, Hutchison JL, Rubinstein I, Hodes G (1996) Epitaxial size control by mismatch
tuning in electrodeposited Cd(Se, Te) quantum dots on {111} gold. Adv Mater 8: 631–633

115. Golan Y, Hodes G, Rubinstein I (1996) Electrodeposited quantum dots. 3. Interfacial factors
controlling the morphology, size, and epitaxy. J Phys Chem 100: 2220–2228

116. Golan Y, Ter-Ovanesyan E, Manassen Y, Margulis L, Hodes G, Rubinstein I, Bithell EG,
Hutchison JL (1996) Electrodeposited quantum dots IV. Epitaxial short-range order in
amorphous semiconductor nanostructures. Surf Sci 350: 277–284

117. Zhang Y, Hodes G, Rubinstein I, Grünbaum E, Nayak RR, Hutchison JL (1999)
Electrodeposited quantum dots: Metastable rocksalt CdSe nanocrystals on {111} gold
alloys. Adv Mater 11: 1437–1441

118. Ruach-Nir I, Wagner HD, Rubinstein I, Hodes G (2003) Structural effects in the elec-
trodeposition of CdSe quantum dots on mechanically strained gold. Adv Funct Mater 13:
159–164

119. Mastai Y, Gal D, Hodes G (2000) Nanocrystal-size control of electrodeposited nanocrys-
talline semiconductor films by surface capping. J Electrochem Soc 147: 1435–1439

120. Darkowski A, Cocivera M (1985) Electrodeposition of cadmium telluride using phosphine
telluride. J Electrochem Soc 132: 2768–2771.

121. Mastai Y, Hodes G (1997) Size quantization in electrodeposited CdTe nanocrystalline films.
J Phys Chem B 101: 2685–2690

122. Hodes G, Rubinstein I (2001) Electrodeposition of semiconductor quantum dot films. In:
Hodes G (ed) Electrochemistry of Nanostructures, Wiley-VCH, Weinheim

123. Penner RM (2001) Hybrid electrochemical/chemical synthesis of semiconductor nanocrys-
tals on graphite. In: Hodes G (ed) Electrochemistry of Nanostructures, Wiley-VCH,
Weinheim

124. Penner RM (2000) Hybrid electrochemical/chemical synthesis of quantum dots. Acc Chem
Res 33: 78–86

125. Gorer S, Ganske JA, Hemminger JC, Penner RM (1998) Size-selective and epitaxial electro-
chemical/chemical synthesis of sulfur-passivated cadmium sulfide nanocrystals on graphite.
J Am Chem Soc 120: 9584–9593

126. Steckel JS, Zimmer JP, Coe-Sullivan S, Stott NE, Bulović V, Bawendi MG (2004) Blue
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Chapter 5
Photoelectrochemistry and Applications

5.1 General

In this section, we will be concerned with applications of photoelectrochemical cells
(PEC). The term “photoelectrochemical” refers to any situation wherein light is used
to augment an electrochemical process; the prefix photo implies in particular radi-
ation of some kind, typically visible light of a continuous frequency range (e.g.,
solar) or of a single frequency. A photoelectrochemical cell involves photosensi-
tive interphases, at least one of those, formed typically among solids and liquids –
generally between electronic and ionic conductors. The radiation absorbed at these
junctions stimulates physical and chemical actions, which may be exploited for con-
struction of useful devices. The electrochemical schemes to be described concern
mainly PEC applications of inorganic semiconductors in classical (macro) electrode
cells. In these cells, semiconductor/liquid junctions are utilized much in the same
way as semiconductor solid-state contacts, the essential difference being the nature
of the active junction (solid–solid vs. solid–liquid). Related examples and princi-
ples of photocatalytic particulate systems will be addressed, whereas photogalvanic
and molecular assembly applications, or those encountered in the realm of organic
photochemistry, will be excluded from this presentation.

Photoelectrochemical cells are used for versatile light-stimulated or light-
sustained or light-assisted processes. An illuminated cell, in which a reversible
redox system introducing ionic-type conduction between the electrodes mediates
the transfer of electrons in the external circuit may operate as a photovoltaic device;
in principle, under light stimulation, the reduced form of the redox system is oxi-
dized at one electrode and is reduced (regenerated) at the counter electrode, so
that the cell can continuously convert light energy into electrical, operating in a
chemically reversible manner. Such a PEC may be used as a regenerative solar cell.
Alternatively, one may achieve direct storage of chemical energy, e.g., by conduct-
ing two different reactions in separated half cells of the PEC, which now operates
as a reactor producing a storable fuel. The amount of energy stored in this cell is
determined by the difference in free energy of the two products.

As a matter of fact, semiconductor/liquid junctions provide the most efficient
wet chemical method presently known for converting sunlight into electrical or
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chemical energy. Quantum yields for photocurrent production can approach unity
for wavelengths of light spanning the near-infrared and visible regions of the spec-
trum, and the overall solar optical-to-electrical energy conversion efficiencies of
such devices can be in excess of 15%. From another respect, electrolyte con-
tacts offer a number of unique opportunities for characterization of crystals and
especially thin film structures. Transparent electrolyte contacts can be used for
photocurrent and capacitance spectroscopy or electrolyte electroreflectance mea-
surements, which provide valuable insights into basic science of materials and
processes. Unfortunately, photoelectrochemical regenerative and synthetic solar
cells never met the practical application anticipated in the early days of their
development. Presently, in the field of photovoltaics, more than 90% of activ-
ities are concentrated on classical crystallized silicon solar cells, and 7.8% are
related to thin layer solar cells, which include the not yet satisfactorily stable
amorphous silicon cells and also cells made from chalcogenide materials, which,
however, include rare and toxic elements like cadmium, tellurium, indium, and
gallium [263]. Nonetheless, advances in electrochemistry have opened up new
research areas in fields known for many years but which have made remark-
able progress only since 1990; that is, dye sensitization and solar detoxification
[1, 2].

The study of photoeffects in electrochemical systems can be traced back in 1839
to Becquerel’s investigations of the effect of solar illumination on metal electrodes.
Becquerel discovered a photovoltaic effect upon illumination of a platinum elec-
trode covered with silver halide in an electrochemical cell, demarcating thus the
beginning of photoelectrochemistry. Much later, the discoveries of the p–n junc-
tion and the transistor in the mid-1950s led to the understanding that the greatest
photoeffects in PEC were to be expected for semiconductor electrodes illuminated
with light of an energy exceeding their band gap. It was W. Brattain, coinven-
tor of the transistor, who laid down, in his classical paper with G. C. B. Garrett
[3], the foundations of the physics of the illuminated semiconductor electrolyte
junction [4]. Fundamental work in the field was contributed by Heinz Gerischer,
who formulated an articulated working model for the semiconductor/liquid junc-
tion and illustrated the critical dependence of the stability of PEC cells on this
interface [5]. General and detailed treatments of semiconductor electrochemistry
have been given by Myamlin and Pleskov, Gerischer, and others as well as
in numerous publications on the properties of specific semiconductor materials
[6–14].

Metal chalcogenides play prominent role in the various aspects of photoelectro-
chemistry, actually so as by outlining the scientific and technological relevance of
these compounds one would unravel in parallel the historical development of the
field. Among metal chalcogenides, the most attention from a photoelectrochemi-
cal point of view has been gained by the cadmium chalcogenides CdX (X = S,
Se, and Te) [15] and the layered transition metal dichalcogenides MX2 (M = Mo,
W) [16], basically due to favorable solar conversion features and chemical
stability.
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5.2 Photoelectrochemical Properties

Quantum efficiency and long-term stability are the most essential factors for practi-
cal use of PEC. In photovoltaic liquid junction cells, for instance, the primary goal
is to utilize semiconductor electrode materials capable of capturing a large fraction
of solar spectrum, while at the same time showing sufficient stability when operated
in suitable electrolytes. However, these two goals oppose one another, as in most
cases the smaller the band gap the higher the susceptibility of the semiconductor to
photochemical corrosion. Hence, it is necessary at first to circumvent this problem
in order to render the production of electric power or chemical energy in PEC pos-
sible. Since the 1970s, considerable efforts have been made to improve chemical
stability of semiconductor electrodes for solar energy conversion in liquid junction
cells. In the following discussion of publications, it should be kept in mind that the
vast majority of photoelectrochemical systems have been assessed under accelerated
conditions for limited periods. A prescribed norm [173] defines that if after passage
of ca. 2×104 C cm–2 of photocharge under at least AM1 illumination, preferably at
a potential corresponding to the point of maximum power, no significant change in
output stability is observed, then the system in question can be considered “stable”.
Anyhow, the question of absolute vs. relative stability of these systems remains.

In terms of photoelectrode material quality, single crystals comprise a rational
choice since their bulk properties can be controlled better and their influence on cell
performance may be evaluated in a rather accurate manner, as being microstruc-
turally well-defined solids. However, the cost and convenience of single-crystal
preparation are not suited to the practical requirement of cheap device components.
Polycrystalline photoelectrodes are advantageous in terms of fabrication cost, ability
to prepare large areas in one operation, and material economy.

The utilization of solid–liquid contacts provides some unique possibilities. In
an electrochemical cell, the photosensitive junction is formed spontaneously upon
immersing the electrode in the liquid, unlike solid-state processing that requires
sophisticated techniques to form rectifying junctions. The resulting liquid contact
is extremely abrupt and matched in the atomic scale, compared to a p–n or metal–
semiconductor junction. Therefore, lattice mismatch (as for example in CdS/Cu2S)
and thermal expansion problems are essentially neglected in liquid junctions. Due
to easy construction, barrier height at the interface can in principle be varied con-
veniently by choosing appropriate match-ups between semiconductors and redox
couples in solution. Moreover, since light adsorption and charge transfer to a solu-
tion redox couple occurs at the same interface, high efficiency and little effect of
grain boundaries are anticipated if the crystallite size is at least comparable to the
light absorption depth (this size is of the order of 1 μm for direct band gap semicon-
ductors [5]). Finally, on account of their higher real surface areas, polycrystalline or
roughened (e.g., by photoetching) electrodes support larger photocurrents. Thereby,
not only is the use of polycrystalline material afforded much more readily in elec-
trochemical than in all-solid-state photocells, but PEC devices may even favor an
inhomogeneous electrode surface morphology.
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5.2.1 Redox and Surface Chemistry vs. Electrode Decomposition

The basic approach to minimize aqueous-based corrosive decomposition/dissolution
or passivation of semiconductor electrodes has been the search for water-soluble
molecules that exchange electrons with the photoelectrode more readily than water,
i.e., to employ an electrochemically active electrolyte such that its redox chem-
istry occurs at the expense of the chemistry of the electrode material. For instance,
anodic corrosion occurring with n-type semiconductor electrodes may be prevented
by using redox species in solution that react with photogenerated holes at the elec-
trode before these holes would set off corrosive action. The oxidized form of the
redox couple may be subsequently reduced at the counter electrode and participate
again in the anodic process or may provide a useful fuel. In principle, all semi-
conducting materials of n- or p-type character can be used as photocell electrodes
provided that a suitable reversible redox system is found. Relatively stable regener-
ative cells in the long term (on the months/years timescale) could be constructed in
this manner from an otherwise unstable semiconductor electrode, by using suitable
redox couple/electrolyte combinations.

This approach has been successfully implemented for n-type electrodes by
having chalconide ions in solution to provide an alternative source of reduced
chalcogen species to compete with electrode corrosion. Alkaline aqueous sulfide,
selenide, and telluride solutions are used in particular, containing polychalcogenide
ion species which regenerate the reductants upon reducing at the cathode. Early
work with these “polychalcogenide” electrolytes has focused on cadmium chalco-
genide electrodes, as will be described in detail for polysulfide solutions, but also
on classical III–V semiconductors such as gallium arsenide. Photocorrosion of n-
GaAs has been effectively suppressed by use of selenide/polyselenide (Se2–, Se2−

n )
redox couple in alkaline aqueous solutions, and high-efficiency systems have been
demonstrated, i.e., the single-crystal n-GaAs/Se2–,Se2−

n ,OH–/C cell with 9% effi-
ciency [17], upgraded to about 12% after etching followed by uptake of Ru3+ ions
on the surface of the GaAs electrodes [18]; a single-crystal n/n+-GaAs/aqueous
polyselenide cell with efficiency 14% (uncorrected) or 19% (corrected for absorp-
tion in the solution) [19]; finally, a 15% efficient cell, attained after pretreatment
of n-GaAs surface with Os3+ [20]. The iodine/iodide or polyiodide redox couple
has also given excellent results in many instances such as with transition metal
dichalcogenides.

In screening electrolyte redox systems for use in PEC the primary factor is
redox kinetics, provided the thermodynamics is not prohibitive, while consider-
ation of properties such as toxicity and optical transparency is important. Facile
redox kinetics provided by fast one-electron outer-sphere redox systems might be
well suited to regenerative applications and this is indeed the case for well-behaved
couples that have yielded satisfactory results for a variety of semiconductors,
especially with organic solvents (e.g., [21]). On the other hand, many efficient
systems reported in the literature entail a more complicated behaviour, e.g., the
above-mentioned polychalcogenide and polyiodide redox couples actually repre-
sent sluggish redox systems involving specific interactions with the semiconductor
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surface, which undoubtedly play an essential role in insuring good kinetic proper-
ties after all. This aspect has been emphasized already in the early works and will
be repeatedly encountered in the following sections.

Aqueous electrochemistry is not always fitting to PEC applications. In fact, water
has a rather limited thermodynamic (1.23 V) and practical (ca. 1.5 V) stability range
for electrochemical applications. This severely limits the potential range of stable
redox couples available for electrochemical operation of semiconductor electrodes
and increases the probability of undesirable electron transfer reactions between the
solvent and the electrode. Besides, the number of simple and reversible redox cou-
ples involving soluble reactants and products within the stability range of water
are relatively small. In addition, very often, adsorption of impurities even from
rigorously purified aqueous systems contaminates the electrode surface, so that
reproducible background and faradaic currents may be difficult to obtain, while also
surface states may be generated confusing the origin of the observed phenomena.
The majority of these problems can be eliminated or at least minimized by using
a non-aqueous solvent. Many aprotic solvents have a larger difference between the
energies of solvent oxidation and reduction than water (e.g., ca. 5 V for acetonitrile)
providing a larger window for electrochemical studies. Numerous reversible redox
couples with a wide range of standard potentials (including one-electron transfer
reactions without kinetic complications) are available in a number of non-aqueous
solvents. Moreover, decomposition of the electrode into its ionic components at
anodic potentials and during illumination should be less intense in such solutions,
since solvation of the ions comprising the semiconductor lattice, which is a major
factor in the dissolution, is usually not as strong as in aquo. This permits fun-
damental study of systems without extensive competition from photocorrosion or
passivation processes, if not practical long-term PEC operation. Finally, adsorption
of impurities is known to occur to a lesser extent in non-aqueous solvents and fewer
difficulties exist with surface phenomena.

In certain cases the use of non-aqueous electrolytes is compulsory as with
silicon photoanodes, for which no reagent in aqueous solution has been found
that provides stable operation even on the timescale of minutes. Si photoanodes
have been operated for months by using methanol or ethanol solvents in the
presence of organometallic stabilizing agents. Also, properly prepared GaAs pho-
toanodes have been found capable of sustaining high solar conversion efficiencies
in non-aqueous solvents. Probably the first reported PEC using an aprotic sol-
vent was that of Tsubomura and co-workers [22] who described stable n-CdS
photocells containing acetonitrile solution of iodide ions. It was noted there that
photoanodic dissolution of CdS cannot be fully avoided in organic solvents such
as acetonitrile, nitromethane, and dimethylformamide, and the onset potential for
the anodic dissolution of CdS was found to change with solvent alkalinity. The
photoelectric behavior of classical and III–V semiconductor electrodes in non-
aqueous systems, namely acetonitrile solutions containing tetra-n-butylammonium
perchlorate as supporting electrolyte and redox couples with standard potential vary-
ing by more than 1.2 V, has been studied extensively by Bard and co-workers
[23–26].
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On the other hand, non-aqueous systems suffer from a number of disadvantages
such as generally low solubilities of (usually colored) solution redox couples and
high solution resistances. For a typical solar cell, a minimum current density of
~10 mA cm–2 must be carried with a maximum voltage loss of ~ 0.1 V. But the best
of non-aqueous electrolytes have specific conductances of about 0.05 �–1 cm–1. It
results that the effective path length between photo- and counter electrodes in such
cells must not exceed ~0.5 cm, even in the most favorable case. This problem may be
alleviated by the use of supporting electrolytes coupled with proper attention to cell
geometry, i.e., use of thin layer cells. Acetonitrile (ACN) electrolytes have unusually
high conductances for aprotic media, higher even than those based on alcohols, so
that the resistive losses expected in this case are low. In specific, the ACN/I−3 , I-- sys-
tem has been found to present several favorable features, including high conductivity
for a non-aqueous system, high redox solubility, and electrochemical reversibility.
Sustained anodic photocurrents were provided by this electrolyte on n-GaAs elec-
trodes [27]. Notable conversion efficiencies (~10%) of natural light to electricity
have been achieved also with n-GaAs/ferrocene/ferricenium in acetonitrile [28].

Aside from conventional organic solvents (e.g., acetonitrile, nitrobenzene,
tetrahydrofuran, propylene carbonate, or alcohol solvents), molten salts, liquid
ammonia (and ammoniates), and solid electrolytes, may be used as well to prepare
non-aqueous redox systems. Molten salts have significantly higher conductivity than
organic solvents, so that the need for supporting electrolytes is precluded. However,
molten salts possess high viscosity, which leads to low diffusion coefficients of elec-
troactive species. Again, thin layer cell design is a way to partially overcome this
problem. Let us note finally, that a restricting feature of the non-aqueous PECs in
general is that they can operate only as regenerative cells, since the reduced and/or
oxidized forms of the stabilizing couples are rarely useful fuels.

An alternative line of attack against photocorrosion is the modification of the
electrode surface in order to afford desired electrochemical behavior. This modifica-
tion may be carried out prior to operation or in situ. For instance, the semiconductor
electrode surface may be deliberately passivated provided that its charge transfer
properties are retained. A straightforward way to protect the electrode surface is to
apply some sort of coating to prevent electrolyte attack. The coating may be either a
noble-metal layer deposited onto the electrode or a wide band gap semiconductor, a
polymer, or even an organic dye. In general, the optimal characteristics which a coat-
ing material must have for PEC applications are high optical transparency over the
solar spectrum and good electrical conductivity. Chemical inertness is quite desir-
able also, especially since electrolytes for PEC applications span a wide range of
reactivity.

Besides improving stability, a practical goal of surface modification has been to
utilize redox reactions, otherwise not applicable, to yield better electrical charac-
teristics such as higher open-circuit photovoltage, and to promote high conversion
efficiencies.

Derivatized semiconductor photoelectrodes offer a way to design photosensi-
tive interfaces for effecting virtually any redox process. Manipulation of interfacial
charge transfer processes has been demonstrated using hydrolytically unstable redox
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reagents invoking chemical derivatization of photoelectrode surfaces [29, 9]. One of
the first illustrations as given by Wrighton et al. [30, 31] regarded surface derivati-
zation of single-crystal n-type silicon using hydrolytically unstable silanes in order
to suppress photoanodic decomposition of the electrode. The initial derivatization
was accomplished by dipping the electrode in dry isooctane solution of a fer-
rocene derivative, generating a ferrocene layer covalently attached to the surface.
The derivatized surface aside from protecting Si to a substantial extent from SiO2
anodic formation was found to be photoelectrochemically active. On the contrary,
non-derivatized n-type Si was too susceptible to photoanodic SiO2 growth to allow
any sustained, or even reproducible, photoelectrochemistry.

Aromatic compounds which undergo both facile oxidation and electrophilic sub-
stitution reactions have been investigated as precursors to electrochemically active
protecting films on semiconductive electrodes. For example, polyaniline films on Pt
electrodes have been found to be electroactive for both anodic and cathodic reactions
in ACN solutions [32], therefore they should afford also electrochemical oxidation
and reduction at photoelectrodes. Noufi et al. [33] described the electrochemi-
cal properties of semiconductor electrodes (Cd-chalcogenides, Si, GaAs, GaP), on
which polyaniline was directly formed by electrodeposition from an acidic aqueous
solution of aniline. The coated electrodes were examined by cyclic voltammetry in
aqueous and non-aqueous solutions of various redox couples and good conduction
properties were substantiated. In addition, more stable photocurrents were attained
in comparison with non-coated electrodes. This fact was attributed to the improved
kinetics of the photocharge transfer to solution species, mediated by the polymer
film, compared to the reaction with the electrode material or to recombination. A
shortcoming in the process was the permeability of the polymer film due to poor
integrity or less than perfect adhesion. As well, the electrodeposition of polypyrrole
films on the surface of semiconductor photoanodes (Cd-chalcogenides, Si, GaAs)
from ACN solutions of pyrrole has been shown to decrease photocorrosion [34].
Polypyrrole films were considered to act as barriers to ion/solvent transport, thus
suppressing photodegradation of the electrode, while allowing efficient electron
exchange with the electrolyte. Furthermore, the rate of certain reactions could be
increased by incorporating catalysts or sensitizers into the polymer film.

Organic dyes, aside from their role as sensitization agents for wide band gap
semiconductors have been employed also for stabilization of narrow band gap
semiconductors. The majority of such studies have considered metal or metal-free
phthalocyanine films for both sensitization and electrode protection purposes [35].

5.2.2 Energetic Considerations

The prediction of which semiconductor materials are suitable as electrodes for a
given photoelectrolysis reaction would be straightforward if the energy position
of the bands at the electrode surface remained fixed with respect to the solu-
tion redox levels and independent of the redox species in the solution. Gerischer
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[36] as well as Bard and Wrighton [37] formulated thermodynamic criteria for the
stability of semiconductor electrodes, based on the oxidative and reductive decom-
position potentials, and the quasi-Fermi levels of holes and electrons at the surface
of the electrode. The simple model suggests that an n-type semiconductor undergoes
oxidative dissolution in contact with the electrolyte if its formal oxidation potential,
Udecomp, is more negative than the edge of the valence band at the surface of the
electrode. In the presence of a redox couple with a formal reversible potential Urdx,
spontaneous oxidation of the semiconductor by the electrolyte solution is possible
in the dark if Udecomp < Urdx. Accordingly, only redox couples should be selected
for which Urdx < Udecomp. Such thermodynamic predictions, however, are only of
limited value because the electrode reactions are controlled by the kinetics and the
detailed relative position of energy states on both sides of the interface. The most
efficient electron transfer is expected from occupied states of the redox system to
the valence band of the semiconductor if these energy states show a good overlap.

At any rate, the knowledge of energetic factors such as the decomposition poten-
tials and doping density of the semiconductor electrode, the band edge potentials,
and the formal redox potentials of the electrolyte is essential in understanding charge
transfer kinetics and can be summarized in diagrams of so-called “interfacial ener-
getics” relating characteristic energies of the electrode with those associated to
solution redox couples. Such data have been collected for a variety of semicon-
ductor/redox systems (e.g., Fig. 5.1). Seminal illustrations in this connection are the
investigations carried out by Wrighton and co-workers (e.g., [70, 137]) on the inter-
face energetics of single-crystal n-type cadmium and molybdenum chalcogenide
electrodes. These authors distinguished summarizing classes of electrochemical
behavior, which may be established as a general classification scheme in discussing
the redox behavior of fast, one-electron, redox couples at n-type semiconductor
electrodes.

Understanding of the band energetics of a semiconductor is associated with an
accurate knowledge of the flat band potential, UFB, which is mainly determined by
the intrinsic solid-state properties, but it is affected also by (1) the potential drop at
the interface between the electrode and the electrolyte, (2) illumination, and (3) the
existence of surface states at the semiconductor/electrolyte interface. For a given
redox system, the maximum efficiency for photovoltaic conversion in a regenerat-
ing manner depends upon the UFB of the photoactive electrode. For a cell with an
n-type photoanode and in the so-called ideal conditions (band edge pinning), the
more negative the value of UFB, which is approximately equal to the conduction
band edge level at the surface of the electrode (–eECB), the greater the possible
output voltage (which has a maximum value Urdx–UFB) and the larger the maxi-
mum photoconversion efficiency that can be attained. Equivalently, for invariant flat
band conditions (for the same electrode), a more positive redox couple would cor-
relate to a larger photovoltage. However, for effective defense against photoanodic
decomposition less positive redox potentials are needed, i.e., at a low energy for
photogenerated holes.

In an electrolyte medium containing ions that strongly interact with the elec-
trode, the UFB is shifted according to the concentration of the ions, “equilibrating”
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Fig. 5.1 Position of energy bands at the surface of various semiconductors at pH 1 and redox
potentials of the indicated couples. In liquid junctions, in order to achieve a large band bending
at the semiconductor electrode, an n-type semiconductor should be combined with a redox system
whose formal potential (“Fermi level” in solution) is close to the valence band of the semiconduc-
tor. It is evident from the diagram, that an ideal combination would be n-CdSe with Ce4+/Ce3+ as
a redox system. A large band bending, however, of opposite sign can also be obtained on com-
bining a p-type semiconductor with a redox couple whose energy is close to the conduction band.
An example is p-GaAs and Eu2+/Eu3+. These ideal electrodes might be used to construct PEC
such as n-CdSe/Ce4+/3+/metal and p-GaAs/Eu2+/3+/metal. However, the first cell does not work
at all because of the anodic dissolution of CdSe, and the other cell does so only under certain
limitations. (Adapted from [4], Copyright 2010, with permission from Elsevier)

thus with the electrolyte solution rather than remaining fixed by the solid-state
property. For example, UFB of metal oxide semiconductor electrodes has been fre-
quently found to shift 60 mV negatively per pH unit increase [38], while UFB of
n-CdX electrodes is relatively unaffected by pH, but shifts negatively in electrolytes
containing sulfide, polysulfide, or organic thiolates. The UFB of molybdenum
and tungsten dichalcogenide electrodes shifts negatively in electrolytes containing
iodide. Importantly, a sufficiently large density of surface states may “pin” the Fermi
level of the semiconductor at a fixed value, so that photovoltage becomes insensitive
to the contacting solution. Specific adsorption, surface charging effects, and Fermi
level pinning are rather preponderant in most systems studied, and such effects
appear often to be a prerequisite for good photoresponse [39]. The important con-
cept of Fermi level pinning in connection with liquid junctions was introduced and
investigated for several semiconductors and redox couples by Bard, Wrighton, and



216 5 Photoelectrochemistry and Applications

co-workers [40, 41]. Aspects of the above-mentioned effects will be encountered in
the following discussions.

The theoretical solar energy conversion efficiency maximizes at about 30%
for a single photoelectrode-based cell with an optimum band gap of ~1.4 eV.
Measurements of photoconversion efficiency in PEC are performed under solar
irradiation or more frequently under illumination by artificial light sources (e.g.,
a xenon arc lamp). The comparison of figures obtained for different semiconductor
materials requires that these efficiencies are presented for a standard solar spec-
trum; this is usually the AM1.5 global spectrum, although artificial light sources do
not accurately replicate such spectra, and it is likely that the recording efficien-
cies are higher than those that would be obtained by sunlight. Attention should
be paid in comparing efficiencies from different sources as in most of the liter-
ature reports, the photoconversion efficiency values are photoelectrode efficiencies
representing potentiostatic control of the semiconductor electrode relative to the ref-
erence and cannot be directly compared to solar cell efficiencies in a two-electrode
configuration without actual fabrication of such devices.

5.2.3 Cadmium Chalcogenides

The cadmium compounds CdS, CdSe, and CdTe absorb an appreciable fraction of
the visible spectrum even in thin layers (in the μm order) due to direct band gaps of
ca. 2.4, 1.7, and 1.4 eV, respectively, and high absorption coefficients. To be sure,
as demonstrated by Gerischer [42] in one of his pioneering contributions in the
field of photoelectrochemistry, even cadmium sulfide could yield initial conversion
efficiency greater than 5% for sunlight to electric power in a liquid junction cell
configuration, despite its narrow absorption range limited in wavelengths lower than
550 nm. But, irreversible decomposition of CdX electrodes under illumination in
PEC is a serious obstacle in practice.

5.2.3.1 Single-Crystal Photoelectrodes – PEC Fabrication and Properties

In one of the pioneering works, Williams [43], using single-crystal photoelectrodes
of various, mostly chalcogenide, binary compounds (CdS, CdSe, ZnS, ZnO, ZnTe,
CuI, and GaAs), illustrated the electrochemical reactions that take place at the
illuminated interphace of a semiconductor/electrolyte system as being either of a
corrosion nature or interfacial charge transfer without corrosion. In the former case,
the observed photovoltaic effects were attributed to a chemical reaction in which the
material of the illuminated electrode itself is consumed and in the latter case to an
electron exchange process with an oxidation–reduction couple in the solution. For
a corroding CdS crystal, the “photovoltaic” effect was shown to be accompanied by
a reaction in which Cd2+ ions go into solution and free sulfur is left behind on the
crystal. Two electrons are liberated in this process, which can be written as

CdS + 2 hν → Cd2+(aq) + S + 2e−
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By this reaction the semiconductor becomes negatively charged with respect to
the solution as long as the electrons are not led away from the CdS electrode. Anodic
polarization in a closed circuit causes an anodic current to flow through the elec-
trode. At sufficiently high polarization this current saturates at a value proportional
to the light intensity [44]. Since holes are the minority charge carriers in n-type semi-
conductors, this saturation current represents the point at which holes are used up in
the anodic dissolution reaction as fast as they are made available at the electrode sur-
face [3]. Reverse effects are observed with illuminated p-type semiconductors, i.e.,
positive charging of the electrode and cathodic currents of minority carrier electrons.
In this case, photocorrosion is less severe than in the anode case.

In fact, all n-type CdX electrodes suffer from aqueous photoanodic dissolution
producing Cd2+ and elemental chalcogen. Early attempts to stabilize such photo-
electrodes by the use of redox couples yielded diverse results. Fujishima et al. [46]
found that although oxidation of iodide ions occurs at an irradiated CdS anode,
electrode decomposition proceeds at an appreciable rate even at high concentra-
tions of I–. Others suggested that the anodic dissolution of CdX could be effectively
suppressed by the use of Fe(CN)4−/3−

6 , which provides rapid annihilation of pho-
togenerated holes. Nonetheless, no stable systems were unequivocally established.
Inoue et al. [47] investigated the stabilization of CdS single-crystal photoanodes
by addition of suitable reducing agents to the electrolyte solution. Measurements
of the percentage of dissolution suppression were carried out for eight reducing
agents differing widely in their redox potentials. It was seen that reducing agents
with more negative redox potential suppress more effectively the dissolution of
the CdS surface. Gerischer and Gobrecht [42] studied the power characteristics of
single-crystal n-CdS electrochemical photocells containing aqueous Fe(CN)4−/3−

6
and S2O2−

3 /S4O6
2−. They found a smaller photopotential for the latter redox cou-

ple and explained this result on the basis of the difference between the formal redox
potential of the couple and the Fermi level of CdS. It was pointed out that the major
problem with such cells was that oxidation of CdS competes with the desired hole
capture by the reducing agent in solution and leads to rapid surface disintegration,
the resulting elemental sulfur giving rise to an insulating layer covering the surface
of the photoanode and stopping it from functioning.

The first effective photoelectrochemical conversion of low-energy (visible) light
to electrical energy in a “regenerative” or “self-sustained” cell has been reported
by Ellis et al. [48] for CdSe and CdS single-crystal electrodes.1 An alkaline sul-
fide/polysulfide aqueous solution (1 M Na2S, 1 M S, and 1 M NaOH) was employed,
where the photooxidation product on the n-CdX (X = S, Se) anode was reduced at
the dark cathode to complete a cycle whereby input light resulted in current flow
with no net chemical change in the system. Passing by the complicated equilibria
existing in aqueous solutions of Na2S and S (Sect. 1.1.4.4), the reversible chemistry
occurring in the cell could be synopsized by the two half cell reactions:

1 Actually, G. C. Barker was the first to suggest the idea of stabilizing the n-CdS photoanode by a
sulfide solution – see discussion in Gerischer [44].
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nS2− + 2(n − 1)h+ → S2−
n (overall anode reaction)

S2−
n + 2(n − 1)e− → nS2− (overall cathode reaction)

The reaction occurring at the photoanode (CdS or CdSe) is the oxidation of sul-
fide or polysulfide, while at the cathode (Pt) some polysulfide species are reduced,
so that the electrolyte undergoes no net chemical change. Here, the previous prob-
lem of poor stability in Fe(CN)4−

6 solutions could be minimized, at the expense
of lowering the driving potential (and thus the conversion efficiency), by using the
S2−/S2−

n redox couple (standard potentials + 0.36 V vs. SHE, for Fe(CN)3−/4−
6 , and

–0.71 V vs. SHE for S2−
2 /S2−). The measured power conversion efficiency with an

un-optimized cell under monochromatic illumination was lower than 1%. It was
shown though that conversion efficiency depends strongly on the properties of the
interface as controlled by prior chemical etching of the single-crystal electrodes.
Efficiencies were found to vary by as much as three orders of magnitude with the
method of crystal preparation, and optimization led to significantly improved val-
ues while stability was still maintained. For given semiconductor–redox electrolyte
combinations, spectral photoresponse characterization provided a sensitive indicator
for optimizing surface preparation conditions [49].

The data presented in an associated publication [50] confirmed that both CdS
and CdSe can be stabilized to photoanodic dissolution in electrolytes containing
sulfide or polysulfide. Importantly, large open-circuit photopotentials were found
possible, up to 0.8 V for CdS and 0.65 V for CdSe-based cells, and high quan-
tum yields for electron flow could be obtained under conditions of actual solar
conversion. Overall optical-to-electrical energy conversion under monochromatic
illumination was ~7% for CdS at 500 nm and ~9% for CdSe at 632.8 nm while
an output voltage of ~0.3 V could be realized at low light intensity. On the other
hand, solar energy conversion efficiency for CdSe was estimated as ~2%. In any
case, the key finding was the suppressing of photoanodic dissolution. The promis-
ing properties of CdS and CdSe/polysulfide cells were found to be offset by several
facts including photocurrent instability at high light intensities reflecting surface
structural changes for etched surfaces in these conditions and loss of a substantial
fraction of the high energy portion of the visible spectrum due to absorption in the
polysulfide electrolyte.

After demonstrating the stabilization of CdS- and CdSe-based PEC, using
sulfide- or polysulfide-containing electrolytes, Ellis et al. [51] proceeded to show
that the photoanodic dissolution of single-crystal n-type CdTe, which was found to
be unstable in a polysulfide electrolyte, could be completely quenched by adding
Na2Te in the alkaline solution of NaOH. The photoelectrochemistry in their cell
was considered to be consisting of the reactions

CdTe photoanode: 2Te2− + 2 hν → Te2−
2 + 2e− or

2Te2− + Te2−
2 + 2 hν → 2Te2−

2 + 2e−

Pt cathode: Te2−
2 + 2e− → 2Te2−
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Visible light irradiation of Te2−
2 did not cause any detectable change in the

Te2−/Te2−
2 solution. Open-circuit photopotentials of up to –0.7 V were generated

in this cell. The measured maximum overall optical-to-electrical energy conversion
was 10.7% at 633 nm (0.079 mW cm–2 irradiation), while efficiencies of 14 and 7%
at 800 and 400 nm, respectively, were calculated from wavelength response data at
the same light intensity. The maximum power output occurred at –0.45 V, and the
quantum efficiency for electron flow at short-circuit was ~0.6. Similar to CdS- and
CdSe-based cells, the efficiency suffered at higher light intensities.

The same research group [52] gave a general experimental account on CdX-
based PEC in X2−/X2−

n electrolytes for X = S, Se, and Te. For eight of the nine
electrode/electrolyte combinations they found that the n-type single-crystal CdX
photoelectrodes were stable to anodic dissolution. CdTe in S2−/S2−

n was the only
combination where the added chalcogenide did not quench the decomposition of the
electrode. For all nine combinations as well as for CdX in alkaline H2O, the redox
level associated with the oxidation of X2– or with O2 evolution was between the
valence and conduction band positions at the semiconductor–electrolyte interface.
Thus, energetic requirements for X2– oxidation or O2 evolution from H2O were met
in all cases, but kinetic factors controlled whether oxidation of X2– or of H2O will be
fast compared to anodic dissolution, which was also energetically feasible. For the
stable electrode/electrolyte systems, conversion of optical to electrical energy could
be accomplished with efficiencies > 10% for monochromatic visible light. For CdTe
or CdSe in the Te2−/Te2−

n electrolyte, input power densities > 500 mW cm–2 were
converted with a few percent efficiency and no deterioration of properties. Output
voltages at maximum power conversion efficiency were of the order of 0.4 V.

In searching for ways to upgrade the polysulfide PEC, Hodes and co-workers
[53] focused attention on the counter electrode of the cell. In fact, since the dis-
covery that polysulfide electrolytes could stabilize various semiconductors against
photocorrosion, the need for a cheap, inert, and efficient counter electrode with a
minimal overpotential for sulfur or polysulfide reduction (in the case of an n-type
photoelectrode) or for sulfide oxidation (for a p-type photoelectrode) had arisen,
since electrodes of carbon and platinum, usually employed for this purpose, were not
very active for the polysulfide redox system. The effect of different electrode mate-
rials on the overpotential of sulfur/sulfide reduction and oxidation had been studied
in the past, and typical overpotentials of 100–200 mV at 10 mA cm–2 were reported.
These overpotentials would lead to an intolerably high loss of efficiency in a prac-
tical PEC, since any overpotential at the counter electrode is reflected in a decrease
in output voltage of the cell under load. The authors noted that unlike the usual lab-
oratory cells that use very small photoelectrodes together with counter electrodes of
much larger areas, in a practical cell the counter electrode would preferably be of
the same size as the photoelectrode so that its electrocatalytic properties become of
the highest importance.

In their earlier work, Hodes et al. [53] described low polarization electrodes
composed of Teflon-bonded high surface area carbon, loaded with different electro-
catalysts (Pt, platinized Pt, Co, Ni). The best results were obtained by using cobalt



220 5 Photoelectrochemistry and Applications

which yielded overpotentials of less than 25 mV at current densities of 10 mA cm–2

for both the anodic and the cathodic reaction in aqueous electrolyte of NaOH, S,
and Na2S (each 1 M) without stirring. Later experiments showed that the electro-
catalytically active species actually were the corresponding sulfides formed upon
immersing the electrode in the sulfide electrolyte. Of the several metal sulfides
that were shown to act as good electrocatalysts for the polysulfide redox reac-
tions, PbS, Cu2S, and CoS electrodes were mainly considered for examination [54].
The effect of electrolyte composition and temperature on the activity of these elec-
trodes was measured, enabling a choice of electrolyte for polysulfide PEC to be
made on the basis of the counter electrode. It was suggested that at normal tem-
peratures, the optimum electrolyte was ~2 M S and 2 M S2–; the concentration of
OH– was of secondary importance for the counter electrode, although there was
a slight improvement in performance with higher [OH–], particularly at low total
ionic concentrations. The best choice for long-term operation, CoS, was found to
remain stable after 7 months operation in a PEC, both in electrocatalytic activity and
physically, and without having any adverse effect on the photoelectrode (CdSe).

The importance of controlling the operating temperatures of single-crystal and
polycrystalline n-CdSe/polysulfide/CoS liquid junction cells to obtain the maxi-
mum possible photoconversion has been emphasized [55]. In fact, a dramatic effect
of temperature was established on the power output of the cells, particularly those
based on thin film electrodes.

Licht et al. investigated the effect of alkali cations in the electrolyte solution
on CdX/S2−

n PEC performance [56, 57] and found that the conductivity of cesium
polysulfide solutions is higher than that of equivalent sodium solutions. Also, supe-
rior charge transfer kinetics was established for metal (and metal-like) electrodes in
various cesium solutions, compared to equivalent lithium, sodium, and potassium
solutions. The nature of the polysulfide electrolyte, based on cesium polysulfide
without excess hydroxide and containing small amounts of copper ions, was shown
to be of particular importance in determining the PEC efficiency. Interestingly, alkali
hydroxide, which had always been added in the preparation of the alkali poly-
sulfide electrolyte in n-CdX/S2−

n PECs, was considered to be detrimental to cell
performance [58]. Removal of the alkali hydroxide was shown to (1) decrease the
solution absorbance of light, (2) positively shift the redox potential, and (3) increase
the calculated disproportionation-limited lifetime of the solution. The researchers
concluded that if alkali hydroxide is not added to the polysulfide electrolyte,
improvements in PEC current, voltage, and efficiency are observed. These improve-
ments were shown to be related to calculated changes in distribution of the species
in the solution. It was noted that in the absence of hydroxide, the reduction of ion
pairing due to an overall decrease in ionic concentration results in substantially
increased polysulfide activity.

The findings of this investigation, along with optimization of the sulfur-to-sulfide
ratio in the polysulfide electrolyte, led to the achievement of one of the highest
sustained solar-to-electrical conversion efficiencies reported for a PEC: a 12.7%
conversion efficiency was demonstrated for a chemically and photoelectrochem-
ically etched CdSe0.65Te0.35 single-crystal photoelectrode in 1.8 M Cs2S, 3.0 M
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sulfur, and 0.5 mM CuSO4 [59] electrolyte. Solar efficiency was measured outdoors,
under 93.7 mW cm–2 insolation, in a potentiostatically controlled cell (Pt counter
and Pt reference) (open-circuit potential 0.78 V, short-circuit current 22 mA cm–2).
The same efficiency was obtained indoors, using an ELH lamp to provide simu-
lated AM1 light intensity, in a solution without added copper salts. Output stability
was satisfactory after the passage of 6040 C cm–2; the current at maximum power
conditions dropped from 44.9 to 37.0 mA cm–2. The improved performance was
considered to be principally due to the choice of cation and hydroxide-related
effects. Copper ion treatment had a beneficial effect on efficiency that was ascribed
to blocking (passivation) of defect sites at the semiconductor surface by CuxS
deposits. Let us remind here (cf. Chap. 1) that mixtures between two isomorphous
binary chalcogenides with common metal or common chalcogen are ternary “com-
pounds” or alloys with composition-dependent properties; solid solutions of CdSe
and CdTe, denoted CdSexTe1–x, are characterized by band gap energy whose value
varies with composition between those of the end members. In the present case, for
x < 1, the photoelectrode absorbs longer wavelengths than CdSe, since for x = 0.35
the band gap is ca. 1.4 eV; however, since CdSe is much more stable than CdTe in
polysulfide solutions (CdTe is characterized by extreme susceptibility to PEC cor-
rosion in aqueous electrolytes especially in the form of thin polycrystalline films)
the beneficial increase in this respect of the Te content might adversely affect the
output stability of this electrode. Notwithstanding, fixing the Te content at x = 0.35
gave a better compromise between the competing factors. Actually, it was found
that CdSe0.65Te0.35 in the cesium polysulfide was more stable than CdSe in the
sodium-rich solutions.

Taking advantage of the fact that their high-efficiency CdSe0.65Te0.35 cell with
modified polysulfide electrolyte was capable of delivering sufficient voltage (–1.1 V
vs. SHE) to drive a storage component directly, Licht et al. [60] developed a PEC
with in situ electrochemical storage, by adding a single Sn/SnS/alkaline sulfide half
cell (Fig. 5.2). The stannous sulfide reduction was driven with a redox potential
of –1.0 V (SHE), and the combined system operated at 11.3% overall solar to
electrical conversion efficiency, with a generated power insensitive to daily fluc-
tuations in solar radiation. Following their previous innovation, the researchers
used a thin film CoS counter electrode, electrocatalytic to the polysulfide redox
reaction (prepared by electrodeposition of cobalt onto brass with subsequent elec-
trochemical oxidation to CoS in polysulfide solution). The authors underscored their
invention of an autonomous chalcogenide cell with sufficient voltage to allow elec-
trochemical storage induced by a single photoelectrode and with a high continuous
output, unlike previously presented bipolar dual photoelectrode systems combining
solar conversion with electrochemical storage with maximum efficiencies not more
than 3%.

A comprehensive survey of solar rechargeable PEC batteries, up to 1991, along
with the historical development of photoelectrochemical cells has been given by
Sharon et al. [61]. The principles and performance of solar PEC batteries with or
without a membrane, with an aqueous solution or with solid-state electrolytes, are
discussed there.
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Fig. 5.2 The n-Cd(Se,Te)/aqueous Cs2Sx/SnS solar cell. P, S, and L indicate the direction of
electron flow through the photoelectrode, tin electrode, and external load, respectively; (a) in an
illuminated cell and (b) in the dark. For electrolytes, m represents molal. Electron transfer is driven
both through an external load and also into electrochemical storage by reduction of SnS to metallic
tin. In the dark, the potential drop below that of tin sulfide reduction induces spontaneous oxidation
of tin and electron flow through the external load. Independent of illumination conditions, electrons
are driven through the load in the same direction, ensuring continuous power output. (Reproduced
with permission from Macmillan Publishers Ltd [Nature] [60], Copyright 2009)

No other Cd-chalcogenide based PEC with solar conversion efficiency greater
than 8% had been reported at that time (1985), except for the highly unstable
CdSe/basic ferri-ferrocyanide system (although higher efficiency cells based on
other semiconductors had been described). In specific, the highest conversion effi-
ciencies in aqueous n-CdSe/Fe(CN)4−/3−

6 solar cells, i.e., 12–14%, were reported
using electrolytes containing a 1:1 ratio of Fe(CN)4−

6 to Fe(CN)3−
6 salts in a highly

alkaline environment [62, 63] albeit the observed photo-currents decayed within
hours. Attempts to enhance the photoconversion stability of these systems have been
made by means of cationic surface modification of the n-CdSe photoelectrode [64]
and isolation of the wavelength dependence of the surface instability [65]. Note that
CdSe0.65Te0.35 single-crystal photoelectrodes have shown high conversion efficien-
cies also in basic ferri-ferrocyanide solution; however, both the photoelectrode and
electrolyte were unstable.

Remarkably, Licht and Peramunage [66] reported in 1990 the highest efficiency
(16.4%) single band gap PEC based on CdSe single-crystal photoelectrode in modi-
fied ferri-ferrocyanide electrolyte affording a 100-fold improvement in photocurrent
lifetime compared to previous works. Although this figure is short of the best val-
ues reported to date for Si-based photovoltaic cells, ca. 25 and 20%, for specially
designed textured single-crystal and polycrystalline Si, respectively, it compares
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favorably with most practical Si solar cells, which are in the 12–16% efficiency
range. In specific, the single-crystal (11.0 face exposed) n-CdSe/Fe(CN)6

4–/3–/Pt-
mesh solar cell with an optimized alkaline electrolyte showed, outdoors, a stable
(for charge passage > 5 kC cm–2) conversion efficiency > 16% with an open circuit
1.20 V and short circuit 18 mA cm–2 (fill factor 0.63) and quantum yield approach-
ing unity. This highest recorded for any wide band gap (1.7 eV) solar cell (solid state
or photoelectrochemical) efficiency was achieved by optimization of the distribution
of species in solution and addition of cyanide (KCN), which enhanced the available
voltage and ease of charge transfer and suppressed the formation of decomposition
products.

5.2.3.2 Single-Crystal Photoelectrodes – A Closer Look into
Interfacial Electrochemistry

The optimism in the 1970 decade for the future of regenerative PEC was over
as soon as it became evident that long-term stability with liquid junction cells,
which ran at current densities in excess of 10 mA cm–2 (that are typical of efficient
solar-irradiated photovoltaic cells), was not as practical as expected originally. The
photocurrents with the supposed stable CdX electrodes in polysulfide electrolytes
were seen to deteriorate slowly with time, especially at high light intensities, by
a process involving chalcogenide exchange between the electrolyte and the elec-
trode surface via photooxidation followed by reprecipitation. Heller et al. [67]
indicated a catastrophic reduction in the short-circuit current supplied by single-
crystal CdSe in an unstirred 1 M S, 1 M Na2S, 1 M NaOH electrolyte after passing
a charge of 200 C cm–2. Formation of a CdS-enriched film was detected on the
CdSe photoelectrode, acting as a barrier against the flow of holes to the surface.
Nonetheless, addition of small amounts of elemental Se to the solution was found
to substantially improve the stability by preventing excessive sulfide enrichment
of the surface. With 0.5 M Se added, the output of <11.0> electrodes operated
at 35 mA cm–2 remained essentially unchanged beyond 2×104 C cm–2 charge
passage. It was presumed that in the presence of the SeS2−

n ions, the S-enriched
surface retains a sufficient selenide concentration (consisting thus of CdSexS1–x)
to avoid the barrier problem. Importantly, the stabilization experiments led to an
efficient (i.e., 7%) cell that operated for months without change in its electrical
characteristic.

It was concluded from this and related works that suppression of the photodis-
solution of n-CdX anodes in aqueous systems by X2– ions results primarily from
specific adsorption of X2– at the electrode surface and concomitant shielding of the
lattice ions from the solvent molecules, rather than from rapid annihilation of pho-
togenerated holes. The prominent role of adsorbed species could be illustrated, by
invoking thermodynamics, in the dramatic shift in CdX dissolution potentials for
electrolytes containing sulfide ions. The standard potentials of the relevant reactions
for CdS and CdSe, as well as of the sulfide oxidation, are compared as follows (vs.
SCE) [68]:
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CdS → Cd2+ + S + 2e− + 0.08 V

CdS + S2− → Cd2+ + S2−
2 + 2e− − 0.72 V

CdSe → Cd2+ + Se + 2e− − 0.12 V

CdSe + S2− → Cd2+ + SeS2− + 2e− − 0.78 V

S2− + 2 h+ → S2−
2 − 0.71 V

In principle, the oxidation of S2– proceeds at an electrode potential that is more
negative by about 0.7 V than the anodic decomposition paths in the above cases;
however, because of the S2– adsorption shift, it is readily seen that practically there
is no energetic advantage compared to CdX dissolution in competing for photo-
generated holes. Similar effects are observed with Se2– and Te2– electrolytes. As
a consequence of X2– specific adsorption and the fact that the X2−/X2−

n couples
involve a two-electron transfer, the overall redox process (adsorption/electron trans-
fer/desorption) is also slow, which limits the degree of stabilization that can be
attained in such systems. In addition, the type of interaction of the X2– ions with
the electrode surface which produces the shifts in the decomposition potentials
also favors anion substitution in the lattice and the concomitant degradation of the
photoresponse.

On the basis of these remarks, it may be considered that fast one-electron
redox couples which do not involve strong specific adsorption on the electrode sur-
face should represent best candidates for “clean” stabilization of n-CdX electrodes
against photodissolution, given that some interaction between the redox species and
the electrode surface would be desirable if it resulted in a negative shift in the flat
band potential (so that the open-circuit voltage of the cell be increased). In effect,
the importance of kinetics in the competition for photogenerated holes had been
already evident from the fact that the one-electron Fe(CN)4−/3−

6 couple partially
quenches the photodissolution of n-CdS in water even though its redox reaction is
thermodynamically unfavorable compared to dissolution as having a more positive
standard potential (+0.12 V vs. + 0.08 V vs. SCE) [5, 47]. On the other hand, the
Fe(CN)4−/3−

6 example illustrates that fast electron transfer by itself is not sufficient
to ensure stabilization, at least in aqueous electrolytes.

Added stability in PEC can be attained through the use of non-aqueous solvents.
Noufi et al. [68] systematically evaluated various non-aqueous ferro-ferricyanide
electrolytes (DMF, acetonitrile, PC, alcohols) for use in stabilizing n-CdSe pho-
toanodes. Selection of the solvent was discussed in terms of inherent stability
provided, the rate of the redox reaction, the tendency toward specific adsorption
of the redox species, and the formal potential of the redox couple with respect to
the flat band potential (attainable open-circuit voltage). On the basis of these data,
the methanol/Fe(CN)6

3–/4– system (transparent below 2.6 eV) was chosen as pro-
viding complete stabilization of CdSe. Results were presented for cells of the type
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n-CdSe/methanol, Fe(CN)3−/4−
6 /Pt, operated for up to 700 h at 6 mA cm–2 with no

detectable degradation in either the electrode surface or the photoresponse.
In a series of detailed investigations, Wrighton and co-workers illustrated the

photoelectrochemistry and interface energetics of single-crystal cadmium chalco-
genide electrodes in CH3CN/[n-Bu4N]ClO4 solutions containing low concentra-
tions of fast, outer-sphere, one-electron redox reagents having a wide range of redox
potentials [69, 70]. For each semiconductor electrode, the photovoltage, EV, was
measured by cyclic voltammetry as the difference between the photoanodic current
peak and that of a Pt electrode, and was taken to approximate the barrier height,
EB. In the case of single-crystal n-CdSe photoanodes, it was observed that the elec-
trochemical response was fairly reversible at both dark and illuminated (632.8 nm
light) electrodes for couples such as Ru(bpy)2+/+/0/−

3 having (formal) redox poten-
tials, Urdx, more negative than the flat band potential, –1.2 V vs. SCE. For couples
with Urdx more positive than –1.2 V, CdSe was blocking to the oxidation of the
reduced form in the dark, but not so under illumination. In the Urdx range –1.2 to
–0.1 V, the photovoltage was found to increase with Urdx in a nearly ideal manner.
Thus, EB was seen to increase nearly linearly as Urdx moved positive of –1.2 V vs.
SCE. For Urdx > –0.1 V vs. SCE, EV was constant, independent of redox poten-
tials. The effect of a number of different etches on the interface energetics of CdSe
was investigated including oxidizing (K2Cr2O7/HNO3, Br2/CH3OH) and reducing
(Na2S2O4/NaOH) treatments. These did not give significantly different results with
respect to EB vs. Urdx, despite large variation in the electrode’s surface composi-
tion deduced from Auger and XPS spectra. The highest EV obtained was ~0.8 V
using the Fe(C5Me5)+/0

2 (formal Urdx = +0.43 V vs. SCE) and more positive redox
couples.

Cadmium sulfide was found to nearly fit the ideal model of a semiconduc-
tor/liquid electrolyte interface that follows from the considerations for an ideal
semiconductor/metal interface, unlike n-CdTe that was found to behave quite differ-
ently. A significant and essentially constant photovoltage at –0.6 V (SCE) for a range
of redox couples having Urdx spanning –2.0 to +0.7 V vs. SCE (a range of poten-
tial greater than the separation of the valence and conduction band of CdTe) was
found for the CdTe liquid junctions. This value of photovoltage was about the same
as previously reported for n-type CdTe/metal Schottky barriers. In agreement with
the solid-state theoretical description, it was established that “Fermi level pinning”
(FLP) occurs in the present case, implying that no effect appears on barrier energet-
ics from contacting the surface of the semiconductor with different CH3CN/0.1 M
[n-Bu4N]ClO4 redox electrolyte solutions, much like contacting the surface with
metals. The authors remarked that the CdTe photovoltage is comparable to that for
n-type GaAs, also a direct, 1.4 eV, gap semiconductor that exhibits FLP. Thus, the
n-type CdTe would appear, in terms of photovoltage alone, to be as good a can-
didate material in solar conversion devices as is n-type GaAs. Comparatively, the
CdS photoanode did not exhibit FLP over the measured range of redox systems;
photovoltage did depend on the Urdx of the contacting couple, except that it varied
less than would be expected. Only values of Urdx positive of the flat-band potential,
UFB ≈ –1.0 V vs. SCE, gave a photovoltage. However, at potentials positive to UFB,
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surface states did appear to play a role in facilitating reduction of the oxidized form
of a couple. The maximum photovoltage observed by CdS was ~0.9 V. Note that
with respect to EB vs. Urdx, n-type CdSe more closely resembled the behavior of
CdS than CdTe, despite the fact that the band gap of CdSe (1.7 eV) is closer to that
of CdTe (1.4 eV) than to CdS (2.4 eV).

Studies of the flat band potential as influenced by redox couples and corrosion
layers, as well as information on energy band levels, and interface (surface) state
densities have been reported a lot in the literature. The classical methods typi-
cally used for such determinations are based on interface capacity measurements
(Mott–Schottky plots), photovoltammetric data combined with measurements of the
open-circuit photovoltage and the photocurrent onset potential [7, 8, 71], or more
sophisticated techniques such as electrolyte-electroreflectance measurements (for
direct gap semiconductors) [72]. In fact, differing methods and electrode types have
led to very different values for the flat band potential and surface energetics of CdX
electrodes. This is only part of the problem, as – alleged to be precise – capacity
measurements are extremely sensitive to surface layers such as those formed by
corrosion processes, e.g., sulfur on the CdS surface [73], or even to the perturbation
frequency – although the latter effect can be attributed once more to the formation
of surface forms or layers, i.e., extrinsic surface states. Hence, the assignment of the
flat band potential in semiconductor/liquid interfaces is generally very difficult.

The influence of corrosion on the capacitance vs. voltage characteristics was
pointed out as early as 1971 by Tyagai and Kolbasov [74] in their investigation
on single-crystal CdS or CdSe liquid junctions using the aqueous redox couples
Fe+2/Fe+3 and Fe(CN)4−/3−

6 . Importantly, it was claimed that electron transfer pro-
cesses across the interface were contributed significantly by surface states acting
as mediators to redox processes. A first detailed look at the electrochemistry of
the single-crystal n-CdS/alkaline aqueous sulfide–polysulfide/Pt system was given
by Ginley and Butler [75], who were able to predict the flat band potential of the
CdS anode from the atomic electronegativities of the constituent atoms and then
compare it with experiment. The calculated value (–0.83 V vs. SCE), corrected for
the potential across the Helmholtz layer due to specific ion adsorption as evaluated
using well-established procedures, was found to be in excellent agreement with the
experimentally measured value corrected to the point of zero zeta potential, PZZP
(–0.84 V vs. SCE); note that in these systems, the crucial influence of the adsorbed
ions brings up the requirement that flat band measurements are referenced to the
appropriate PZZP, i.e., with zero net adsorbed surface charge, otherwise the magni-
tude of the potential across the Helmholtz layer remains unknown and the value of
the intrinsic flat band cannot be determined. By examining the behavior of the UFB
with S2– and OH– concentration, it was identified also that the potential-determining
species on the cadmium sulfide electrode are HS– and H+, and not S2–; the latter,
contrary to previous ideas, seemed to play no direct role.

Meissner et al. [76] proposed a detailed reaction mechanism for the photocor-
rosion of n-CdS, based on experimental data in indifferent solutions (i.e., without
intentionally added redox couples) of KCl, Na2SO4, or NaClO4 and in accor-
dance with results reported in the literature. They suggested that illumination of
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the electrode leads to surface-state charging due to formation of the radical S•–, pre-
sumed to be intermediate in the formation of both possible photooxidation products,
i.e., S0 in the absence of oxygen or SO2−

4 in the presence of oxygen. The understand-
ing of the central role of the surface state S•– in both charge transfer and corrosion
processes was considered crucial for the analysis of the CdS photoelectrochemistry.
Measurements on clean surfaces as prepared by pre-polarizing the electrode at about
–1.1 V (SCE) in the presence of oxygen revealed that the true flat band potential of
the wurtzite CdS–(0001)Cd face is –1.8 V (SCE), about 1 V more negative than pre-
viously thought. The opposite (0001)S surface was assumed to have a considerably
more anodic flat band potential of about –0.9 V (SCE), though definitive results
were not obtained. In a subsequent related work [77], regarding investigations on
a number of typical redox systems, it was shown that the energy bands at the sur-
face of clean CdS become unpinned upon illumination and are shifted in the anodic
direction by several hundred millivolts. The same effect occurred in the dark after
addition of the oxidized species of certain redox systems whose standard poten-
tials were located in the band gap of CdS. According to the model developed by
the authors, this band movement was due to the positive charging of surface states:
in the case of light excitation this is done by capture of a hole from the valence
band, while in the presence of a suitable oxidizing agent in the dark the surface state
is charged by direct electron transfer to the acceptor in the electrolyte (Fig. 5.3).
The potential dependence of photocurrents and dark currents could be explained
semi-quantitatively in terms of charge transfer via surface states. Both minority car-
rier (anodic photocurrent) and majority carrier transfer (cathodic dark current) was
assumed to occur via these states. Note that a somewhat similar model has been
formulated for RuS2 electrodes as will be cited later in this chapter.

The previous authors gave an inclusive list of reported UFB values as measured by
different techniques, until 1988, for single-crystal or polycrystalline CdS electrodes
in various electrolytes.

In a series of detailed studies on the photoelectrochemistry of CdSe [78, 79]
Frese reported on the anodic behavior of n-CdSe(1120) crystals in various aqueous
electrolytes, focusing on the role of the Se corrosion layer. He observed that the flat
band potential, as determined by capacitance/voltage measurements, was dominated
by the redox potential of the electroactive couple present. UFB shifted in the same
direction with the latter, the slope being unity in a rather wide potential window. This
result suggested the existence of a metal-like surface due to a high density of surface
states. Evidence was given that the UFB shifts were due to carrier exchange at the
interface leading to variable surface state charge. The author observed also that very
little frequency dispersion was found with an intentionally anodized CdSe(1120)
face (in Na2SO4, pH 7 solution), in contrast to previous results of impedance analy-
sis regarding faceted crystals of CdSe in inert2 electrolytes. The anodically produced
Se layer was amorphous, and its structure resembled evaporated Se layers made up
of polymer chains and possibly rings; it was a good hole-conductor but not an active
component of the CdSe/Se/liquid junction under illumination, since all the anodic

2 i.e., indifferent: without intentionally added redox couples.



228 5 Photoelectrochemistry and Applications

Fig. 5.3 Comparison between positions of the energy band edges at the surface of clean CdS–
(0001)Cd with positively charged surface states (S•– – formed, Efb = Efb(l ), left) and with
uncharged surface states (S•–, Efb = Efb(d ), right), with formal potentials of various redox cou-
ples. At potentials near Efb(d ), the number of electrons getting trapped in surface states reaches
its highest value and the electroluminescence intensity coming from these states saturates. Yet, at
even more negative potentials the number of electrons in the conduction band at the surface will
further increase. On the other hand, the number of holes trapped at the surface by the band bending
decreases as Efb(d ) is approached, so that no further increase of the band-to-band transition can be
expected negative of Efb(d ). The luminescence intensity saturates at –1.8 V (SCE). (Reproduced
with permission from [76], Copyright 2010, American Chemical Society)

photocurrent was generated in CdSe. Frese concluded that the relevant phenomena
should be related to the general problem of surface passivation in PEC cells using
conducting polymer layers. Let us note that, elsewhere [80], the Se corrosion layer
was considered to be responsible for the observation of cathodic photoeffects.

As providing valuable information about excited states, the photoluminescence
(PL) and electroluminescence (EL) of semiconductor electrodes comprise a unique
probe for gaining an insight into various processes occurring in PEC, such as the
electron–hole recombination, which can be investigated through the quenching fea-
tures of emission bands. Hence, PL and EL of CdX electrodes have been the subject
of a number of studies, e.g., regarding single-crystal, n-type, Te-doped CdS [81] or
single-crystal CdSe [82] used as photo- or dark anodes in aqueous PEC employing
sulfide and polychalcogenide electrolytes, respectively.
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A thorough insight into the comparative photoelectrochemical–photocorrosion
behavior of CdX crystals has been motivated by the study of an unusual phe-
nomenon consisting of oscillation of photocurrent with a period of about 1 Hz,
which was observed at an n-type CdTe semiconductor electrode in a cesium sulfide
solution [83]. The oscillating behavior lasted for about 2 h and could be explained
by the existence of a Te layer of variable width. The dependence of the oscillation
features on potential, temperature, and light intensity was reported. Most striking
was the non-linear behavior of the system as a function of light intensity. A compar-
ison of CdTe to other related systems (CdS, CdSe) and solution compositions was
performed.

5.2.3.3 Polycrystalline Photoelectrodes

It might be argued that thin film polycrystalline photoelectrodes should be more
stable than comparable single-crystal ones, owing to the lower microscopic current
densities flowing through a higher surface area. However, performance degrada-
tion mechanisms counteract and typically predominate over such an advantage,
with the result that the materials inhomogeneous in a microstructural level are
always more susceptible to corrosion than flat single crystals, unless special
designs are employed. Microstructural and (photo)electrochemical properties of
Cd-chalcogenide binary and ternary compound films have been shown to depend
strongly on the film preparation and post-treatment process.

It has been illustrated that polycrystalline materials can be operated in regener-
ative electrolytic solar cells yielding substantial fractions of the respectable energy
conversion efficiency obtained by using single crystals. Pressure-sintered electrodes
of CdSe subsequently doped with Cd vapor have presented solar conversion effi-
ciencies approaching 3/4 of those exhibited by single-crystal CdSe electrodes in
alkaline polysulfide PEC [84].

In 1976, Hodes et al. [85] reported the stabilization of polycrystalline CdSe
photoelectrodes (prepared by electrodeposition and subsequent heat treatment) in
de-aerated alkaline aqueous or organic (not specified) solution of S2–, in which
some elemental sulfur was dissolved. It was claimed that besides CdSe, other semi-
conductors such as CdS, CdTe (n- and p-types), ZnSe, or Bi2S3 are also stable as
photoelectrodes in a polycrystalline form in the sulfide solution, and that such cells
under AM1 sunlight are stable over periods of months, a rather exaggerated claim.
It was described in addition how a part or all of the converted energy could be stored
in a controlled way in the system by the introduction of an electrode of porous silver.

An interesting idea has been to prepare the photosensitive electrode “on site”
having the liquid play the dual role of a medium for anodic film growth on a
metal electrode and a potential-determining redox electrolyte in the electrochem-
ical solar cell. Such integration of the preparation process with PEC realization
was demonstrated initially by Miller and Heller [86], who showed that photosensi-
tive sulfide layers could be grown on bismuth and cadmium electrodes in solutions
of sodium polysulfide and then used in situ as photoanodes driving the S2−/S2−

n
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redox couple when connected to a suitable cathode. Two cells were considered,
namely Cd/CdS/Na2S–Na2Sx(aq)/C and Bi/Bi2S3/Na2S–Na2Sx(aq)/C. In this and
other works, however, the power efficiency of liquid junction cells using anodi-
cally formed CdS to drive a polysulfide reaction was found to be substantially lower
than for cells with single-crystal CdS under comparable conditions. The diverging
stoichiometry of the anodic polycrystalline films and charge carrier recombination
were denoted as the main limiting factors of performance. In fact, the anodic films
retained typically about 25% of the single-crystal efficiency, according to the results
of Peter [87], who measured the relative power output of polycrystalline CdS/Cd
and single-crystal CdS cells, under typical conditions of solar irradiation (Fig. 5.4).

The lower efficiency of the polycrystalline CdS/Cd electrode compared to the
single crystal reflected the measured primary photocurrent quantum yields, being
about 0.3 and close to unity, respectively. Upholding the polycrystalline character
of the CdS/Cd photoelectrode, Peter argued that although the efficiency of devices
employing anodic films is lower by a factor of three to four than comparable single-
crystal arrangements, this reduction of efficiency may well be offset by the ease with
which large-area thin film photoanodes can be prepared electrochemically.

Differences in behavior between polycrystalline and single-crystal CdSe elec-
trodes in polysulfide PEC involving the short- and long-term changes in photovolt-
age and photocurrents have been discussed by Cahen et al. [88], on the basis of XPS
studies, which verified the occurrence of S/Se substitution in these electrodes when
immersed in polysulfide solution, especially under illumination. The presence of a
thin (several nanometers) layer of CdS on top of the CdSe was shown to influence

Fig. 5.4 Power
characteristics of CdS/sodium
polysulfide solar cells.
Solution composition is
0.1 M Na2S + 0.01 M S +
0.01 M NaOH. (1)
Single-crystal photoanode;
(2) 10–6 m thick CdS film
grown at 20 A m–2 in 0.1 M
Na2S and etched in 1 M HCl.
(Reproduced from [87],
Copyright 2009, with
permission from Elsevier)



5.2 Photoelectrochemical Properties 231

the photovoltage and, to a lesser extent, the photocurrent obtainable from this kind
of PEC. The slow deactivation of highly crystalline CdSe photoelectrodes by the
formation of this sulfide layer was also discussed.

In attempting to preserve the stability of CdS while improving its absorption in
the visible, Noufi et al. [89] constructed solar cells using sintered pellet sulfoselenide
CdSxSe1–x polycrystalline electrodes, configured as CdSxSe1–x/1 M Na2S, 0.2 M S,
0.1 M NaOH/Pt. For a composition x = 0.9, a 9% power efficiency was obtained at
a cell voltage of 202 mV, under 1 mW cm–2 irradiation with 577 nm light. Studies
of the photoassisted oxidation of sulfide (in 1 M Na2S, 0.1 M NaOH) showed that
the flat band potential of CdSxSe1–x was more negative with respect to pure CdS
and CdSe. Along this line instead of another chalcogen, mercury may be added in
CdS to decrease the band gap width. Indeed, polycrystalline thin film Cd1–xHgxS
electrodes were prepared by chemical co-deposition on Ti and tested in polysulfide
solution [90]. A stable output current for a period of over 16 h was reported for a
Cd0.86Hg0.14S photoanode having a 1.88 eV gap (illumination 75 mW cm–2).

Russak et al. [91] estimated carrier densities (ND) and minority carrier diffusion
lengths (LP) for polycrystalline hexagonal (00.1)-textured CdSe thin film photoan-
odes (prepared by co-evaporation) in polysulfide solutions and correlated the latter
with measured photovoltaic efficiency, by applying simple depletion layer theory
to monochromatic photocurrent curves. The ND and LP values for the thin films
were found to be in the range 6×1016–1×1018 cm–3 and 0.400–0.006 μm, respec-
tively, while measurements on single-crystal CdSe gave ND = 8×1016 cm–3 and
LP = 1.46 μm. Conversion efficiencies (AM1) in excess of 5% were found for opti-
mized cells. Analysis of action spectra indicated that the films were defective, as
evidenced by the reduction of photoresponse at shorter wavelengths, as well as the
presence of sub-band gap energy photocurrents. According to the experimental data,
the conversion efficiency was more sensitive to LP than ND, as expected for defec-
tive polycrystalline semiconductors. It was remarked that the simple depletion layer
model was not adequate to predict completely the current–potential behavior of the
liquid-junction devices, particularly under forward bias, due to the inherent assump-
tion that recombinations within the space charge region can be neglected. However,
within the limits defined (i.e., reverse bias and a wavelength that minimizes sur-
face recombination effects), the model was found to yield very useful information
in terms of sample-to-sample variation for the thin film electrodes, allowing the
correlation of voltammetric performance with donor density and minority carrier
diffusion length.

Lyden et al. [92] used in situ electrical impedance measurements to investigate
the role of disorder in polysulfide PEC with electrodeposited, polycrystalline CdSe
photoanodes. Their results were consistent with disorder-dominated percolation
conduction and independent of any CdS formed on the anode surface (as verified
by measurements in sulfide-free electrolyte). The source of the observed frequency
dispersion was located at the polycrystalline electrode/electrolyte interface.

Effects due to grain boundaries have been discussed by Chartier et al. [93]
with respect to the CdS/polysulfide junction. The photoelectrochemical behavior
of polycrystalline CdS layers obtained by the spraying technique was found to be
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compatible with a carrier density of 1016–1017 cm–3 and a minority carrier (hole)
diffusion length Lp < 0.01 μm. The latter was rather low compared to the val-
ues quoted for CdS crystal (Lp ~ 4 μm) or evaporated CdS layers (0.1 μm <
Lp < 0.3 μm). The authors underscored that the inconsistencies follow from the
application, to polycrystalline layers, of the theories pertaining to the single crystal.

Advantages of the standard electrodeposition method (acidic aqueous solutions),
attainable goals, and result of annealing, etching, and double-sided illumination of
CdSe electrodes in PEC have been discussed [94]. The performance of electrode-
posited CdSe electrodes could be improved by immersion and/or potential cycling
in the polysulfide electrolyte [95]. Application of different annealing conditions in
order to yield optimal solar cell performance with electrodeposited films has been
reported [96, 97]. Besides thermal treatment, the influence of chemical- and photo-
etching treatments on the physical parameters determining the photoelectrochemical
behavior of electrodeposited CdSe thin films in contact with polysulfide electrolytes
has been systematically studied [98].

The strong photocorrosion effect on an electrodeposited CdSe film treated near
short-circuit conditions (positive to the flat band potential) in a polysulfide media
under intense illumination is shown in Fig. 5.5, as manifested by the formation of
numerous, regularly arranged pinholes often reaching the substrate surface [99].

Photovoltaic response parameters for electrodeposited (polycrystalline) CdTe
thin film electrodes in sulfide–polysulfide or alkaline sodium telluride PEC have
been reported, primarily with no reference to the stability of the cells [100]. In
view of the instability of CdTe in aqueous solutions, Bhattacharya and Rajeshwar
[101] employed two methods for the characterization of their electrodeposited
CdTe-based PEC. In the first one, a coating of PbO2 (~100 nm thick) was
deposited on the CdTe film surface by electroless deposition, and the coated films

Fig. 5.5 SEM surface view and cross section of an electrodeposited, ca. 1 μm thick, CdSe/Ti
film subjected to accelerated photocorrosion by the application of –0.1 V vs. Pt bias in polysulfide
solution under a focused, high-power (1 W cm2) solar illumination for 30 min. The coherence of
the as-deposited film morphology is evident. The authors emphasize that, even in this situation, the
liquid junction nature prevents the flow of high leakage currents during the process (as it might
be the case with a solid junction). (Reprinted from [99], Copyright 2009, with permission from
Elsevier)
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were tested in alkaline polysulfide electrolyte. In the second approach, a non-
aqueous methanol/[n-Bu4N]ClO4 solution of ferrocene/ferrocenium redox species
was employed and found to be effective in suppressing PEC corrosion; the fill
factor, though, was much inferior to the single-crystal case, indicating substantial
degradation in cell efficiency through carrier recombination.

The particular advantages of using spectral response measurements to charac-
terize the optical, electrical, and morphological properties of polycrystalline thin
film photoelectrodes in PEC have been emphasized by Mirovsky et al. [102], in
view of the fact that conventional methods such as Hall or differential capacitance
measurements are not easily applicable to systems constructed of a polycrystalline
material. Their work regarded polycrystalline n-CdSe0.65Te0.35 electrodes prepared
either by electroplating or by slurry pasting. Hole-diffusion lengths in the range of
0.1–0.5 μm and typical efficiencies of 2–5% were determined. High quantum effi-
ciencies also were proclaimed which were attributed to the rather low doping of
about 1015 cm–3, a result that was reflected in the moderate open-circuit voltages
and fill factors obtained with the alloy photoelectrode. Elsewhere [103], electrode-
posited isomolar mixtures of CdTe with CdSe (CdSe0.5Te0.5) were reported to show
an efficiency of 4.9% in polysulfide solution, for photoetched and annealed films.

Importantly, Licht [104], using the optimized polysulfide electrolytes developed
for CdX PEC (described in a preceding paragraph), was able to demonstrate true
long-term stability for a polycrystalline pasted thin film Cd(Se,Te)/aqueous polysul-
fide system. In specific, complete stability was exhibited for an 8-month outdoors
operation at 4.1% conversion efficiency.

In any case, it is perceived from the above discussion that the problem of long-
term chemical stability of polycrystalline semiconductor liquid junction solar cells is
far from being solved. Still, as already pointed out in the early research, any practical
photovoltaic and PEC device would have to be based on polycrystalline photoelec-
trodes. Novel approaches mostly involving specially designed PEC systems with
alternative solid or gel electrolytes and, most importantly, hybrid/sensitized elec-
trodes with properties dictated by nanophase structuring – to be discussed at the end
of this chapter – promise new advances in the field.

Let us add here that the fabrication of polycrystalline semiconductive films with
enhanced photoresponse and increased resistance to electrochemical corrosion has
been attempted by introducing semiconductor particles of colloidal dimensions to
bulk deposited films, following the well-developed practice of producing compos-
ite metal and alloy deposits with improved thermal, mechanical, or anti-corrosion
properties. For instance, it has been reported that colloidal cadmium sulfide [105] or
mercuric sulfide [106] inclusions significantly improve photoactivity and corrosion
resistance of electrodeposited cadmium selenide.

5.2.4 A Note on Multilayer Structures

Junctions involving a bilayer (two-semiconductor) electrode and a liquid have been
investigated as to their photoelectrochemical properties primarily in works which
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were mostly concerned with the possibility of stabilizing low band gap semicon-
ductors against photocorrosion, by covering them with a larger band gap material.
Titanium oxide has been a favorite cover material for both p- and n-type single-
crystal and polycrystalline semiconductor substrates [107, 108]. In most cases the
photoresponse of such structures is dominated by the top layer and in general, sta-
bilization of the bottom material could not be obtained because the top layer was
porous.

Protective and properties-modifying barrier films, such as intentionally grown
elemental chalcogen or II–VI material epilayers, have been applied on CdX elec-
trodes in order to stabilize and upgrade their performance in PEC. The work of Frese
on CdSe/Se/liquid junctions under illumination has been addressed in a preceding
section. Let us note that n-CdSe/p-Se diode structures have been used for rectifiers
and photosensitive elements for many decades, and possible application as low-cost
solar cells has been discussed. Kampmann et al. [109] developed CdSe/Se junctions
by electrodeposition of Se layers on n-CdSe single crystal from buffered selenite
solutions in the dark or by photocorroding CdSe crystals in a partially stabiliz-
ing solution containing various amounts of ferrocyanide. The photoelectrochemical
behavior of these n-CdSe/p-Se structures was examined in phthalate buffer (pH 5)
with and without redox species.

The influence of ZnSe on the photoelectrochemical properties of CdSe has been
investigated in a few works. Zinc selenide is a wide gap (2.7 eV) semiconductor
comprising, along with CdTe, the only II–VI obtainable in both n- and p-type forms.
Its integration in CdSe-based diodes as an interface layer may provide a barrier
to electrochemical corrosion and enhance the conversion efficiency of solar cells
with CdSe absorber electrode through its influence on open-circuit voltage [110].
A similar result can be obtained by zinc ion treatment of CdSe photoanodes, as the
incorporation of zinc induces a Fermi level shift in a direction to enhance the barrier
height, while also stabilizing the semiconductor surface against dissolution [111].

The photoelectrochemical behavior of ZnSe-coated CdSe thin films (both
deposited by vacuum evaporation on Ti) in polysulfide solution has been described
by Russak and Reichman [112] and was reported to be similar to MIS-type devices.
Specifically, Auger depth profiling showed the ZnSe component of the (ZnSe)CdSe
heterostructures to convert to ZnO after heat treatment in air, thus forming a
(ZnO)CdSe structure, while the ZnO surface layer was further converted to a ZnS
layer by cycling the electrode in polysulfide electrolyte. This electrochemically gen-
erated ZnS layer provided an enhanced open-circuit potential compared to CdSe
alone. Efficiencies as high as 5.4% under simulated AM2 conditions were recorded
for these electrodes.

More recently, the photovoltaic and chemical behavior of electrochemically pre-
pared, single- and double-layer structures of microcrystalline CdSe and ZnSe were
investigated in PEC with sulfide–polysulfide and (non-optimized) ferro-ferricyanide
redox electrolytes [113]. A reproducible rectifying behavior could be determined in
polysulfide solution, where the CdSe(ZnSe) electrodes showed higher photovoltage
and improved chemical stability with respect to single layer CdSe. The pH-neutral
Fe(CN)3−/4−

6 electrolyte provided in general the expected enhanced charge transfer
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kinetics, invalidated though by the irreversible formation of insoluble salts caus-
ing severe deterioration of the photoanodes. A more stable operation could be
established with alkaline (pH 12) Fe(CN)3−/4−

6 electrolyte.
Presently, laboratory solar cells such as those of crystalline silicon have reached

photovoltaic conversion efficiencies of 25%, which for a semiconductor with an
energy gap of 1.1 eV is close to the thermodynamic optimum. On the other hand,
photovoltaic conversion efficiencies between 30 and 40% have been reached or
are feasible if several solar cells are arranged in series to form a stack [114].
The idea of using multiple band gap cells in order to capture a greater fraction
of the solar spectrum has motivated much work in the area of solid-state pho-
tovoltaic solar cells and, as a result, has stimulated also photoelectrochemical
research. In a series of seminal works in this connection, Licht and co-workers
[115–118] undertook the investigation of several, distinct, multiple band gap PEC
configurations (MPEC) providing either regenerative or energy storage photoelec-
trochemistry. These authors developed a useful classification scheme for MPEC
based on whether the solid-state p–n junctions are arranged in a bipolar (e.g., pnpn)
or inverted (e.g., pnnp) fashion. Notably, a solar-to-electrical efficiency of 19.2%
using an AlGaAs (wide band gap)–Si (narrow band gap) bilayer was achieved. Most
of the work thus far has involved ohmic rather than Schottky-type semiconductor–
electrolyte junctions, which unfortunately negates one of the inherent advantages of
the photoelectrochemical approach.

We note finally that the development of multilayer, band gap systems with vari-
able width by (electro)chemical soft preparation methods provides opportunities
for low-cost structures with high efficiency in solar cell devices. Examples of such
devices are given elsewhere in this book.

5.2.5 Zinc Chalcogenides

The zinc chalcogenides, ZnX, comprise another class of II–VI compounds that have
been investigated as to their photoelectrochemical performance, albeit much less
than their CdX counterparts, as being more ionic compounds with larger band gaps
(ca. 3.7 eV for ZnS, 2.7 eV for ZnSe, and 2.3 eV for ZnTe), hence having less moti-
vating electrochemistry under low-energy irradiation. Besides, all these compounds
are more or less susceptible to PEC corrosion. We will focus here on some reference
works on zinc selenide (ZnSe) electrodes.

Efficient photoelectrochemical decomposition of ZnSe electrodes has been
observed in aqueous (indifferent) electrolytes of various pHs, despite the wide band
gap of the semiconductor [119, 120]. On the other hand, ZnSe has been found
to exhibit better dark electrochemical stability compared to the CdX compounds.
Large dark potential ranges of stability (at least 3 V) were determined for I-doped
ZnSe electrodes in aqueous media of pH 0, 6.3, and 14, by Gautron et al. [121],
who presented also a detailed discussion of the flat band potential behavior on the
basis of the Gärtner model. Interestingly, a Nernstian pH dependence was found for
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UFB estimated by both electrical (Mott–Schottky) and optical (photocurrent voltam-
metry) methods in the media studied, for (111)-oriented ZnSe electrode surfaces. A
different variation was observed for the (110) orientation at pH > 6. At pH 0, for both
(110) or (111)-oriented electrode surface, the flat band potential value was –1.65 V
(SHE) and the measured potential stability range (no detected current) was –0.35 to
+2.65 V (SHE). A comparison of band levels with the other II–VI compounds as
well as decomposition levels of ZnSe is given in Fig. 5.6.

The dark stability of ZnSe, in addition to its very negative flat band potential, was
found to be connected with interesting interfacial behavior in electrolyte solutions.
The above researchers [122] studied the electrochemical decomposition of n-ZnSe
single crystals [(111) face exposed, and free carrier concentration of 1018 cm–3] in
connection with the chemisorption of OH– groups onto the semiconductor surface.
The influence of oxidizing agents such as the illumination of the electrode or/and
the presence of ferricyanide ions in solution, leading to injection of holes into the
valence band, was also investigated. A complex and multistep corrosion mechanism,
as opposed to the usual rather simple decomposition models, was proposed in order
to account for the different observations made on the ZnSe electrodes, comprising
the formation of triangular decomposition pits, a deep red layer of amorphous sele-
nium, and a bright gray layer of zinc oxide. From a fundamental viewpoint, it was
considered that the electrolyte action by means of its OH– groups was controlled by
the band bending in the semiconductor space charge region. Injection of electrons
from OH– groups into the conduction band was claimed to invoke the formation of

Fig. 5.6 (Left) Comparison of band energy levels for different II–VI compounds. Note the high-
energy levels of ZnSe. Representation is made here for electrodes in contact with 1 M HClO4. The
reference is a saturated mercury–mercurous sulfate electrode, denoted as esm (0 V/esm = +0.65 V
vs. SHE). (Right) Anodic and cathodic decomposition reactions for ZnSe at their respective poten-
tials (Edp, Edn) and water redox levels in the electrolytic medium of pH 0. (Adapted from [121])
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soluble zinc and selenium species. Imposing large (anodic) potential values to the
electrode, in the presence of an oxidizing agent injecting holes in the valence band,
the sensitization of selenide species was found to give rise to the formation of an
amorphous selenium layer, the products of zinc dissolution remaining soluble.

Having investigated the electrochemical behavior of ZnSe, and in view of the
well-known blue luminescence of the compound, the previous authors extended
their work to study electroluminescence from I-doped n-ZnSe crystals under anodic
polarization in aqueous media containing metal ions such as Cu(II) and Sn(II)
[123].

It was observed in other works that in sulfide electrolyte, decomposition of
ZnSe was still obtained; stable PECs could be constructed though from single-
crystal, n-type, Al-doped ZnSe electrodes and aqueous diselenide or ditelluride
electrolytes [124]. Long-term experiments in these electrolytes were accompanied
by little electrode weight loss, while relatively constant photocurrents and lack
of surface damage were obtained, as well as competitive electrolyte oxidation.
Photoluminescence and electroluminescence from the n-ZnSe:Al electrodes were
investigated.

Photoelectrochemical studies with ternary chalcogenide systems containing zinc
as one of the components have been published; however, such investigations on
bulk or thin film binary ZnS and ZnTe electrodes are practically absent from the
literature or may be found fragmentary in electrosynthesis-oriented works. ZnTe has
been studied as a possible candidate for a photocathode in the photoelectrochemical
production of hydrogen. Related information will be given in the relevant section.

Photoelectrochemical techniques have been utilized to determine the minority
(electron) diffusion length (L) and other electrical parameters of p-ZnTe [125] and
p-type Cd1−xZnxTe alloys [126]. In the latter case, the results for a series of single
crystals with free carrier concentration in the range 1014–1015 cm–3 (L = 2–4 μm,
constant Urbach’s parameter at ca. 125 eV–1) were considered encouraging for the
production of optical and electro-optical devices based on heterojunctions of these
alloys.

Zinc sulfide, with its wide band gap of 3.66 eV, has been considered as an excel-
lent electroluminescent (EL) material. The electroluminescence of ZnS has been
used as a probe for unraveling the energetics at the ZnS/electrolyte interface and for
possible application to display devices. Fan and Bard [127] examined the effect of
temperature on EL of Al-doped self-activated ZnS single crystals in a persulfate–
butyronitrile solution, as well as the time-resolved photoluminescence (PL) of the
compound. Further [128], they investigated the PL and EL from single-crystal
Mn-doped ZnS (ZnS:Mn) centered at 580 nm. The PL was quenched by surface
modification with I2-treated poly(vinylferrocene). The effect of pH and temperature
on the EL of ZnS:Mn in aqueous and butyronitrile solutions upon reduction of per-
oxydisulfate ion was also studied. EL of polycrystalline chemical vapor deposited
(CVD) ZnS doped with Al, Cu–Al, and Mn was also observed with peaks at 430,
475, and 565 nm, respectively. High EL efficiency, comparable to that of single-
crystal ZnS, was found for the doped CVD polycrystalline ZnS. In all cases, the EL
efficiency was about 0.2–0.3%.
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5.2.6 Layered Transition Metal Chalcogenides

Along with the CdX compounds, the layered (van der Waals: vdW) transition metal
dichalcogenide (TMD) semiconductors, specifically those of Mo and W, have been
thoroughly studied with respect to their photoelectrochemical properties. The salient
structural features of the CdI2-type TMD MX2 compounds are blocks of two hexag-
onally close-packed chalcogen layers between which the transition metals reside
in either prismatic or octahedral coordination of six chalcogens (Chap. 1). The
vdW character of bonding between chalcogen atomic layers as opposed to the strict
polar covalent sequence of layers in CdX endows the TMDs with unique electronic
properties that will be discussed presently in connection with photoelectrochemistry.

Layered TMDs include metal components belonging to the Groups IVA (4), VA
(5), VIA (6), VIIA (7), and VIII (in particular 10). Among them the most interesting
semiconductor compounds comprise metals of the Groups 4, 6, and 10. Specifically,
Mo, W, Zr, and Hf sulfides and selenides show optical band gaps between 1 and 2 eV.
Transition from non-metallic to metallic affinities occurs from sulfur to tellurium
compounds. The TiS2, although theoretically a semiconductor, has experimentally
been found to be semimetallic due to an excess of titanium metal whose electrons
partially fill the d-type conduction band. Established intercalation applications of
this compound will be discussed elsewhere. Platinum dichalcogenides are of little
practical interest, since they would be expensive and have small energy gaps (<
1 eV). Zirconium and hafnium sulfides and selenides have been examined, particu-
larly with reference to their applicability to photointercalation processes as having
the electrochemical property of forming energy-storing insertion compounds at low
electrode potentials (Chap. 6).

Interest in the layered TMD semiconductors originated primarily from their
potential for solar energy conversion, since they present particularly fitting prop-
erties for both Schottky and liquid junction solar cells, namely band gap energies in
the optimum range for terrestrial energy conversion and high absorption coefficients,
while being composed of readily available non-precious constituents. Further, and
most important for liquid junctions, is that, unlike most of the non-oxide semi-
conductors, these materials show good photoanode stability in relatively oxidizing
solutions. This has been suggested to be a result of the fact that the optical absorp-
tion near the band edge is dominated by direct transitions between hybridized metal
d-bands and not between metal d- and chalcogen p-bands as in the polar metal–
chalcogen compounds; these almost intrametallic transitions leave the bonding
of the TMD semiconductor largely unaffected, so that its susceptibility to pho-
tocorrosion is low. In other words, holes photogenerated in d-bands of covalent
TMD-layered compounds react electrochemically differently from holes generated
in semiconductors with valence bands based on p-orbitals (e.g., CdS, ZnO, CdSe,
GaAs). They do not constitute broken crystal bonds and therefore do not lead
directly to anodic photodecomposition of the electrode. On the other hand, the
chemical character of these holes as missing d-electrons, which is associated to an
increased oxidation state of the transition metal, has the consequence that surface-
positioned transition metal atoms will interact with the electrolyte and change their
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ligand composition, giving rise to specific electrochemical surface reactions with
electron donors such as I–, Br–, and OH–, as will be discussed shortly.

Typical results and applications of TMD compounds in PEC systems, up to 1985,
are summarized by Rajeshwar [129]. Tributsch [130] was the first to introduce the
concept of using layered TMD as electrodes in PEC applications. In searching for a
method to attack the problem of corrosion of polar metal chalcogenides in aqueous
media he suggested that instead of trying to evade bond dissociation upon electron
excitation or to prevent transport of reaction products, materials should be used that
provide favorable optical transitions between non-bonding orbitals; these transitions
would therefore not affect the original bonding in the semiconductor surface. On
account of a detailed theoretical analysis, mostly based on energetic and kinetic
considerations, Tributsch reached the conclusion that the most promising electrode
materials would be transition metal chalcogenides. Upon inspection of some basic
solid-state properties as, for instance, the metal–metal distance which determines
the d–d interaction and hence also the d–d splitting, MX2 compounds with M = W,
Mo, and X = S, Se were identified as the theoretically most promising.

The experimental investigation [131] of the photoelectrochemical behavior of
MoS2 electrodes (with vdW surface exposed) in neutral and alkaline indifferent
aqueous electrolytes (0.1 M KCl) showed that upon illumination with visible light,
the semiconductor (which occurs as p-, n-, or intrinsic type, with a direct band gap of
~1.7 eV) reacts with water instead of anodically decomposing into metal ions and
molecular sulfur. Evidence was given that the oxidation of water is initiated by a
hole-mediated transition of Mo from the four-valent to the five-valent state, creating
an additional bonding possibility for OH– ions from which electrons can subse-
quently be transferred to recombine with holes in the low-lying dz2 -band of MoS2
(Fig. 5.7). Actually, the main anodic product was sulfate, produced from the oxida-
tion of the sulfide sulfur via a reaction involving radicals, with an overall scheme

MoS2 + 8H2O + 18 h+ + hν → Mo(VI) + 2SO2−
4 + 16H+

At low anodic potentials a parallel photochemical liberation of small quantities
of oxygen (formed via the 2h+ oxidation of H2O) could be traced on freshly pre-
pared surfaces by polarographic techniques. Interestingly, the flat band potential of
MoS2 was found remarkably far in the anodic range, so that it was possible also
to construct a regenerative solar cell with p-MoS2 as a photocathode, at which a
suitable oxidizing agent of a redox couple was reduced.

Comparison of the previous findings to the behavior of zirconium disulfide,
ZrS2, is revealing about the nature of photoelectrochemical mechanisms involv-
ing holes on d-orbitals of TMD compounds. Although ZrS2 (Eg = 1.68 eV) has
a layer-type structure very similar to that of MoS2 (the only difference is that the
cations in ZrS2 have an octahedral arrangement and not a trigonal prismatic one as
in MoS2), its anodic photoproducts are very different. In fact, sulfur and not sulfate
is formed; further, at the ZrS2 interfaces, unlike MoS2, there is neither a specific
interaction with OH– or I– ions, which would decrease the activation energy for
oxidation, nor is there a kinetic inhibition for the anodic release of metal ions, which
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Fig. 5.7 The band structure of MoS2 is very unusual for a sulfide semiconductor. The conduction
band is about 3 eV wide and based on four of the six Mo 4d orbitals (4dxy, 4dx2−y2 ), with anti-
bonding admixtures of sulfur 3p orbitals. Somewhat less than 2 eV below (the absorption edge for
direct optical transitions in these experiments was at 1.75 eV) there is the non-bonding Mo 4dz2

orbital (approximately l eV wide) holding two electrons per MoS2. Below and slightly overlapping
(0.1 eV) with the Mo 4dz2 band is the principal S 3p valence band. Thus, a Mo d-band overlapping
the sulfur valence band appears. The relative energy levels of one-electron transfer agents (Fe2+,
Ce3+) able to supply electrons into the valence band of MoS2 are depicted. (Reproduced from
[131], Copyright 2009, with permission from Elsevier)

would prevent corrosion. In this aspect, ZrS2 behaves similarly to CdS and appears
not to be especially interesting for conventional electrochemical solar cells [132].
On the other hand, zirconium sulfides and selenides present a great potential for
photo-intercalation applications, as already mentioned. The key point here, which
underscores the advantage of having holes in d-bands in accomplishing energeti-
cally demanding oxidation reactions, is that despite the close similarity of the crystal
structures of ZrS2 and MoS2, and in combination with a similar chemical behavior
of Zr and Mo, the valence band of ZrS2 derives from sulfur 3p orbitals and not metal
d-states. The discrepancies therefore are attributed in principle to this pronounced
difference of the respective electronic structures. Similarly, the layer-type HfSe2 (Eg
= 1.13 eV) photocorrodes anodically to Hf(IV) and selenium since its valence band
is not derived from d-states but from selenium p-states, as in CdSe [133].
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In general, layered transition metal sulfides and selenides can only be stabilized
kinetically in contrast to the large band gap oxides like TiO2 and SrTiO3, which
appear to be thermodynamically stable in water-oxidizing conditions. Thus, the pho-
tooxidation of iodide ions (I–) to I−3 or I2 in aqueous solutions is quite efficient at
MoS2, MoSe2, or WSe2 photoanodes, as being kinetically more favorable than the
semiconductor decomposition. Solar cells with such electrodes in iodide solutions
have been reported to reach conversion efficiencies similar to the CdS or CdSe-
based cells operating in the polysulfide and polyselenide redox systems, yet easily
stabilized against photodecomposition [134]. The most efficient systems comprised
the lower band gap selenides n-MoSe2 or n-WSe2 (both direct, Eg = 1.4 eV). Long-
term stability was demonstrated for an n-MoSe2/I–, I2/Pt solar cell operating for
9 months at a photocurrent density of 10 mA cm–2. Importantly, an unexpectedly
large photovoltage was measured in the cell, despite the relatively reducing redox
potential of the I2/I– couple (reported formal potential 0.28 V vs. SCE; standard
0.5355 V vs. SHE for I2/I–, and 0.5360 V vs. SHE for I−3 /I−). This was considered
to reflect a shift of the flat band potential of the electrode to several hundred mV
more negative values than in indifferent solutions, due to a strong interaction of the
I– ions with the MoSe2 surface. At any rate, the results were very sensitive to crystal
selection and orientation.

At this stage, it was clear that the increased stability of TMD toward anodic
decomposition permits use of redox systems with more positive potentials than those
of the specific redox systems used previously for the more difficult to stabilize Cd-
chalcogenides invoking increased light absorption in the electrolyte, toxicity, and air
sensitivity. The inherently stable TMD semiconductors would afford a wider range
of redox couples with less limited properties, provided that their flat band positions
were also advantageous. Important results in this connection were established by
Menezes et al. [135] who investigated the photoelectrochemical compatibility of
n-WSe2 and n-MoSe2 with several redox systems. Unlike I2/I– systems, a specific
surface interaction which would lead to a large negative flat band shift was absent
in the Br2/Br– case, hence the redox potential of the latter turned out to be too
positive (standard: +1.065 V vs. SHE) to restrain photocorrosion. Then again, such
surface interactions could occur with the larger, multiply charged Fe(CN)3−/4−

6 ions
which have redox potential close to that of the I–/I2 couple and also a well-defined
oxidation step, but less of a flat band potential shift. Qualitatively similar results
were reported for n-type MoS2.

Thus, a good PEC behavior could be established for WSe2, MoSe2, and MoS2
photoelectrodes in aqueous solutions containing redox couples with reasonably
positive redox potentials such as I−/I−3 . In principle, the oxidizing power of the
photogenerated holes in these electrodes is positive enough to effect Cl2 or Br2 gen-
eration; however, in the presence of Br– or Cl– [standard aqueous (Cl2/Cl–): 1.3583
vs. SHE], photoanodic corrosion has been the dominant process. Notwithstanding,
Wrighton and co-workers [136] demonstrated that MoSe2 and MoS2 can effectively
photooxidize aqueous bromide and chloride, if highly concentrated solutions were
used. Their strategy has been to employ super high concentrations of these ions by
using aqueous solutions of LiCl (15 M) or LiBr (12 M). The rationale was twofold:
(i) the effective activity of X– can be much higher than the concentration (the Cl–
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activity of 15 M LiCl is 480 M and the Br– activity of 12 M LiBr is 560 M) to
provide the kinetic advantage for productive photooxidation of X– and (ii) the activ-
ity of H2O can be reduced significantly by the high ionic strength to reduce the
efficiency for photocorrosion.

Schneemeyer and Wrighton [137, 138] studied the interface energetics of n-
type MoS2 and MoSe2 by means of cyclic voltammetry at dark and illuminated
(laser 632.8 nm at ~50 mW cm–2) single-crystal electrodes, at 25 ◦C, in aprotic
CH3CN/0.1 M [n-Bu4N]ClO4 solutions of various reversible (at Pt) redox couples
with formal potentials spanning a range –0.8 to +1.5 V vs. SCE (Fig. 5.8). All cou-
ples were fast, one-electron, outer-sphere systems so that kinetics for heterogeneous
electron transfer was not expected to differ significantly. Thus, differences in perfor-
mance could be attributed to those in redox potential. An exceptionally well-defined
flat band potential was reported for n-type MoS2, based on voltammetric mea-
surements with biferrocene (BF) and N,N,N′,N′-tetramethyl-p-phenylenediamine
(TMPD) redox couples, each having two, reversible, one-electron waves at Pt
electrode. At the MoS2, the first oxidation was reversible in the dark, whereas
the second oxidation was observed only upon illumination. The dark oxidation

Fig. 5.8 The energy levels of n-type MoS2 at the flat band potential relative to the positions of
various redox couples in CH3CN/[n-Bu4N]ClO4 solution. The valence band edge of the semicon-
ductor as revealed by accurate flat band potential measurement is at ca. +1.9 V vs. SCE implying
that photooxidations workable at TiO2 are thermodynamically possible at illuminated MoS2 as
well. (Reproduced with permission from [137], Copyright 2010, American Chemical Society)
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BF → BF+ and the photoanodic BF+ → BF2+ were separated by only –150 mV,
allowing the authors to assign an accurate flat band potential of +0.30 (+0.05) V vs.
SCE to MoS2.

Quite interesting results were drawn regarding the photoelectrochemical behav-
ior of MoSe2 in acetonitrile and aqueous solutions of X−

n /X− couples (X = Cl, Br, I)
along with comparative data for the MoS2-based cells. The onset potential of MoSe2
photoanodic decomposition in aqueous electrolyte solutions (~ +0.5 V vs. SCE) was
reported to be less positive than the formal potential of Br2/Br– and Cl2/Cl–,3 so that
stabilization should be ruled out with these couples in aquo (their reducing forms
being at a high energy for photogenerated holes). A reverse order was true for the
CH3CN medium, i.e., the onset potential for photoanodic decomposition was less
negative than the redox potentials of these couples. Thus, the use of CH3CN solvent
allowed the study of both Br– and Cl– oxidations at the illuminated photoanodes. In
CH3CN solutions, where n-type MoSe2 could be used as a stable photoanode, sus-
tainable conversion of ≥ Eg light to electricity was obtained with efficiency ordered
as Cl > Br > I. Specifically, conversion of 632.8 nm light to electricity was found to
have an efficiency up to 7.5% for Cl2/Cl–, 1.4% for Br2/Br–, and 0.14% for I2/I–.
This large variation reflected the differences among the halide redox systems in
terms of PEC output voltage and short-circuit current, as related to increasing for-
mal potentials in the same order. In aqueous solution, only the I−3 /I− couple yielded
a stable n-type MoSe2-based PEC, one with efficiency a little lower than that for the
CH3CN/Cl2, Cl– system, implying thus the important role of the solvent in the ther-
modynamics of electrode decomposition. For the sulfide n-MoS2/X−

n , X– cell, the
results for acetonitrile and aqueous solutions were qualitatively similar to the MoSe2
case. In conclusion, both MoSe2 and MoS2 could be used as stable photoanodes in
acetonitrile solutions even for the oxidation of chloride. The ability to effect Cl–

oxidation in CH3CN is considered important, in part because the formal potential
of the Cl2/Cl– couple in CH3CN is quite positive, thus inducing high photovoltage,
and further because the Cl2/Cl– solution is optically transparent over most of the
visible spectrum, providing a non-absorptive path for the light.

Several behavior classes were established for the investigated redox couples, as
already mentioned here in a preceding section. Importantly, the ability to observe
photoeffects within the whole range of formal potentials, and in particular the obser-
vation of a constant photovoltage for formal potentials more positive than ~ +0.7 V
vs. SCE (indicating a constant barrier height in this range) implied pinning of the
Fermi level at the semiconductor/electrolyte interface. Either the existence of a
significant density of surface states at energies lying in the band gap of the semi-
conductor or carrier inversion (such that a “p-type” near-surface region develops at
the n-type material as the Fermi level in this region becomes closer to the top of the
valence band) was considered to account for these observations. The authors con-
sented to the former explanation, claiming an important role for “extrinsic” surface
states, created from oxide or other impurity material on the MoSe2 surface; intrinsic

3 The reported values in 0.9 M I–, 1 M Br–, and 1 M Cl– solutions, for the respective couples, were
+0.3, +0.7, and +1.1 V vs. SCE.
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surface states were ruled out on the basis of earlier results indicating that layered
Mo compounds are relatively free of them. Whatever the origin of the Fermi level
pinning, the fact was that the MoSe2 “pinned” photoanodes could attain oxidations
that would be regarded as impossible within the ideal model where the band edges
remain fixed. Similar observations made in related systems have been attributed to
charging effects at the semiconductor surface produced by the redox species in the
electrolyte. In their work on the energetics of p/n photoelectrochemical cells, com-
prising simultaneously illuminated p-type photocathodes and n-type photoanodes,
namely n-WSe2, n-MoSe2, n-WS2, n-TiO2, p-InP, p-GaP, and p-Si electrode com-
binations, Parkinson et al. [139] suggested that the advantage of charge trapping
in surface states without concomitant anodic corrosion is that the flat band poten-
tial does not have to be adjusted to the desired redox reaction. In this situation,
the obtainable photovoltage remains constant for all redox couples of comparable
charge transfer kinetics and is available to drive photoelectrolytic processes.

Fan and Bard [140] employed capacitance and voltammetric measurements to
investigate the photoelectrochemical behavior of n-WSe2, p-WSe2, and n-MoSe2
single-crystal electrodes in aqueous solutions containing various redox cou-
ples, namely Br–/Br2, I−/I−3 , Fe(CN)6

4–/Fe(CN)6
3–, Fe2+/Fe3+, HV+/HV2+, and

MV+/MV2+ (HV is heptyl viologen and MV is methyl viologen). The specific
effects of iodide on the electrochemical behavior of the layer-type compounds were
compared, and the characteristics of several PEC cells were described. The inter-
face energies for n-MoSe2 in contact with various redox couples were given as in
Fig. 5.9.

The interfacial energetics of MoTe2 (n- and p-type, Eg ≈ 1.0 eV) electrodes in
solutions containing various redox couples have also been characterized [141]. The
compound showed behavior qualitatively similar to the other layered semiconduc-
tors in terms of the sensitivity of their properties to growth conditions and surface
imperfections. PEC cells based on n-MoTe2 with I−/I−3 as a redox couple reached
monochromatic light (He/Ne laser) to electrical conversion efficiencies of over
8%. Koval and Olson [142] described the interface energetics of n-WSe2 single-
crystal electrodes (with a doping density of 2.8×1017 cm–3) in dry acetonitrile–
tetrabutylammonium fluoroborate solutions containing acetylferrocene, ferrocene,
or decamethylferrocene redox couples. Based on their simultaneous voltammetric
and impedance (Mott–Schottky) analysis, the authors claimed that WSe2 represents
an ideal material for fundamental investigations of the electrochemistry of narrow
band gap semiconductors.

A common conclusion in the aforementioned and other works, as already stated,
has been that the flat band potential (UFB) of molybdenum or tungsten dichalco-
genide electrodes in contact with iodide solutions is shifted to the cathodic direction.
Further, this negative UFB shift has been found to increase significantly upon addi-
tion of I2 to the I– solution forming I−3 . By measuring UFB variations for n-WS2

electrodes in electrolyte media containing I– or I−3 , Huang and Wrighton [143] found
that the magnitude of the shift depended on the concentration of these species, the
dependence fitting a Langmuir adsorption isotherm. The researchers tried to inves-
tigate further the nature of the flat band potential shift of metal dichalcogenides in
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Fig. 5.9 Schematic representation of the energetic situation at the n-MoSe2/solution interface.
(Reproduced from [140])

I– or I−3 electrolytes by modifying the electrode with a derivative which concen-
trates I– from dilute solutions. In particular they employed differential interfacial
capacitance measurements to determine the UFB of naked and cationic viologen
(BPQ2+)n-modified n-WS2 electrodes in KI and KI3 solutions. Because of the high
concentration of anions in the cationic viologen polymer due to electrostatic forces,
the polymer-modified n-WS2 surface was in contact with a high concentration of I–

or I−3 even in dilute solutions. However, the UFB shifts were found to be about the
same for both naked and polymer-modified electrodes in a wide range of concentra-
tions of I– or I−3 solutions. This result was explained on the basis of thermodynamic
equilibria: the fact that the polycation concentrates I– or I−3 from dilute solutions
only means that the concentration in the polymer is increased; the activity of I–

or I−3 at the WS2 surface is essentially unaffected, resulting in UFB shifts of the
same magnitudes and concentration dependencies for naked WS2 and polycation-
coated WS2. Thus, the surface energetics of WS2 are unaffected by the polycation
in dilute I– or I−3 solutions, though the higher concentrations of anion in the poly-
mer may be important in acceleration of the redox reactions of the anion by the
polycation-modified electrode.

The rhenium dichalcogenides, ReS2 and ReSe2, have a distorted CdCl2 layered
structure leading to triclinic symmetry, with the Re d-states forming the top of the
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valence band. ReS2 and ReSe2 single crystals of the n-type have been found to
exhibit enhanced stability against photocorrosion in aqueous solutions of I−3 /I− with
respect to other semiconductors such as CdS and GaAs [144]. Photoelectrochemical
spectral response measurements gave an indirect optical band gap of 1.4 eV for
ReS2, while analysis of optical absorption spectra resulted in lowest-energy indi-
rect optical band gaps of 1.32 eV for ReS2 and 1.17 eV for ReSe2. Considering
that p-type materials can be useful in photosynthetic applications, Wheeler et al.
[145] described the growth of p-ReS2 and p-ReSe2 crystals and their PEC behavior
in aqueous solutions. The determined band gaps agreed well with the previously
specified values for the n-type compounds. Open-circuit photovoltage values of
ca. 400 mV were obtained from both crystals in Fe(II/III), EDTA solution. It was
stated that the conduction band edges of the compounds are too positive to pho-
toreduce CO2, but might be able to produce H2 with a suitable catalyst. Presently,
considerable attention had been focused on rhenium sulfides because of poten-
tial applications as sulfur-tolerant hydrogenation and hydrodesulfurization catalysts
[146, 147].

Layered crystals of chalcogenophosphates (MPX3, with X = S, Se) have been
evaluated for use as photoelectrodes in photoelectrochemical cells. The structure of
these compounds, typified by FePS3, is closely related to the dichalcogenides. In
specific, the iron atoms and pairs of phosphorus atoms, in the form of dumbbells,
take up the positions of the titanium atoms in TiS2. Frequently, and in particular for
the sulfides, the MPX3 structure is monoclinically distorted; the selenides are more
likely to be found in the rhombohedral modification. A wide range of metal atoms
can take up the iron positions including V, Cr, Mn, Ni, Zn, Sn, and 2/3 In (below);
however, the electronic properties of the MPX3 compounds are different from those
of the layered MX2, as the fundamental transition in this case occurs between bands
related to anion or phosphorus levels and localized d-states. The reported values
of their optical absorption edges indicate that these compounds can be used, in
principle, as solar cell materials. Three compounds in the thiophosphates series,
namely, SnPS3, FePS3, and NiPS3, were reported to yield clear photoresponse and
low dark currents in aqueous pH 2 (H2SO4) solutions. SnPS3 as grown by iodine
vapor transport was found to be n-type whereas the other two compounds were
p-type [148].

The photovoltammetry and capacitance–voltage characteristics of p-type (as-
grown) single-crystal electrodes of FePS3 and FePSe3 have been studied in acid
(H2SO4) solutions. The quantum efficiencies were low in most of the visible spec-
trum in agreement with the nature of the d-levels and low carrier mobilities. The
current–voltage and flat band potential measurements indicated significant surface
recombination, due to the presence of surface states. Interpretation of the measured
quantum efficiencies in PEC was proposed in terms of two indirect optical transi-
tions at 1.62 and 2.3 eV for FePS3 and at 1.3 and 1.83 eV for FePSe3 [149]. The
energy band schemes of these compounds were discussed in relation to the elec-
tronic properties of other layered chalcogenophosphates including those of Zn, Cd,
In, Mn, and Ni.
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5.2.6.1 Surface Anisotropy Effect

The attractive features of layered TMD for PEC applications are counterbal-
anced with anisotropic effects and difficulties of fabrication in polycrystalline
form. Similar to other systems (CdX), a wide variance in measured electro-
chemical parameters (e.g., flat band potential) in PEC has been reported from
different laboratories for layered TMD electrodes, mostly due to the significant
sample-to-sample variations in the morphology of utilized crystals. Clearly, with
polycrystalline electrodes, the extensive anisotropy and the multitude of extrinsic
surface states, such as those due to surface complexes with redox species from
solution, are usually responsible for degraded performance; for instance, the het-
erogeneity of electrodeposited molybdenum selenide films accompanied by a high
density of surface states and deep level traps contributing significantly to the interfa-
cial charge transfer has been invoked to explain the low efficiencies of as-fabricated
n-MoSe2/I–, I2 solar cells [150]. However, the problem is not limited to poorly
defined crystallinity as the one found in polycrystalline surfaces. The electrochem-
ical response may depend considerably on the crystallographic orientation that is
exposed to the electrolyte, and this is particularly evident in the case of layered-type
semiconductors, where steps are present at their vdW surface. In fact, it has been
suggested that cleavage steps in single-crystal TMD electrodes are associated with
a high density of recombination surface states.

Experimentally, the presence of exposed edges in the vdW surfaces has been
connected to high dark anodic currents at n-type electrodes limiting thus their
photocurrent efficiencies. The first investigation of WSe2 in an electrochemical
environment [151] revealed that the photovoltage and photocurrent were signifi-
cantly reduced on account of recombination losses. The solar energy conversion
efficiency for a p-WSe2 photocathode was only 2% and the fill factor did not exceed
0.25. Still, conversion efficiencies in excess of 10% were achieved after a careful
cleavage of the vdW face of WSe2 [152]. In an early work, Lewerenz et al. [153]
established a correlation between photovoltaic parameters and surface perfection,
by investigating the performance of n-WSe2 photoanodes of different surface mor-
phology, in an aqueous I−3 /I− cell. According to their results, surface damage is of
extreme importance in layered semiconductors for any type of solar cell, including
liquid junction devices. On the basis of a developed model, it was predicted that the
efficiency obtained with flat single-crystalline surfaces will be markedly enhanced
compared to ill-defined surfaces. WSe2 was found to exhibit various types of recom-
bination sites. Besides those frequently found in layered semiconductors (i.e., bulk
dislocations, growth irregularities, and occlusions), steps were considered to be the
most commonly encountered recombination sites and their presence was shown to
be particularly deleterious for solar energy conversion devices [154]. An illustrative
mechanism involving a very effective deflection of minority carriers toward the edge
of a step was proposed to explain this fact. It was considered that an electric field
acting parallel to the layered structure, on account of its highly anisotropic nature,
deflects the holes to recombination sites at the edges of steps. That is, holes, on their
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way to the interface find themselves in essentially “dead” regions with respect to
photoresponse.

Hence, the properties of PEC with single-crystal layered TMD absorber elec-
trodes may depend strongly on the nature of the electrode surface. Highly efficient
and stable PEC can be constructed provided the bulk and surface properties of
single crystals can be sufficiently optimized. For this purpose, either an improved
growth process leading to large-area smooth samples or the invention of a method to
suppress the disadvantageous effects of steps on layered semiconductors is needed.
In fact, it has been shown [155] that careful photoetching of n-WSe2 as a
pretreatment leads to a large improvement in photoresponse, yielding conversion
efficiencies above 14%, rather the highest achieved to date.

Nonetheless, it has been stated that a simple differentiation between smooth and
corrugated vdW surfaces is not sufficient for evaluating the photoelectrochemical
behavior of layered TMD materials. In fact [156, 157], the kinetics of iodide pho-
tooxidation on an n-WSe2 electrode are more favored at corrugated zones where
there are plenty of steps than at smooth vdW surfaces free of defects, as a con-
sequence of the better interaction of I−3 electrolyte ions with tungsten dz2 valence
band orbitals. Likewise, structural and kinetic information obtained by photocurrent
and electrolyte electroreflectance (EER) imaging techniques, for the characteriza-
tion of the photoelectrochemical behavior of an n-MoSe2 single crystal to the iodide
reaction, as a function of its surface morphology, showed that the photooxidation
kinetics is enhanced in those areas of a fresh single-crystal surface where a high
density of surface defects (steps) is generated [158].

5.2.7 Iron Sulfides

Pyrite, FeS2, is an abundant, low-cost, non-toxic material, which crystallizes in the
cubic system, in a rock salt type structure with iron as Fe2+ and sulfur as S2−

2 . It
possesses most of the main requirements for efficient solar energy conversion, in
particular a low, although indirect, energy gap (0.95 eV) close to that of silicon and
an extremely high absorption coefficient (6×105 cm–1 for hv ≥ 1.3 eV); optical
measurements have shown that visible light is absorbed in an extremely thin layer
(16 nm) of the material, in spite of the indirect gap. The electronic structure of FeS2
resembles that of Mo and W dichalcogenides, as both the valence and conduction
band states derive from d-orbitals of the metal atom. A survey on the properties of
iron disulfide in relation to solar energy conversion has been given by Ennaoui et al.
[159].

The electrochemistry of single-crystal and polycrystalline pyrite electrodes in
acidic and alkaline aqueous solutions has been investigated extensively. Emphasis
has been laid on the complex anodic oxidation process of pyrite and its products,
which appears to proceed via an autocatalytic pathway [160]. A number of inves-
tigations and reviews have been published on this subject [161]. Electrochemical
corrosion has been observed in the dark on single crystals and, more drastically, on
polycrystalline pyrite [162]. Overall, the electrochemical path for the corrosion of
n-FeS2 pyrite in water under illumination has been described as a 15 h+ reaction:
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FeS2 + 8H2O + 15 h+ → Fe3+ + 2SO2−
4 + 16H+

Hence, in the absence of a redox system in solution the anodic reaction of FeS2
yields iron oxide/hydroxide and water-soluble sulfate ions. The compound does not
undergo non-oxidative dissolution.

In photoelectrochemical applications, attempts have been made to minimize
pyrite anodic corrosion by using suitable redox equilibria as well as proper prepara-
tion and assembling procedures of the photoelectrodes. Similar to the layered TMD
case, one of the best redox systems for pyrite photoelectrodes has been the aque-
ous iodide/iodine. In fact, Ennaoui et al. [163], in a detailed investigation on the
influence of various redox systems, organic electrolytes, and etching treatments on
the photochemistry of pyrite, reported an “extraordinary” stability for the FeS2–
iodide/iodine system that was superior to all classical semiconductors (e.g., CdS,
GaAs) and in line with the high stability found with TMD compounds. In particular,
monocrystalline n-FeS2 electrodes in aqueous I−/I−3 were found to give very high
photocurrents (1–2 A cm–2) under intensive illumination (4–5 W cm–2) without evi-
dence of photocorrosion after passage of electrolysis charge as high as 623 kC cm–2.
Proper control of the solid-state and interfacial chemistry was considered crucial for
the high photocurrent quantum efficiency (> 90%) and stability recorded. The supe-
rior interfacial properties of the FeS2 photoelectrodes were tentatively attributed to
the formation of iron–sulfur–iodine cluster compounds, suggesting thus an explana-
tion of the results on the basis of charge transfer catalyst action. It was noted that
such surface clusters are discussed as model compounds of the ferrodoxin charge
transfer “catalysts” in biological systems. But, poor current–voltage characteristics
involving a large dark current and a small fill factor were obtained from the PEC,
and thus too low an output energy (2.8%). A small photopotential not exceeding
200 mV (500 mV is theoretically possible) was invariably found associated to a
strong pinning of the Fermi level by surface states. The fact that a very high pho-
tocurrent density was observed simultaneously with a high dark current density was
considered to indicate that the solid-state properties of pyrite are more complicated
than those of conventional semiconductors and need special attention.

In effect, improved pyrite photoelectrode performances have been reported in the
presence of oxide film on their surface [164]. The oxides were formed by thermal
treatment in air of electrodes prepared by screen printing a paste consisting of a
mixture of FeS2 powder (natural iron sulfide from ore deposits) and polytetrafluo-
roethylene (PTFE) as a binder, dispersed in a Triton X-114 aqueous solution. The
photoelectrochemistry of variously thermally activated samples were investigated
in I−/I−3 solutions and the results were discussed on the basis of the electronic
structure of the compounds involved in the interfacial chemistry [165]. The oxides
were found to improve the semiconducting behavior, in terms of either absorption
or surface charge transfer, and to provide a good rectifying behavior toward semi-
conductor dissolution. In particular, the heterostructure based on FeS2/γ -Fe2O3 was
claimed as a promising system for matching optimal photoconversion efficiency val-
ues with low cost. An air-hydrogen activated electrode gave the best performance
(efficiency 5.52%) as showing optimal combination of the optical absorption char-
acteristics and charge transfer properties. It is noteworthy that the iron oxides Fe2O3
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and Fe3O4, with band gap energies 2.2 and 3.0 eV, respectively, have never shown
photocurrents with high quantum efficiency due to low mobility of holes (however,
although not being suitable for the direct conversion of light into electricity, they
have been extensively investigated for water splitting in photoelectrolysis cells).

Treatment by cathodic hydrogen evolution has been observed to improve the
current–voltage characteristic of pyrite photoelectrodes. In investigating the influ-
ence of molecular and atomic hydrogen on the interfacial properties of pyrite,
Alonso-Vante et al. [166] found that molecular hydrogen selectively converts FeS2
surfaces other than the {100} to FeS, producing defect levels in the band gap,
while atomic hydrogen generated by electrochemical and chemical treatments sig-
nificantly improves the photocurrent to dark current ratio, presumably due to the
passivation of these FeS centers. It was suggested that atomic hydrogen increases
the barrier height at the solid–electrolyte junction and decreases the concentration of
electronic states within the forbidden energy region, which assist dark or photogen-
erated electronic charge carriers in bypassing and penetrating the interfacial barrier.
It was considered that atomic hydrogen associates itself to sulfur atoms adjacent to
sulfur vacancies, thereby attracting negative charges from iron, transforming thus
the electronically unfavorable FeS states, into more favorable FeSH centers.

A reasonably stable behavior under illumination has been observed for poly-
crystalline layers of As-doped FeS2 in iodide electrolyte, although the photoelectric
properties were poor [167].

The energetics of the pyrite interface/electrolyte as given by Ennaoui et al. [159]
for indifferent acid electrolyte as well as with redox couples in solution is shown in
Fig. 5.10.

Iron monosulfide exists in nature mainly as non-stoichiometric Fe1–xS
(pyrrhotite) with hexagonal crystal structure (similar to that of NiAs), where octa-
hedral coordination of iron by sulfur atoms occurs. The extent of x in the pyrrhotite
formula ranges typically between 0 and 0.2; when x is greater than 0.07, the com-
pound shows ferromagnetic behavior. Fe0.9S pyrrhotite is considered a promising
low-cost semiconductor for solar energy conversion. According to its bulk solid-
state characteristics, it should exhibit p-type conduction and an energy gap not
exceeding 0.2 eV. Aricò et al. [168] reported on the photoelectrochemical behavior
of polycrystalline layers of pyrrhotite (Fe0.9S) mixed with organic binders (PTFE,
Triton X-114) produced through a screen-printing method, followed by pressure and
thermal (N2) treatments. These electrodes showed behavior as photoactive n-type
semiconductors giving rise to a photopotential of about 200 mV in I–- and Fe2+-
containing solutions. Although electrochemical corrosion was greatly inhibited by
PTFE, photocorrosion was observed at the illuminated Fe0.9S electrode in the pres-
ence of redox electrolytes. The electrode behavior was discussed in relation to its
structure. To explain the discrepancy of finding an n-type conductivity, the observed
results could be interpreted asserting that pressure and heat treatments in the course
of the preparation procedure may have caused significant modifications in the actual
crystal lattice, in such a way as to increase the crystal field by sulfur atoms and/or
spin pairing of the d-electrons.
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Fig. 5.10 Relative band edge diagram for FeS2 and the energy position of some electron donor
species. The thermodynamic reactions corresponding to corrosion processes at the anodic and
cathodic sides are indicated as decomposition potentials due to holes, Ep,dec, and to electrons,
En,dec, respectively. ηc and ηa are the cathodic and anodic overpotentials, respectively, for the
decomposition reaction of pyrite crystals in acid medium. (Reproduced from [159], Copyright
2009, with permission from Elsevier)

5.2.8 Chalcopyrites

The photovoltaic implications of the solid-state chemistry of CuInSe2, particu-
larly where deviations from the 1:1:2 stoichiometry along the Cu2Se–In2Se3 tie
line are concerned, have been studied, and results of measurements of some pho-
toelectrochemical properties along this tie line (e.g., for In2S3) have been given
[169].

An early discovery about n-CuInSe2 and n-CuInS2 semiconductor crystals was
that they are extremely stable when used as photoanodes in aqueous polysulfide
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Fig. 5.11 (Left) Short-circuit current as a function of total charge passed. The full line shows the
behavior of a CuInSe2(112) single crystal and the dotted line shows that of a CdSe(11.0) single
crystal etched and photoetched. The experiment was under potentiostatic control at 50 ◦C. The
solution contained 3 M each of KOH and Na2S and 4 M of S. The (11.0) face is the more stable
face of CdSe, and etching in aqua regia followed by photoetching results in the best possible out-
put stability characteristics. (Reproduced with permission from [171], Copyright 2009, American
Institute of Physics). (Right) Comparison of the output stability (under load conditions) of CdSe
and CuInX2 photoanodes in polysulfide electrolyte: solid curve, n-CuInSe2 at –100 mV vs. poly-
sulfide solution potential, in 3/3/4 (KOH/Na2S/S) solution; dashed curve, n-CuInS2 at –200 mV, in
1/1/1 solution; dash-dot curve, n-CdSe at –200 mV, in 3/3/4 solution. (Reproduced with permission
from [173], Copyright 2009, American Chemical Society)

electrolyte. Robbins et al. [170], having assessed single-crystal and pressure-
sintered polycrystalline n-CulnS2 electrodes in PEC with aqueous l–2 M Na2S,
1–3 M S, 0–2 M NaOH electrolyte, point out that while solar conversion efficiencies
were reasonable (a few percent), by far the most outstanding feature of this system
was its remarkable output stability. No detectable weight loss or visible alteration
of electrodes was observed in the above cells after the application of extended runs
to 20 kC cm–2 charge passage. Additionally, the current output at short circuit or
resistive load has been essentially constant for the same level of charge passage
throughout test periods approximating 1.5 months of 8 h/day sun.

Results on the n-CuInSe2/aqueous polyiodide system show that this, too, can
be stabilized after suitable preparation of the solution and surface modifications.
Mirovsky and Cahen [171] stated that the n-CuInSe2 electrode shows a notable sta-
bility in operation with a redox couple which does not contain its anion element,
i.e., Se. In this respect, it does not resemble the n-CdSe electrode, although the lat-
ter has almost twice as large a band gap as CuInSe2. On the basis of this observation,
the ternary selenide appears to be an exception to the often stated generalization that
the most stable semiconductors are necessarily those that have the largest band gaps.
According to surface XPS analysis, no evidence was found for an exchange of Se
by S on electrodes operated in polysulfide solutions even after the passage of > 17
kC cm–2 charge, in contrast to what has been observed for CdSe [88], where such an
exchange was believed to be an important factor involved in deactivation of the CdSe
electrode. Difference in output stability between CdSe and CuInX2 photoanodes in
aqueous polysulfide solutions are illustrated in Fig. 5.11.
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Notwithstanding the excellent output stability of the CuInX2 photoanodes, scan-
ning electron micrographs revealed that some surface restructuring occurs during
their use in polysulfide electrolyte [172]. In order to reach some understanding of
the causes for their resistance to photocorrosion, n-CuInS2 and n-CuInSe2 crystals
operated as photoanodes in polysulfide solutions were subjected to surface analy-
ses by XPS and AES. Characterization results were given referring, for comparison,
to data on binary Cu and In chalcogenides. On the surface of CuInS2, rich indium
heterogeneous patches were found containing mainly oxidized In. Some Cu com-
pounds, such as CuxS, Cu2O, and CuO, were claimed to be present as well. The
surface of CuInSe2 electrodes was depleted in Cu while most of the remaining In
appeared to occur as indium oxide and/or indium selenide. On the basis of such find-
ings, Cahen and Mirovsky [173] attempted a thermodynamic analysis of possible
decomposition pathways in their fundamental study on the photoelectrochemistry of
CuInX2. Using literature thermodynamic data, they estimated the Gibbs free energy
changes for several decomposition and exchange reactions for CuInS2 and CuInSe2
in aqueous polysulfide and aqueous polyiodide solution and calculated the corre-
sponding electrode potentials. Thereof, with the aid of measured flat band potentials
they determined the band edges of the semiconductors (or semiconductor/surface
oxide systems, since In2O3 was believed to be the native oxide on these semicon-
ductors) and estimated the quasi-Fermi levels from literature data. Combining these
with the calculated decomposition potentials and the measured redox potentials,
the authors could construct (in)stability electron energy diagrams that were strictly
valid near open circuit. Notwithstanding the necessary assumptions and limitations
of the approach, a thorough insight was provided in this manner to the stabilization
of CuInX2 photoanodes. By the developed model, the authors were able to explain
several observations, such as (1) the absence of oxidative Se/S exchange in the n-
CuInSe2/Sn

2– system; (2) the difference between CuInS2 and CuInSe2, in terms of
indium oxide/indium sulfide surface coverage, in polysulfide solution; (3) the differ-
ent probabilities for oxidative decomposition of CuInS2 and CuInSe2 in polysulfide;
(4) the protective function of an indium oxide surface layer for CuInSe2 in polyio-
dide; (5) the stabilizing effect of addition of copper ions to polyiodide solution,
for CuInSe2 photoanodes; (6) stability of CuInSe2 against reductive decomposition;
(7) the photoanodic decomposition of CuInSe2 in acetonitrile; and (8) the possibility
of CuInS2 and, especially, CuInSe2 formation on the surface of In2S3 and In2Se3,
immersed in cuprous ion containing solutions.

On the other hand, several observations could not be explained by the collected
and elaborated data: (1) the difference between CdSe and CuInSe2 with respect
to chemical Se/S exchange; (2) the absence of chemical oxygen/iodine exchange
for In2O3, i.e., the lack of InI3 formation, in polyiodide; (3) the absence of appre-
ciable photoanodic decomposition of CuInX2 into Cu2S and In2S3 in polysulfide
(although consideration of possible first steps could provide part of the answer);
and (4) the lack of Cu2Se formation from photoanodic decomposition of CuInSe2
in polyiodide, viz. why Cu+(aq), rather than Cu2Se, together with InI3, would
be formed upon decomposition of the unprotected chalcopyrite. In these latter
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cases, kinetic factors, related to the large number of reactants and charge carri-
ers involved in some of the suggested decomposition reactions, were considered
to be dominant. Importantly, the authors noted that the initial oxidative (reduc-
tive) decomposition potentials could be shifted sufficiently negatively (positively),
because of negligible initial activities of decomposition products, rendering a clean
semiconductor surface thermodynamically unstable with respect to initial decompo-
sition. This implies that thermodynamic reasons can be invoked for assuming that
“no ideal semiconductor/electrolyte interface can exist”.

Intentional restructuring of the chalcopyrite electrodes surface led to outstand-
ing results regarding the performance of relevant liquid junctions. According to
Menezes and Lewerenz [174], chemical reactions of illuminated CulnSe2 with
a polyiodide/CuI electrolyte transform the semiconductor surface to generate the
CuISe3–Se0 phase; this in situ formation of a new phase was considered to be pivotal
to stable and efficient operation of the n-CuInSe2/I––I2–Cu+–HI solar cell. Although
the p-type semiconducting CuISe3 film was thought to serve primarily as a window
mate of the heterojunction, its band gap of 2 eV suggested partial contribution to
photogeneration of charge carriers. By modifying the growth conditions of the p-
CuISe3 phase, Menezes [175] was able to increase the solar energy conversion effi-
ciency of the n-CuInSe2/p-CuISe3/I––I2–Cu+–HI cell from 9.5 to 12.2% (open cir-
cuit 0.49 V, short circuit 39.4 mA cm–2). Growth conditions included the use of pre-
polished n-CuInSe2(110) surfaces, higher concentrations of HI and Cu+, and an air
anneal at 200 ◦C. XRF in conjunction with SEM characterization of the new inter-
phase gave evidence of further transformation of CuISe3 to CuIn2Se3I. Correlation
of the energy bands and the Fermi levels of the resulting three-phase n-CuInSe2/p-
CuISe3–Se0/liquid contact showed that the principal barrier is located in the solid
p–n heterojunction, with the redox electrolyte providing the front ohmic contact.

Only a few photoelectrochemical results have been published with p-type
CuInSe2. Recently, Djellal et al. [176] investigated the bulk and photoelectrochemi-
cal properties of p-CuInSe2 ingots of lamellar crystallization, prepared by the fusion
technique. The compound was found to exhibit an excellent chemical stability in
KCl media, with a corrosion rate of only 8 μmol cm–2 month–1. From capacitance
measurements, the flat band potential and the holes density were determined as –
0.62 V vs. SCE and 4×1017 cm–3, respectively. A variation in the flat band potential
with the electrolyte pH was observed, indicating strong OH– adsorption. The chal-
copyrite ingots were tested for hydrogen generation process as will be discussed in
a later paragraph.

Silver–indium diselenide, AgInSe2, has been studied at a lesser extent than
its parent compound CulnSe2. Following the method developed by Cahen and
Mirovsky, of deducing the energy diagram of the semiconductor from experimen-
tal as well as calculated data, Bicelli [177] has given an excellent illustration of
the thermodynamic stability of n-AgInSe2 electrodes in aqueous PEC cells con-
taining different redox couples. In his paper, the standard free energy changes
and decomposition potentials of all the possible bond cleavage and decomposi-
tion photoreactions in the polyiodide and polysulfide electrolyte were evaluated by
thermodynamic principles. In addition, the possible chemical and electrochemical
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Se/S exchange reactions in the polysulfide electrolyte were considered. A model
was developed accounting for the electrode stability, on the basis of the relative
position of the hole quasi-Fermi level under open-circuit conditions, the photode-
composition potentials, and the energy level of the redox couple in the electrolyte.
It could be established thus that n-AgInSe2 is more prone to hole attack than its
copper analogue. The results were in accordance with previous experimental evi-
dence of substantial instability of the n-AgInSe2 photoanode in the considered
electrolytes, even after coating its surface with an artificially formed indium oxide
layer. Instability of the compound has been observed to be more pronounced in the
polyiodide than in the polysulfide solution since Se0 rapidly dissolves in the latter
electrolyte, Se0 being the main corrosion product well known to depress the PEC
performance.

Becker et al. [178] studied the photoelectrochemistry of p-HgIn2Te4, p-
CdIn2Te4, and n-CdIn2Te4 in a variety of aqueous redox couples (both HgIn2Te4
and CdIn2Te4 are ordered vacancy compounds crystallizing in defect tetrahe-
dral structures of the chalcopyrite type). Regarding the p-type semiconductors,
good results were obtained in terms of stability and performance with two very
different pH redox couples both having significantly negative redox potentials:
chromium(III)EDTA complex [pH 4.5, Urdx = –1.24 V (SCE)] and Fe(III)TEA
complex [pH 13, Urdx = –1.09 V (SCE)]. For p-HgIn2Te4, quantum efficiencies
of carrier collection higher than 90% were measured even at short circuit in either
redox couple; the monochromatic and polychromatic power efficiencies based on
three electrode cell experiments were found to be up to ~10 and ~3%, respectively.
In either couple, the flat band potential was –0.70 V (SCE), indicating no prefer-
ential absorption of H+ or OH– on the semiconductor surface. Indirect and direct
gap transitions were determined at 0.88 and 1.04 eV, respectively. In the Fe(TEA)
complex couple, it appeared that the semiconductor approaches 100% stability to
photocorrosion. For p-CdIn2Te4, the quantum efficiencies of carrier collection were
equally high even at short circuit in either redox couple. Monochromatic power effi-
ciency was even higher (11%) than for p-HgIn2Te4, while the polychromatic was
somewhat lower (2%), both calculated from three electrode cell experiments. It was
noted that the power efficiencies would show significant improvement, provided
that the relatively low fill factor (0.24–0.3) would increase. The flat band potential
was near –0.55 V (SCE) and largely independent of the nature of the two cou-
ples considered. Both an indirect (1.16 eV) and a direct (1.24 eV) transition could
be determined. Data for both semiconductors in a polysulfide solution indicated
considerably poorer PEC characteristics than for the other redox solutions.

5.2.9 Some Chalcogenides of p-Block Metals

Interesting systems, mainly with respect to solid-state optoelectronics and chalco-
genide glass sensors (due to ionic conductivity effects) are found among the Group
IIIB (13) and IVB (14) chalcogenides, such as the p-type semiconductors MSe
(M = Ga, In, Sn), SnS, and GeX (X = S, Se, Te). Some of the IIIB compounds,
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such as p-GaSe (Eg = 2.0 eV) as well as n- and p-InSe (Eg = 1.3 eV), crystal-
lize in layered vdW structures and have been the subject of recent electrochemical
studies. Several ternary chalcogenide crystals of the composition I–III–VI2 such
as LiInS2 and the chalcopyrite-type CuGaS2, AgGaS2, and AgGaSe2, as well as
the cation-deficient I–III5–VI8 chalcogenides CuGa5S8, CuGa5Se8, and AgGa5S8,
present ionic conductivity [179]. The latter class of compounds is closely related
to the well-known solid electrolytes α-Cu2HgI4 and α-Ag2HgI4. The bismuth and
antimony tellurides and selenides and their mutual alloys are important for their
thermoelectric applications.

5.2.9.1 Gallium and Indium Chalcogenides

The flat band potential of n- and p-InSe and p-GaSe single crystals as determined
by rectified alternating photocurrent voltammetry (RAPV) in 1 M NaOH solution
has been discussed in comparison with determinations carried out by direct current
photovoltammetry and capacitance voltage measurements [180]. Anodic–cathodic
photocurrent transitions were observed for the p-type semiconductors examined,
unlike the n-type InSe. The origin of the n-type behavior for p-type materials
was attributed to their possible doping with some n-type impurities during crystal
growth.

Indium monoselenide, InSe, is a semiconductor with a weakly allowed direct
band gap transition at 1.3 eV and an indirect at 1.2 eV, having a strongly anisotropic
layered structure that consists of covalent bonded units (Se–In–In–Se) held together
by vdW forces. The cleavage surface, the (00.1) plane, is perpendicular to the c-axis
(vdW plane) and is made of Se atoms bonded together with covalent forces. The
interface energetics of InSe single-crystal electrodes having their vdW cleavage
surfaces exposed in indifferent aqueous acidic (0.1 M H2SO4) solutions has been
described by Levy-Clement et al. [181]. The crystals were synthesized by the non-
stoichiometric Bridgman technique either as n-type (Cl- or Ga-doped) or p-type
(Zn-doped). The photoelectrochemical measurements showed rectifying behavior
in the dark for both n- and p-InSe electrodes. Observed anodic and cathodic pho-
tocurrents under white light upon applying a positive bias to n-InSe and a negative
bias to p-InSe, respectively, were ascribed to photoelectrochemical effects, whereas
observed cathodic photocurrents for the n-type and anodic photocurrents for the p-
type were explained invoking a bulk photoconductive effect corresponding to an
increase in carriers or of their mobility by the absorption of light. The flat band
potential of the electrodes was found to be pH independent. Photocurrent spectra
indicated a 1.2 eV band gap. It was concluded from the experimental results that
InSe should comprise good hydrogen-evolving semiconductor photocathode if a
suitable metal catalyst was plated at the surface. Further, it was stressed that, as
a p-type lamellar semiconductor, InSe should be used to study photointercalation,
preferably of copper(I) ions due to its redox potential situated between the band
energy levels of InSe.
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In a subsequent work [182], it was shown that the photoelectrochemical
performance of InSe can be considerably improved by means of selective
(photo)electrochemical etching. Interestingly, whereas the cleavage vdW plane
showed little improvement, the photocurrent in the face parallel to the c-axis was
doubled. Note that, in contrast to InSe crystals cleaved in the plane perpendicular
to the c-axis that are almost defect free, the crystals cut in the plane parallel to
the c-axis contain a high density of defects on their surface which leads to a high
rate of electron–hole recombinations and inferior quantum efficiency. The asym-
metry in the role of electrons and holes, as manifested, e.g., in the fact that surface
holes carry out the selective corrosion of the semiconductor surface in both cleavage
orientations, was discussed.

The (photo)electrochemical behavior of p-InSe single-crystal vdW surface was
studied in 0.5 M H2SO4 and 1.0 M NaOH solutions, in relation to the effect of
surface steps on the crystal [183]. The pH–potential diagram was constructed, in
order to examine the thermodynamic stability of the InSe crystals (Fig. 5.12). The
mechanism of photoelectrochemical hydrogen evolution in 0.5 M H2SO4 and the
effect of Pt modification were discussed. A several hundred mV anodic shift of the
photocurrent onset potential was observed by depositing Pt on the semiconductor
electrode.

Hyposelenophosphate In2/3PSe3, a layered compound of the MPX3 series con-
taining indium vacancies, has been considered potentially interesting for solar
energy conversion. Photoelectrochemical measurements on In2/3PSe3 single crystals
evidenced an indirect transition at 1.55 eV and a direct one at 1.80 eV. Interestingly,
a hole diffusion length of 4 μm was evaluated and a very negative flat band potential
of about –1.4 V (SHE) at pH 1 (H2SO4/H2O). However, the electron mobility and
concentration were low [184].

Polycrystalline thin films of gallium-containing CdSe, i.e., (CdGa)Se of vari-
able composition, have been synthesized by electrochemical co-deposition and
characterized by photovoltammetry, photocurrent spectroscopy, and electrochemical

Fig. 5.12 Potential–pH
diagram for the In–Se–water
system at 25 ◦C. Each line
represents the equilibrium
reaction with activity of
dissolved substance 10–6.
(Reproduced from [183])
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impedance measurements [185]. The effect of progressive inclusion of Ga on the
corrosion behavior of the electrodeposits was examined.

Recently, 1D quantum dots of gallium selenide with average diameter 8–10 nm,
connected in the form of chains of average length 50–60 nm, were synthesized
on ITO substrates by cathodic electrodeposition from acidic aqueous solutions of
gallium(III) nitrate and selenious acid [186]. The structural analysis from XRD
patterns revealed the formation of Ga2Se3/GaSe composition. The films were
found to be photoactive in aqueous sodium thiosulfate solution and showed p-type
conductivity.

Photoconductivity and photoelectrochemical studies have been reported for
In2S3 in the form of single crystals, polycrystalline thin films, and colloids. It
has been shown that β-In2S3 crystals (defect spinel structure), with a band gap
of 1.97 eV, can be made to have high dark conductivity either by incorporation
of halogen donors, as from CdCl2 or NH4Cl, or by heating the pure material in
nitrogen to temperatures above 800 ◦C [187]. Studies of the conduction mechanism
in pure single crystals of β-In2S3 showed that the conductivity is always n-type,
and no p-type conductivity is observed when the samples are doped with copper
or cadmium [188]. Becker et al. [189] studied extensively the photoelectrochemical
properties of β-In2S3 synthesized in a variety of manners and with various dopants
and evidenced the unsatisfactory output stability of the material. A p-response was
obtained when the single crystals were prepared with an excess of sulfur or InP,
but an n-type response was also present. Thermodynamic analyses of the photoelec-
trochemical behavior of In2S3 are available. The work of Bicelli [190], following
previous analysis on CuInS2 and related binaries [173], gives valuable information
as to the evaluated thermodynamic stability of n-In2S3 in relation to the experi-
mental results obtained with neutral polysulfide, hexacyanoferrate, and polyiodide
electrolytes.

In2S3 polycrystalline thin films obtained by chalcogenization of electroplated
metallic indium films on Ti substrates with a flowing stream of H2S gas have been
examined as to their PEC behavior [191]. The variation of their flat band poten-
tial with different redox couples, solution concentration, and pH values has also
been studied [192]. Sulfide, sulfate, and hexacyanoferrate reducing agents were
found to interact strongly with the In2S3 electrode surface, shifting the UFB to
the cathodic direction. The magnitude of this interaction was in the order S2– >
SO4

2– > Fe(CN)6
4–. Also, a linear variation of UFB with pH was observed, indicat-

ing a varying surface chemical composition, which was claimed to involve a partial
hydroxylation. Photoelectrochemical characterization in aqueous polysulfide solu-
tions showed a direct allowed transition at 2.06 eV for the electrodes, according to
the Gärtner–Butler model.

The photoelectrochemical properties of In2S3 colloids prepared by chemical
solution growth [193] have been demonstrated by carrying out oxidation and reduc-
tion processes under visible light irradiation. Charged stabilizers such as Nafion
were found to provide an effective microenvironment for controlling charge transfer
between the semiconductor colloid and the redox relay.
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5.2.9.2 Tin Sulfides

Photoelectrochemical studies on phosphorus-doped n-type SnS2 single crystals
(layered structure, first indirect transition at 2.21 eV) in contact with aqueous
electrolytes containing various redox couples have been reported [194]. Under
illumination, the electrode was unstable in both acidic and alkaline media and
the photocurrents were mostly due to the decomposition of the semiconductor. In
fact, the electrode could be stabilized only in acidic solutions containing iodide.
The influence of redox reagents on the flat band position of the n-type SnS2 crys-
tals in aqueous solutions of different pH values has also been investigated [195].
Decomposition of SnS2 was attributed to the existence of surface states at the semi-
conductor/electrolyte interface consisting primarily of negatively charged surface
sulfur atoms. It was established that in sufficiently alkaline solutions, the oxidized
form of redox reagents such as Fe(CN)3−

6 and I−3 reacts with these states and leads
to anodic decomposition of the electrode in the dark, accompanied by a positive flat
band shift. On the contrary, in acidic solutions the Fe(CN)3−

6 , I−3 , and Fe3+ reagents
do not contribute to the electrode decomposition reaction due to the positive shift
in flat band potential with decreasing pH. Only couples with more positive redox
potential (Br−3 and Ce4+) react then with these states and decompose the electrode.
A diode-like behavior has been shown also for SnSSe, a layered-type semiconduc-
tor with an energy gap of 1.53 eV [196]. In this case also, the light-driven reactions
were of a corrosive nature, but the stability could be improved substantially in the
presence of an acidic solution containing potassium iodide.

Hüsser et al. [197] used SnS2 crystals to illustrate an interesting experimental
technique allowing photoelectrochemical studies of nearly intrinsic, highly resis-
tant semiconductors. This technique consisted in using sub-band gap illumination
to make the bulk material photoconductive. It was claimed that, with the aid of a
corresponding model explaining the photoelectrochemical behavior in terms of a
potential distribution similar to that of a doped semiconductor, this method allows
one to predict whether the time-consuming process of chemical doping, for applica-
tions such as photoelectrolysis, is worth undertaking. Based on these considerations,
the authors compared the photoelectrochemistry of undoped SnS2 to chemically
doped SnS2. Furthermore, they found that the response at high photon energies
caused by the sub-band gap illumination scales with the photoconductivity of highly
resistant semiconductors, lending additional support for the model. The effect was
observed on a number of single crystals of very poor photoconductors, such as the
layered chalcogenides SnS2, Sn(Se0.1S0.9)2, MPSe3 (M = Cd, Mn). The validity of
the proposed model relied heavily on the photoconductivity of the insulator.

Mishra et al. [198] discussed in an exemplary way the dark and photocorro-
sion behavior of their SnS-electrodeposited polycrystalline films on the basis of
Pourbaix diagrams, by performing photoelectrochemical studies in aqueous elec-
trolytes with various redox couples. Polarization curves for the SnS samples in a
Fe(CN)4−/3−

6 redox electrolyte revealed partial rectification for cathodic current
flow in the dark, establishing the SnS as p-type. The incomplete rectification was



260 5 Photoelectrochemistry and Applications

attributed to defects (e.g., grain boundaries) in the polycrystalline films. The flat
band location of the SnS surface, i.e., the apparent flat band potential of the elec-
trode, was taken as the onset of the cathodic photocurrent, which was observed at
0.40 ± 0.05 V (SCE) regardless of the redox potential of the electrolyte. Attempts
to measure this surface energy level via impedance experiments were unsuccess-
ful because of the severe frequency dispersion of the impedance parameters. An
indirect band gap of 1.1 eV was obtained by photocurrent spectra. The authors cor-
related the surface energy levels of SnS, as estimated from the flat band potential,
and the band gap information from photocurrent spectra to the known Pourbaix
equilibria of the Sn–S–H2O system, in order to perform a corrosion analysis of the
semiconductor electrode. The surface energy levels in SnS and the energies corre-
sponding to selected redox couples and corrosion reactions were superimposed as
presented in Fig. 5.13. As can be seen in this comprehensive diagram, the conduc-
tion and valence band levels in SnS encompass all the corrosion reaction candidates.
Thus, since the corresponding decomposition potentials were found to lie within the
band gap region, it was concluded that both electrons and holes can corrode SnS,
the relative dominance of these reactions depending on kinetic factors.

Fig. 5.13 Energy level diagram comparing the surface band edge positions of SnS and the ener-
gies corresponding to selected redox couples and corrosion reactions involving the semiconductor.
(Reproduced from [198])
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5.2.9.3 Lead Chalcogenides

The metallic or semi-metallic character of many common sulfides implies the signif-
icance of electrochemical factors in the study of their oxidation, which is relevant to
environmental, energy, and metallurgical issues, e.g., in connection with the direct
electrochemical conversion of sulfide ores to metals, the pressure leaching of ore
materials, or flotation processes.

Photoelectrochemical techniques have been used to characterize the bulk semi-
conducting properties of cleaved or abraded surfaces of natural galena (PbS) in
order to elucidate the surface oxidation of the mineral relevant to industrial flotation
processing [199]. Natural galena samples from the same cluster of crystals were
found to range from highly n-type, probably degenerate, to slightly p-type; most of
the samples were highly n-type and exhibited only anodic photocurrents in mildly
acid solutions. Oxidation has been postulated in general to change the semiconduct-
ing properties of sulfide minerals in such a way as to facilitate collector adsorption
during flotation. For n-type galena, it was suggested that oxygen chemisorption
localizes conduction band electrons at the surface and gives rise to an underly-
ing depletion layer (positive space charge layer) that facilitates oxidation reactions
involving xanthate collectors [200].4 For cleaved surfaces, the potential dependence
of the characteristics of photocurrent transients and photocurrents was interpreted
in terms of both light-induced acceleration of anodic oxidation and corresponding
cathodic reduction process, the former removing lead ions (Pb2+) and leaving lead
vacancies in the lattice and the latter resulting in sulfur vacancies. Rotating ring-disk
electrode studies confirmed that anodic and cathodic processes leading to dissolved
Pb2+ or H2S occur at all potentials. Abrading the samples under water in equilib-
rium with air greatly reduced the magnitude of the photoresponse and changed the
photoelectrochemical features. The results indicated that abrasion produces a thick
p-type layer at the galena surface.

Lead selenide (PbSe) finds applications in infrared emitting and detecting
devices, whose performance depends strongly on surface properties. Detrimental
charge carrier recombination at the surface of PbSe can be reduced by passivation,
e.g., involving formation of PbSeO3. Anodic oxidation and photoelectrochemical
properties of p-doped PbSe single vapor-phase grown crystals have been investi-
gated in alkaline solutions [201, 202]. Depending on the pretreatment of the PbSe
crystal surface, two different types of oxide formation were identified. In the case of
freshly polished surfaces, a passivating and polycrystalline oxide film was formed
following an island growth. At pre-oxidized samples, a uniform oxidation of the
entire surface was observed implying homogeneous formation of anodic oxide film
by a high field growth mechanism. The electronic properties of the anodic oxides

4 Xanthate compounds are widely used as collectors in flotation. Their function is to render the
mineral surface hydrophobic and thus facilitate bubble attachment. The adsorption of xanthates
onto sulfide minerals occurs via an electrochemical mechanism involving the reduction of oxygen
and the anodic adsorption of xanthate.
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on PbSe were determined by photocurrent spectroscopy in the alkaline solutions.
A direct transition at 2.4 eV and an indirect at 1.8 eV were reported for both types
of anodic oxide. The potential dependence of the oxide thickness for the presumed
high field growth mechanism was confirmed by the concomitant weakening of the
photocurrent generated in the bulk of the electrodes (i.e., in PbSe phase) due to
scattering or absorption within the oxide.

The electrochemical behavior of single-crystal 〈100〉 lead telluride, PbTe, has
been studied in acetate buffer pH 4.9 or HClO4 (pH 1.1) and KOH (pH 12.9) solu-
tions by potentiodynamic techniques with an RRDE setup and compared to the
properties of pure Pb and Te [203]. Preferential oxidation, reduction, growth, and
dissolution processes were investigated. The composition of surface products was
examined by XPS analysis. It was concluded that the use of electrochemical pro-
cesses on PbTe for forming well-passivating or insulating surface layers is rather
limited.

Significant size quantization phenomena with lead chalcogenide layers/
nanoparticles have directed the modern relevant research, including electrochem-
ical studies, to applications related to optoelectronics (e.g., PbS [204], PbSe [205]).
(Photo)electrochemical aspects of lead chalcogenide layers/films/nanophases
regarding mainly their electrochemical growth, and Q-dot sensitizing of oxide
electrodes, may be encountered throughout this book.

5.2.9.4 Bismuth Sulfide

With a band gap of about 1.2 eV at room temperature, Bi2S3 has been inves-
tigated for optical device applications, such as photoconductors and solar cells.
Conventional single crystals of the compound are found to be n-type, with a donor
density in the order of 1017 cm–3. Miller and Heller [86] demonstrated the feasibility
of using anodic Bi2S3 films grown in situ in a polysulfide liquid junction solar cell.
The preparation of photosensitive anodic Bi2S3 films and their photoelectrochem-
istry were described by Peter [206], who measured the quantum yield of the pho-
tocurrent as a function of the wavelength of excitation and determined the absorption
spectrum of Bi2S3. The spectrum showed an indirect transition at 1.25 eV and possi-
bly a direct transition at ca. 1.7 eV. In contrast to Miller and Heller who reported that
Bi2S3 films were not as efficient as the CdS layers grown under similar conditions,
Peter established that Bi2S3 formed on bismuth anodes can exhibit photocurrent
quantum yields close to unity over a wide spectral range. In this respect, he con-
cluded that sulfide films on bismuth are superior to anodic CdS films. In this work,
the photodecomposition and thermodynamic stability of Bi2S3 were compared to
CdS in an energy level scheme. Calculations showed that illuminated Bi2S3 should
be stable in sodium polysulfide solution, while it was argued that if the surface con-
centration of sulfide ions is small, the anodic photodecomposition of Bi2S3 may take
place as

Bi2S3 + 6 h+ + 6OH− → Bi2O3 + 3H2O + 3S
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The cathodic decomposition of Bi2S3 by electrons in the conduction band occurs
at the standard potential of the Bi2S3 electrode by the reaction

Bi2S3 + 6e− → 2Bi + 3S2−

5.3 Semiconductor Photocatalysis

Besides requiring noble metal electrodes, the ability to generate useful chemical
products by electrolysis often suffers from high overvoltage. Chemical reactions
may be advantageously carried out, though, in photocatalytic electrochemical cells
with photosensitive semiconductor electrodes, where the light energy is used to
reduce the required bias. Likewise, particulate (heterogeneous) systems consisting
of powder suspensions may afford various photochemical processes and actually
have found important applications in xerography, photography, chemical synthesis,
conversion/storage of solar energy, and degradation of pollutants. The following
discussion is considered as an introduction to metal chalcogenide related aspects of
the photocatalytic decomposition of water, and solar energy conversion with sen-
sitized electrodes that will be addressed in subsequent sections. A brief outline of
colloid photochemistry is also given here, mostly based on several pioneering works
that outline the main features of interest.

The term “photocatalysis” implies the acceleration of a photoreaction (referred
also as photoinduced or photoactivated reaction) by the presence of a catalyst. In
“heterogeneous photocatalysis” the rate of a thermodynamically favorable reaction
(�G < 0) is increased by the presence of an illuminated solid catalyst. On the other
hand, in “heterogeneous photosynthesis” a thermodynamically unfavorable reac-
tion (�G > 0) is caused to occur by the presence of an illuminated solid, with the
conversion of radiant to chemical energy. Examples of photocatalytic reactions are
deposition of precious metals, methanol mineralization, oxidation of hydrocarbons
at an illuminated n-semiconductor/solution interface in an oxygenated medium, and
biomass conversion to hydrogen. Examples of photosynthetic reactions are water
splitting, photoreduction of N2 or CO2, and organic photosynthetic processes. The
above definition of photocatalysis includes the process of “photosensitization,” i.e.,
a process by which a photochemical alteration occurs in one chemical species as
a result of the initial absorption of radiation by another chemical species called
the “photosensitizer.” Heterogeneous photocatalysis involves photoreactions which
occur at the surface of a catalyst. Semiconductors (e.g., TiO2, ZnO, Fe2O3, CdS,
and ZnS) can act as sensitizers for light-induced redox processes due to their
electronic structure which is characterized by a filled valence band and an empty
conduction band. The valence band holes are powerful oxidants while the conduc-
tion band electrons are good reductants; an energetic range of +1.0 to +3.5 V vs.
SHE may be provided for holes, and a corresponding range of +0.5 to –1.5 V
vs. SHE for electrons, depending on the semiconductor and solution properties
(e.g., pH).
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Photoelectrosynthetic processes can be regarded as photocatalytic inasmuch as
a photosensitizer is used to accomplish the (photo)reaction. The term “photoas-
sisted reaction” should be relevant when the excitation light energy only partially
furnishes the voltage needed for the electrolysis process, the rest being accom-
modated by an applied external bias. Of course, photosynthetic/photocatalytic
reactions may be catalyzed by also suitable redox catalysts. Thus, although an
n-type semiconductor is able to photosensitize the reduction, oxidation, or cleav-
age of water, a platinum-group metal redox catalyst, such as Pt, deposited on
the surface of the semiconductor, is invariably used to facilitate the reduction of
water by the photogenerated electrons. In fact, very efficient as well as selective
heterogeneous catalysts assisting the generation of multielectron transfer oxidation–
reduction products are needed for practical applications (Chap. 6). As dictated by
the principles of electrocatalysis, in the choice of materials for photocatalysis those
catalytic materials are used for which the overvoltage requirements for the desired
reactions are low. Examples are the Pt group metals for the hydrogen evolution reac-
tion and the so-called “dimensionally stable anodes” composed of RuO2 supported
on Ti (or TiO2) for the oxygen and chlorine evolution reactions [207, 208].

In most studies, heterogeneous photocatalysis refers to semiconductor pho-
tocatalysis or semiconductor-sensitized photoreactions, especially if there is no
evidence of a marked loss in semiconductor photoactivity with extended use. It is
meant here that the initial photoexcitation takes place in the semiconductor catalyst
substrate and the photoexcited catalyst then interacts with the ground state adsorbate
molecule [209].

Semiconductor-sensitized photoprocesses may take place on (macro) electrodes
of a typical cell or in dispersed particle systems (powders, sols, colloids). In the lat-
ter case, any individual particle may be considered as a “microelectrode” at which
electrons are transferred across the solution interface in an electrochemical manner.
Thereby, extension of photoelectrochemical principles and techniques to such sys-
tems is straightforward. Let us note though that, whereas only one carrier species
(either the hole or the electron) is normally available for reaction at the surface of a
bulk semiconductor electrode due to band bending, both species may be present on
the surface of a small particle, so that each particle in a single sol may be considered
as a short-circuited (photo)anode and (photo)cathode, providing both the oxidizing
and reducing sites for the reaction. Different types of particulate photoreactive sys-
tems can be envisaged in this respect: with an n-type powder, photooxidation occurs
and reduction comprises the “dark site” reaction, while the converse is true with
a p-type powder. Thus, the photocatalytic oxidation of cyanide, sulfide, and other
pollutants can be carried out on n-TiO2, n-ZnO, and n-CdS, the cathodic process
in these reactions being the reduction of oxygen. Further, one may use composite
p–n particles, each of those operating as a photochemical diode active toward both
oxidation and reduction. These composites may provide an efficient electron–hole
separation that minimizes the energy wasteful recombination.

One advantage with semiconductor particulate systems is that light-induced
oxidation/reduction is very often irreversible, unlike homogeneous solutions of
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photoredox species, such as transition metal polypyridine complexes, metallopor-
phyrins, and organic dyes, for which the lifetime of photogenerated species is
restricted to a few microseconds due to reverse electron transfer. On the other hand,
the “dark site” reactions on a single semiconductor sol may not occur with as high
an efficiency (e.g., with as low an overpotential) as on a metallic or electrocat-
alytic site, therefore a portion of the particle surface may be modified by deposition
of metal or electrocatalyst in order to obtain better performance. This is often a
necessity, especially for multielectron reactions, for most of the known semicon-
ductors are inherently poor catalyst materials for the overall photoredox process.
For this reason, similar to macro-electrodes or homogeneous dye-based systems, the
semiconductor dispersions are “loaded” with suitable redox catalysts to facilitate the
generation of multielectron transfer products.

The primary target of studies on photocatalytic semiconductor suspensions has
been water cleavage by visible light. Suspension-based photocatalytic processes
are also useful for the removal of inorganic (metal ions) and organic pollutants,
the reduction of CO2, the photodestruction of bacteria and viruses, and various
organic reactions; an example is the use of Pt-loaded CdS for the photocatalytic
racemization of L-lysine [210].

5.3.1 Colloidal Systems

Following the initial work on ultrafine Pt and RuO2 sols as mediators for the reduc-
tion and oxidation of water, a great deal of research has been conducted for the
exploration of colloidal suspensions providing extremely high surface area catalysts
with regard to photochemical applications. Selected topics in the early research on
very small metal and semiconductor particles in solution (or in the solid state after
removal of the solvent) have been discussed by Henglein [211], one of the pioneers
in the field; this author identifies the term “small particle” with a cluster of atoms
or molecules ranging in size from < 1 nm to almost 10 nm or having agglomeration
numbers from < 10 up to a few hundred.

A major part of the early bibliography up to 1990 on the field of semicon-
ductor suspensions can be found in the publication of Kamat and Dimitrijević
[212]. Most of the semiconductor colloids that have been produced for photocat-
alytic studies are metal oxides such as TiO2, WO3, ZnO, CdO, and In2O3 and
metal chalcogenides such as CdS, CdSe, MoS2, and WS2. Their “classical” syn-
thesis mostly involves precipitation from homogeneous solution via the controlled
release of anions (or cations) or forced hydrolysis. Stabilizing polymers are often
used in these preparations. For example, metal sulfide colloids have been obtained
by the reaction between metal perchlorate and H2S or Na2S in the presence of
sodium metaphosphate, silicon sol, or Nafion [213, 214]. Phase transformations and
reactions with aerosols have also been employed for colloidal synthesis. Simple dis-
solution of crystalline powder in acetonitrile has been used to produce suspensions
of crystalline MoS2 and WS2 small (1–3 nm) particles [215].
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A seminal review illustrating the principles of semiconductor photocatalysis, and
the results in the field, until 1997, focusing on TiO2, has been given by Mills and
Le Hunte [209]. We may briefly indicate that colloidal semiconductor (photo)redox
systems offer a number of very desirable properties, such as high extinction coef-
ficients, fast carrier diffusion to the interface, and suitable positioning of valence
and conduction bands to achieve high efficiencies in photoconversion processes.
A detailed account of the mechanistic and kinetic aspects of surface photochemical
processes in sols can be found in the review of Kamat [216]. A proper understanding
of the behavior of such sols lies heavily on the elucidation of interfacial charge trans-
fer processes. Techniques used for this purpose include electron spin resonance,
photoelectrophoresis, laser photolysis, and luminescence measurements.

Importantly, the transparent nature of colloid suspensions, owing to the fact
that small particles usually exhibit much less scattering and reflection of light
than macro-particles, allows detection of short-lived intermediates by fast kinetic
spectroscopy, thus rendering possible the direct monitoring of the kinetics of hetero-
geneous electron transfer reactions with redox species present in the solution. With
finely dispersed semiconductors, it is also possible to monitor photoluminescence
readily, and this greatly enhances the ability to monitor photo-processes follow-
ing band gap excitation. In this connection, electrochemical measurements such as
photocoulometry, involving collection of the charge photogenerated at the semicon-
ductor particles at an inert metal electrode immersed in the irradiated suspension,
have been applied with success [217]. Using this technique in CdS suspensions,
White and Bard [218] observed enhanced photocurrent on addition of small quan-
tities of electron-trapping agents such as Fe3+, Cu2+, or methyl viologen (MV2+).
From measurements of photocurrent of the order of μA, they determined the posi-
tion of the quasi-Fermi level of electrons for CdS, and for CdS modified with Pt and
RuO2, as a function of pH.

Cadmium sulfide colloids and dispersions have received considerable attention,
because of their photocatalytic activity under visible light irradiation [219]. In fact,
the first direct observation of the dynamics of interfacial electron- and hole-transfer
processes from colloidal semiconductors to electron donors and acceptors in solu-
tion was carried out by Duonghung et al. [220] in transparent aqueous dispersions
of colloidal TiO2 and CdS particles. These authors reported a method for the deter-
mination of the flat band potential of ultrafine colloidal particles using a laser flash
photolysis technique. Roy et al. [221] indicated that application of this technique
to macro-dispersions of semiconductor powders is not possible because of the high
turbidity of these systems. They introduced, instead, another approach in order to
determine the flat band potential of CdS as well as of CdS/Ag2S particles in suspen-
sion, based on the measurement of the photovoltage developed on irradiating the
suspension with visible light in the presence of an electron acceptor (MV2+). Their
results were in reasonable agreement with those of White and Bard.

An important aspect of semiconductor photochemistry is the retardation of the
electron–hole recombination process through charge carrier trapping. Such phe-
nomena are common in colloidal semiconductor particles and can greatly influence
surface corrosion processes occurring particularly in small band gap materials, such
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as metal sulfides [193]. Laser flash photolysis and pulse radiolysis techniques have
proved quite useful for the characterization of trapped charge carriers. Both methods
complement each other in investigating fast processes in the internal and on the sur-
face of colloidal particles. For example, laser flash photolysis has been used for the
investigation of the photochemical behavior of colloidal CdSe with diameter smaller
than 5 nm, in particular to clarify the mechanism of CdSe anodic photocorrosion
with various hole and electron scavengers [222]. The reactions of hydroxyl radicals
with colloidal CdS and ZnS have also been studied by pulse radiolysis [223].

The observation of photophysical and photochemical effects in ultrafine semi-
conductor particle assemblies is of particular interest, as these systems give striking
examples of size quantization effects [224]. When the size of a particle becomes
comparable to the de Broglie wavelength of the charge carriers (2.5–25 nm), the
band model breaks down and the energy of electrons becomes quantized. Thus,
small particles of PbS, stabilized in a suspension containing sodium polyphosphate
or poly(vinyl alcohol), have been shown to have an onset of absorption lying in the
visible, instead of in IR as dictated by the bulk phase band gap of 0.41 eV [211].
More recently, nanoclusters of PtS2 synthesized from PtCl4 and (NH4)2S in inverse
micelles were shown to have an indirect band gap of 1.58 eV as compared to 0.87 eV
for bulk PtS2 [225]. Several investigators have also shown that size quantization
can enhance photoredox chemistry in suspensions, although a large increase in the
effective band gap, i.e., by several eV, can also lead to inherent instability of the
particles, since cathodic and anodic corrosion potentials acquire new positions
against band edges.

The shift of the absorption threshold with particle size has been studied primarily
in most detail with CdS, ZnO, and PbS. The problem of how the ionization potential
and electron affinity of small, singly charged, inorganic semiconductor crystallites
varies with size, as well as the related question regarding the size dependence of
hole and electron redox potentials for surface chemical reactions in aqueous col-
loidal solutions, has been treated theoretically by Brus [226–229] using CdS as a
model semiconductor. In these works, the onset of quantum size effects was located
at a characteristic crystal dimension of about 8 unit cells, that is, about 5 nm. Let us
note that, until recently, the inferred exact dependence of redox potential on particle
size for CdS was not assessed by actual electrochemical measurements in solution,
largely because of the limited solvent window of many solvent/electrolyte systems
and the instability of the particles. Bard et al. [230] considered this question showing
a direct correlation between the electrochemical band gap and the electronic spectra
of CdS nanoparticles in DMF. Further, emission from CdS colloids has served as an
excellent probe of the free hole and electron surface chemistry and physics [231].
Henglein, Weller, and co-workers [232] described blue or green luminescing sols of
CdS with a mean particle diameter between 4 and 6 nm and a narrow size distribu-
tion. Emission occurred close to the band gap energy, which depended on the size
of the particles. Fluorescence quantum yields greater than 50% were obtained upon
activation of the particles by a cadmium hydroxide precipitate. Violet fluorescing
samples of activated ZnS–CdS co-colloids were also prepared and evaluated. The
stability of these colloids was tested in photoanodic dissolution experiments with
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continuous illumination and high laser intensity irradiation. It was shown that the
activated CdS colloid was 2,000 times more stable than the non-activated one.

Importantly, rapid developments have taken place in recent years in the area of
preparation and characterization of particles of mesoscopic dimensions with nar-
row size distribution, which appear to benefit largely the construction of novel solar
cells. In parallel, remarkable complex core/shell II–VI heterostructures entailing the
coating of nanocrystallites (or nanowires) with a shell of another semiconductor to
enhance emission quantum yields and/or charge separation capabilities have been
engineered using solution chemistry [233–236]. Finally, tailored semiconductor–
receptor systems with chalcogenides coupled to enzymes and organic linkers have
been shown to provide unique opportunities for designing integrated chemical sys-
tems for photoelectrosynthetic and photocatalytic reactions. An important type of a
relevant electrochemical device, the sensitized solar cell, will be dealt with in a next
section.

5.3.2 Solar Detoxification – CO2 Photoreduction

It has been emphasized [14] that during the 1990s, part of the tremendous
momentum that was built up during the 1970s and 1980s in the field of photo-
electrochemistry was channeled into the closely related area of photocatalysis, and
in particular environmental photocatalysis. Along with the realization that semicon-
ductor electrodes or sols could be used for the photo(electro)catalytic generation of
useful chemical products, it was conceived that they could also be employed for
destruction of pollutants. The first such reports were those of Frank and Bard in
1977, who described the decomposition of cyanide in the presence of aqueous TiO2
suspensions [219]. The use of TiO2 particle photocatalysts enables solar detoxifi-
cation of polluted wastewaters, by producing oxidizing agents in water that react
with the contaminants. The hazardous chemicals are oxidatively converted to com-
pounds such as water, carbon dioxide, and dilute acids that are easily neutralized.
Certainly, in order to maintain electrical neutrality, a reduction process has to occur
in addition, in most cases the reduction of oxygen.

The oxidative degradation of organic pollutants in water and air streams is
considered as one of the so-called advanced oxidation processes. Photocatalytic
decomposition of organics found widespread industrial interest for air purification
(e.g., decomposition of aldehydes, removal of NOx), deodorization, sterilization,
and disinfection. Domestic applications based on TiO2 photocatalysts such as win-
dow self-cleaning, bathroom paints that work under illumination with room light, or
filters for air conditioners operating under UV lamp illumination have already been
commercialized. Literature-based information on the multidisciplinary field of pho-
tocatalytic anti-pollutant systems can be found in a number of publications, such as
Bahnemann’s [237, 238] (and references therein).

In particular, the photo(electro)chemical reduction of carbon dioxide is con-
nected to one of the most important environmental problems necessitating an urgent
solution, that is, the fixation of CO2 in the atmosphere. The feasibility of CO2
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Fig. 5.14 Inoue et al. carried out a systematic study of the photocatalytic reduction of CO2
by different semiconductor powders in aqueous suspensions. Shown here is the energy correla-
tion between semiconductor catalysts and redox couples in water, as presented in their paper. In
principle, the solution species with more positive redox potential with respect to the conduction
band level of the semiconductor is preferably reduced at the electrode. Photoexcited electrons in
the more negative conduction band certainly have greater ability to reduce CO2 in the solution.
(Reproduced from [240])

photoreduction processes has been demonstrated either by homogeneous photore-
actions in electronic relay systems ([239] and references therein) and heterogeneous
colloidal semiconductor photocatalytic systems [240] (Fig. 5.14) or by photoelec-
trochemical systems with semiconductor electrodes such as phosphides [241] and
oxides [242]. Actually, a variety of p-type semiconductor electrodes such as CdTe,
GaP, GaAs, InP, Si, and SiC has been examined for this purpose [14].

Reduction of CO2 is an endothermic process, so that it is advantageous to carry
out the artificial reaction with a very low consumption of energy or with the use
of a renewable energy source, or ideally with both. Electrochemical reduction at
metal electrodes requires highly negative potentials; hence catalysts are needed to
make the process practical. For this reason, photo-aided reduction of CO2 at a semi-
conductor electrode without catalysts has been highly desirable. In 1983, Taniguchi
et al. [243] proposed CdTe as the most effective electrode for this purpose. They
reported the first example of photoelectrochemical reduction of CO2 to monoxide,
CO, at a p-type CdTe electrode, at potentials at least 0.7 V less negative than at
metal electrodes. The experiments were conducted in a gas-tight cell containing
a DMF–TBAP–H2O solution under a CO2 atmosphere. The effect of various sol-
vents, supporting electrolytes (different tetraalkyl ammonium salts), temperature,
partial pressure of CO2, and presence of thin metal coatings on CdTe, was exam-
ined and also compared to several other p-type semiconductor electrodes and metals
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as well [244]. A few years later, Bockris and Wass [245] established that crown
ethers were the best catalysts to use with CdTe in order to increase further the effi-
ciency of CO2 photoreduction. In particular, they investigated the kinetics of the
photoreduction in non-aqueous solutions containing tetraalkyl ammonium cations
with special reference to the effects of surface decoration of p-CdTe with metals,
organic complexes, and crown ethers. The principal product throughout was CO,
although small amounts of formate and methanol were observed. Apart from the
crown ethers, the other catalysts were seen to produce a 100–200 mV anodic shift
in the current–potential curves, equivalent to ~10 times increase in the rate constant.
The efficiency of the conversion of light to CO was ~5%.

One attractive approach to photochemical conversion and storage of solar
energy is photofixation of carbon dioxide to C–1 organic compounds (formic acid,
formaldehyde, methanol, and methane). Photoreduction of CO2 to formic acid and
formaldehyde has been demonstrated by using n-type Bi2S3 and CdS semicon-
ductor powders (particle size 300–400 mesh) as photoelectrocatalysts in emulsions
[246]. Addition of hydrogen sulfide in solution was found to enhance the rate of this
process albeit the efficiencies were generally low, partly due to concomitant precip-
itation of elemental sulfur during the photolytic experiments. The effects of reaction
temperature, light intensity, and pH of the electrolyte were studied, and the photo-
catalytic mechanism was discussed with reference to the theory of charge transfer
at photoexcited metal sulfide semiconductors.

Photoreduction of CO2 to formate in metal sulfide colloids has been reported to
provide a novel photosynthetic route for production of methanol as the end-product
[247]. Photoreduction of formate to methanol was achieved using ZnS colloid sus-
pension containing formate, 2-propanol, and methanol dehydrogenase (MDH) with
a quinone (PQQ) electron mediator. For the overall reduction of CO2 to methanol,
a quantum efficiency of 5.9%, at 280 nm, was obtained, which was referred to as
the highest value ever reported for this process. Formate photodecomposition has
been carried out also in CdS suspensions, assisted by the coupled action of cad-
mium metal and hydrogenase catalysts [248]. This investigation regarded in specific
the effect of Cd metal (photo-formed on the surface of CdS particles) as well as
the influence of the enzyme hydrogenase from Thiocapsa roseopersicina, on the
CdS-photosensitized formate decomposition under anaerobic conditions.

5.3.3 Photocatalytic Decomposition of Water

Solar energy cannot be utilized for the direct photodecomposition of water into
gaseous H2 and O2, although the free energy required for this reaction is only
1.23 eV and the peak of the solar spectrum occurs at a photon energy of about
2.4 eV, because the threshold energy for decomposition is about 6.5 eV. However,
this activation energy can be greatly reduced by means of a suitable photocat-
alytic material in, say, a photochemical reactor. The ability of an irradiated single
semiconductor particle system for photochemical activity depends upon the relative
positions of the energy levels of the semiconductor valence and conduction bands
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with respect to H2O/H2 and O2/H2O redox levels. In an ideal system, which would
accomplish photo-cleavage of water, the conduction band edge should be well above
(more negative than) the electrochemical potential of hydrogen reduction, and the
valence band edge should be well below (more positive than) that of water oxi-
dation; that implies of course that the band gap width should be greater than the
difference between the above formal potentials. Some materials satisfying both the
above conditions are SrTiO3, Nb2O5, SiC, CdS, and GaP.

Decomposition of water can be accomplished also by means of photoelectrolysis
in a suitable cell with the reduction and oxidation occurring on different electrodes.
Such a system can be constructed using an n-type semiconductor photoelectrode as
an anode for oxygen evolution reaction (OER) with a counter electrode catalytic
for hydrogen evolution reaction (HER), e.g., Pt black. Alternatively, the HER can
be photodriven on a p-type semiconductor electrode with the OER occurring at a
“dark” anode. In the former configuration, the n-type photoanode must be stable
with respect to photooxidation while evolving oxygen and must also have a flat band
potential more negative than the formal potential of the H+/H2 couple in the work-
ing medium plus any overpotential required to drive the “dark” HER at the counter
electrode. The use of wide-gap semiconductors (typically oxides) is a prerequisite in
order to defend stability of the anodic photoelectrode. Leading works demonstrating
photoelectrolysis of water with oxide semiconductor photoanodes have been those
of Fujishima and Honda [249], who used an n-(rutile)TiO2-anode/Pt-cathode cell,
and Wrighton et al. [250] who used an n-SrTiO3-anode/Pt-cathode, bias-free, cell. A
straightforward explanation of water electrolysis in such cells in terms of the energy
levels of the electrodes and the electrolyte has been given by Mavroides et al. [251].
These authors showed that an illuminated aqueous cell with n-(rutile)TiO2 and a
platinized Pt cathode operates either in the “photogalvanic” mode (no H2 evolved)
or in the “photoelectrolytic” mode (H2 evolved at the cathode by decomposition of
water), depending on whether or not the electrolyte surrounding the cathode con-
tains dissolved oxygen. In both cases, current flows through the external circuit and
O2 is evolved at the anode.

In practice, any photosensitizing semiconductor surface has to be made catalyti-
cally active toward OER or HER due to kinetic hindrance producing overpotentials.
Be that as it may, no stable, un-assisted, single photoelectrode cell has been reported
capable of water splitting by solar light without the application of either an external
bias or a pH gradient. A method, though, for augmenting the effective voltage of the
photoelectrolysis cell may be to simultaneously illuminate two ohmically connected
p- and n-type photoelectrodes. Upon illumination, the minority carriers are avail-
able at the conduction band edge of the p-type electrode and at the valence band
edge of the n-type electrode, while the majority carriers recombine at the ohmic
contact. The usable photopotential of this dual-type cell is increased compared to
a single photoelectrode cell, so that smaller band gap semiconductors can be used
to drive more energetic electrode reactions, but at the expense of halving the max-
imum quantum yield for current flow due to annihilation of the majority carriers
at the ohmic contact. Such a p/n cell requires two photons per separated electron–
hole pair and is roughly analogous to photosynthesis in green plants, where both
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the oxidation of water and the reduction of CO2 are also photo-driven at two phys-
ically distinct sites. The photovoltages produced by the individual electrodes are
additive.

Bockris and co-workers [252, 253] considered p-type ZnTe, CdTe, and other ele-
mental and III–V semiconductors as possible candidates for a photocathode in the
electrochemical production of hydrogen and studied in detail the current–voltage
characteristics, quantum efficiency–wavelength dependence, flat band potentials,
and stability in p/n cells containing alkaline (1 N NaOH) or acidic (1 N H2SO4)
solutions. Critical preconditions for successful application were that the semicon-
ductor photocathode must exhibit sufficient light absorption > 20% of the solar
spectrum, while the cathodic photocurrent must start at as positive a potential as
possible and be more positive than the potential from which the anodic photocurrent
is observed in the n-type photoanode. Both CdTe and ZnTe electrodes were found
to satisfy the first condition. However, for ZnTe the photocurrent was observed at
a potential more negative than –0.85 V (SHE), far more cathodic than the potential
from which the anodic photocurrent was observed with any reasonably absorbing
n-type semiconductor. On the other hand, the photocurrent for CdTe was observed
at a potential more negative than –0.5 V (SHE), i.e., more positive than the value
of the potential from which the anodic photocurrent was observed on a TiO2 elec-
trode (–0.65 V vs. SHE). Further, the photocurrent of ZnTe decreased constantly as
a function of time, but that of CdTe was quite constant over several hours. It was
concluded that CdTe is a p-type semiconductor which can be used as a stable pho-
tocathode for a photodriven cell (CdTe/NaOH/TiO2), unlike ZnTe. The researchers
suggested [254] the combination of n-TiO2 and n-SrTiO3 anodes with p-CdTe and p-
GaP cathodes to form the cells: n-TiO2//p-CdTe, n-TiO2//p-GaP, n-SrTiO3//p-CdTe,
and n-SrTiO3//p-GaP. Results in 1 M NaOH solutions under 0.05 W cm–2 xenon
light showed self-driven water photoelectrolysis albeit with very low efficiencies
of hydrogen production due to the wide gaps of the oxide photoanodes. Results on
dual photoelectrode cells with microscopically smooth n-MoSe2 or n-WSe2 pho-
toanodes and p-InP photocathodes with noble metal catalyst islands on the surface
have been reported as well [255]. Spontaneous photoelectrolysis of HBr and HI into
hydrogen and bromine or iodine, respectively, was demonstrated. The efficiency of
the HBr photoelectrolysis by 632.8 nm light based on the stored free energy was
7.8%.

Tien and co-workers [256, 257] proposed a novel type of PEC using a semi-
conductor/metal septum (SC-SEP) as the active electrode in a two-compartment
cell, modeled after the natural photosynthetic systems containing a bilayer lipid
membrane. The SC-SEP PEC was illustrated originally with polycrystalline n-
CdSe/metal as the septum (bipolar) electrode separating two aqueous solutions; the
one exposed to light and in contact with the n-CdSe side consisted of polysulfide
or ferro-ferricyanide solution, and the other, not illuminated but in contact with the
metal surface, was either a strongly acidic (H2SO4) solution or artificial seawater.
A variety of metal foils or sheets were tested for the CdSe support, including Pt,
Ti, Ni, and brass. Irradiation of the first chamber with visible light (λ > 390 nm)
was reported to evolve hydrogen at the metal surface without any externally applied
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voltage. These cells were claimed as being able to deliver enhanced photovoltage
and efficient hydrogen production in comparison with conventionally designed PEC,
provided that two different redox couples having standard potentials sufficiently
wide apart from each other are used in the working electrolytes. However, a sim-
ple electric circuit analysis shows that the SC-SEP arrangements are equivalent to
a conventional dark galvanic or electrolytic cell wired in series with a conventional
PEC cell. By analyzing the performance of these devices in terms of three possi-
ble modes of operation of the dark cell, i.e., regenerative, sacrificial, and storage,
Bard and Mallouk [258] showed that no special advantages or higher power conver-
sion efficiencies were provided compared to conventional, two-electrode PEC cells.
They argued that claims of attaining efficient visible light water photolysis with the
CdSe-based SEP cells need to be reconsidered, in view of the fact that in these cases
a galvanic cell (which one should think of as a battery or sacrificial anode) is used
to drive the photoproduction of hydrogen; in conclusion, such cells can run only as
long as the battery is charged and therefore should be considered as photocatalytic
rather than photosynthetic devices.

Anyhow, various SEP PEC have been demonstrated using a variety of classi-
cal chalcogenide or oxide semiconductors for the septum component (e.g., CdS,
CdSe, CdTe, TiO2, Fe2O3) along with different electrolyte combinations; an exam-
ple is the work of the group of Srivastava [259, 260] discussing characteristics
of these designs. Polycrystalline n-Sb2S3 thin film electrodes were used also for
storage of chemical energy using the configuration |C|polyiodide|n-Sb2S3|Ti||ferri-
ferrocyanide|C| [261], while a solar rechargeable SC-SEP storage cell constructed
as |C|polysulfide|n-Fe:CdSe|stainless steel||FeCl3 or K4Fe(CN)6|C|, using Fe:CdSe
thin films electrodeposited onto stainless steel substrates, was reported recently
[262].

Intensive research for almost four decades has shown that photoanodic corro-
sion and lack of suitable materials pose a serious limitation on efficient production
of both oxygen and hydrogen from water by means of an unassisted, photoelectro-
chemical process using solar energy. Most of the overpotentials and losses in any
water splitting system are associated with the oxygen reaction, basically because
four electrons need to be transferred before OER can occur, whereas H2 produc-
tion requires only a two-electron transfer. Certainly, the oxidation of water may
be “bypassed” by adding a more reducing species in solution, such as methanol,
formaldehyde, or sulfite. Then hydrogen can be photogenerated using most semi-
conductors. But, only if such an oxidative process takes place, which liberates
oxygen from water in one electrode, it makes sense to use the separated electron
for hydrogen evolution at the counter electrode; if electrons would be donated from
other molecular species than water, the process would be “sacrificial” and typically
not sustainable [263]. Of course, when sacrificial agents are present the overall water
splitting reaction may be rendered photocatalytic in the exact sense.

The detailed mechanism of forming O2 from water involves a number of ele-
mentary reaction steps, so that photoinduced interfacial coordination reactions are
needed that may induce water species to form metal complexes, which are gradu-
ally oxidized and may, thereby, liberate oxygen. This may be done by introducing
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specific catalysts into the semiconductor electrode interphace, which would be able
to accumulate holes for inducing a multielectron transfer oxidation of water at a
favorable thermodynamic potential. Therefore, identification of catalytically active
and stable anodes for the photoelectrolysis of water is of considerable importance.
Transition metal oxides have been and are still being assessed as catalysts for OER
from water. Presently, metal oxides, such as RuO2, IrO2, and NiO, are the most
well-known catalysts for this process. These oxides are chemically stable; however,
their conduction band typically cannot be sufficiently negative to generate hydro-
gen with useful rates, at least for narrow band gaps, because of a deep valence
band of oxygen of 2p character lying at 7.2 eV below vacuum [269]. Sensitization
of oxide semiconductors (e.g., n-TiO2, n-SrTiO3) with various types of organic
dyes, as well as other inorganic semiconductors such as CdSe, CdS, GaAs, GaP,
have been used to extend the limited light absorption of oxides (for improving the
wide band gap problem). Another strategy is to use photocatalysts whose electronic
bands derive from metal character with less stable orbital, i.e., with strong reduc-
ing power. Notwithstanding the toxicity of the elements, metal sulfides, which have
narrow band gaps and band edge levels at relatively negative potentials compared
to oxides, are alternative candidates for visible light-driven decomposition of water.
However, the stabilization of sulfide semiconductors is a critical factor in their recy-
cling efficiency and activity. Polymeric material coatings, hole-scavenger sacrificial
species, such as sulfide/sulfite/sulfate salts or aliphatic carboxylic acids, and electron
mediators such as organic dyes have played an important role in this connection.
Moreover, modified photocatalytic semiconductor particles or (macro)electrodes,
loaded with metals (especially the transition series) or other semiconductors with
a different band gap, have been shown to increase photocatalytic efficiency com-
pared to naked semiconductors, due to the influence of the additive on the optical
absorption and charge transfer characteristics.

Literature-based information on the early research on photocatalytic hydrogen
production can be found in the critical survey of Getoff [264]. Results regard-
ing semiconductor particulate systems, up to 1998 – specifically, experimental
techniques, mechanistic aspects, and a summary of factors which influence the
hydrogen production efficiency of semiconductor particles – are presented in the
overview of Ashokkumar [265]. Recent reviews on hydrogen generation with irra-
diated semiconductors have been given by Rajeshwar [266] (a survey focused on
oxide photocatalysts with almost 400 references) and Tributsch [263]. Presently,
oxide semiconductors, in particular TiO2, WO3, and Fe2O3, are the photocatalyst
materials of choice for the hydrogen generation application, Pt being an excel-
lent (co)electrocatalyst. Photocathodic hydrogen evolution has been studied also on
p-type Si [267]; reduction of water to H2 by visible light was achieved by using the
Si electrode modified with Pt catalysts with significant photoefficiency [268].

In any case, no electrode material or approach fulfills the requirements for a suc-
cessful photoelectrochemical process in all respects, i.e., for routine practical use;
hence novel materials and approaches are constantly pursued. Note that beside the
robust performance needed, the most important figure of merit for a semiconductor
photoelectrode used for water splitting is the photoconversion efficiency, which is
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defined as the ratio of the chemical potential energy stored in the form of hydrogen
molecules to the incident radiative energy. The benchmark efficiency is 10%, which
is generally considered to be required for commercial implementation [269].

5.3.3.1 Cadmium Sulfide and Related Photocatalysts

Among the available sulfide semiconductors, cadmium sulfide has a prestigious
position as one of the best characterized semiconductors for use in solar-energy
conversion systems. The main reason for this interest is the interface energetics of
CdS in aqueous solution, believed to be more suitable than nearly all other known
semiconductors for the direct splitting of water by solar energy [4]. The position of
the conduction band at the surface of CdS is located at a sufficiently cathodic poten-
tial to reduce water if a catalyst is used to decrease the overpotential of this reaction.
Furthermore, the reported flat band position of CdS indicates that there should be
a sufficient overpotential for holes in the valence band to oxidize water. In fact,
the maximum thermodynamically achievable photoconversion efficiency for CdS
under AM1.5 global solar illumination has been estimated as 9.1% [270]. However,
in practice, studies on CdS photoelectrochemical and photocatalytic systems have
shown that the better understanding of this material seems to make it less attractive
for application-oriented photoelectrochemistry [76]. In particular, the claims that
CdS can be used as a sensitizer for the photo-cleavage of water have been considered
highly uncertain given the tendency of the semiconductor to undergo photoanodic
corrosion [209]. Thus, although the production of stoichiometric hydrogen and
oxygen on irradiation of catalyst (Pt, RuO2)-loaded CdS particles by visible light
was reported already in the early 1980s [271, 272], photoanodic instability of the
semiconductor severely limited the effectiveness of the process.

Nevertheless, there have been strategies for reducing photocorrosion and increas-
ing the photocatalyst efficiency of CdS toward hydrogen production, relying on the
general methods mentioned above. Commonly, suitable sacrificial reagents may be
used; for example, the addition of a sulfide–sulfite mixture (e.g., Na2S/Na2SO3)
to CdS-based catalyst water suspensions led to a considerable reduction of pho-
tocorrosion [47]. Other routes to improve the photocatalytic properties of CdS
included changes in the structural characteristics of the semiconductor, use of pro-
tective coatings, and combination of CdS with different elements or semiconductors
(co-catalysts) to form mixed photocatalysts.

All of the above factors have been considered in the pioneering work of Bard
and co-workers [273], who prepared CdS particles of ca. 20 nm diameter, embed-
ded in a polymer (Nafion) matrix containing Pt as a H2-evolution catalyst, and
evaluated them for photocatalytic hydrogen production in water–sulfide media.
Flocculation was avoided with these CdS/Nafion particles, while the polymer matrix
was observed to play a role in the operation of the system by its ion-exchange prop-
erties. The crystal structure of the CdS particle was found to greatly influence the
yield of hydrogen, with cubic β-CdS acting as a more active catalyst than hexag-
onal α-CdS. The optimal hydrogen production rate (4.2 μmol cm–2 h–1) obtained
by the integrated chemical system was found to be comparable to the best colloidal
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or powdered CdS preparations that had been reported at the time, under the same
experimental conditions. Although the rate of hydrogen production was diminished
with irradiation time after about 2 h, it was claimed that no extensive oxidation of
the CdS itself occurred during operation.

Addition of small amounts of group VIIIA metals like Pt and Rh/Ru was
shown to enhance the activity of CdS photocatalyst [274]. Such enhancement was
explained in terms of a photoelectrochemical mechanism in which the electrons
generated by light irradiation in the semiconductor are transferred to the loaded
metal particles unlike the photogenerated holes, resulting in a decrease in electron–
hole recombination. The same mechanism was invoked to explain changes in the
photoactivity of CdS that could be achieved by combining the CdS semiconduc-
tor with other semiconductors with different energy levels, such as noble metal
oxides (RuO2, Rh2O3), noble metal sulfides (RuS2, Rh2S3), ZnS, ZnO, TiO2,
and others. Photogenerated electrons in these composite systems move from CdS
to the attached semiconductor, while photogenerated holes remain in CdS, this
charge-carrier separation preventing charge recombination.

Reber and Rusek [275] investigated suspensions of platinized CdS in solutions
of S2– and/or SO2−

3 ions and pointed out that hydrogen production efficiency of
CdS particles can be considerably increased by different methods of photoplatiniza-
tion. The authors reported that co-precipitation of CdS with 0.5–3 wt% Ag2S, or
surface modification of CdS (with a large specific surface area) by silver ions, per-
mitted preparation of very active platinized photocatalysts for the photochemical
H2 production from solutions containing S2– as hole-scavenger. The enhancement
of activity was not limited to the own absorption range of CdS, but also resulted
from a significant extension of the spectral response up to about 620 nm. Further
improvement of the photoactivity could be achieved by doping the Ag2S-activated
CdS powders with ZnS. The rate of hydrogen formation in solutions containing S2–

ions was seen to decrease with irradiation time due to the formation of disulfide
ions which competed with the proton reduction. Addition of sulfite ions allowed
hydrogen to evolve at a higher rate, as efficiently suppressing the disulfide for-
mation. In solutions containing both S2– and SO2−

3 ions, hydrogen was generated
concomitantly with thiosulfate (S2O2−

3 ) ions. A quantum yield of 0.37 was esti-
mated for the most active photocatalyst (Zn:CdS containing Ag2S). However, these
photocatalysts were less stable than platinized powders of pure CdS of low specific
surface area.

The ZnS–CdS catalyst has been reported to exhibit activity similar to Pt/CdS for
H2 generation under visible light [276]. Nafion- or silica-supported, co-precipitated
ZnS–CdS catalysts have well been used for photocatalysis of hydrogen production
in aqueous sulfide solution. Sobczynski et al. [277] studied the visible light photoas-
sisted production of hydrogen from methanol–water solutions containing mixtures
of small particles consisting of CdS/SiO2 and a platinized wide-gap oxide separately
supported on silica (TiO2, ZnO, SnO2, or WO3 /SiO2). The activity was observed
to be higher for the separately supported particles than for samples prepared by
depositing the active materials together on the silica particles. The efficiency of H2
production did not depend on the conduction band energy of the wide band gap
metal oxide. Hence, it was concluded that electron injection from the conduction
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band of CdS into the conduction band of the metal oxide does not comprise an
important pathway for charge transport to the Pt particles.

Suspensions of semiconductors with heterojunctions formed by CdS or solid
solution ZnyCd1−yS and CuxS have been prepared and tested as photocata-
lysts for photochemical hydrogen production [278]. With platinized powders of
Zn0.17Cd0.83S/CuxS in solution containing both S2− and SO2−

3 ions, hydrogen was
generated concomitantly with thiosulfate ions with quantum yield of about 0.5.

By coating an n-CdS photoanode with a polymer-pendant Ru(bpy)2+
3 film con-

taining RuO2 catalyst, simultaneous formation of H2 and O2 from water by visible
light was reported, but with quite low efficiency [279]. Sabaté et al. [280] tested
different semiconductor photocatalytic systems to produce H2 by visible light,
including (1) Pt/TiO2 plus sensitizers like Ru(bipy)2+

3 and RuL2+
3 (L = 2,2′-

bipyridine-4,4′-dicarboxylate), (2) naked CdS, Pt/CdS, and RuO2/CdS, and (3)
mixtures of CdS + Pt/TiO2, and CdS + ZnS co-precipitated on γ-Al2O3. EDTA,
isopropanol, sulfide, and sulfide/sulfite mixtures were used as sacrificial agents. The
photocatalytic systems which used sensitizers showed a poor stability and they only
produced H2 when EDTA was used as sacrificial agent. The mixture CdS + Pt/TiO2
gave the highest reaction rates for H2 production in isopropanol medium, and CdS,
naked or with Pt deposits, produced the best results when sulfide or sulfide/sulfite
was used as sacrificial agents. The addition of sulfite to a sulfide aqueous solution
increased the H2 production rate about four times with respect to the case when
only sulfide was employed. The maximum photochemical and energy efficiencies
obtained were 13.2 and 5.0%, respectively, with reference to the wavelength range
300–520 nm. The same group [281], in investigating different types of CdS-based
photocatalysts (added semiconductors CuxS, TiO2, and catalytic materials Pt or
RuOx) for hydrogen evolution from a sulfide + sulfite solution, emphasized the ben-
efit of the thermal treatment of CdS in air, argon, hydrogen sulfide, or hydrogen
atmospheres, as well as that of etching its surface. The best results were obtained
using particles of CdS of 1.4 μm diameter, treated at 400 ◦C in air and etched with
concentrated HNO3, and on which 0.4% by weight of Pt was deposited.

Studies performed on CdS [282, 283] have revealed the importance of the
microstructure, i.e., crystal structure, crystallite size, and geometrical surface area,
in both the control of band structure and the concentration and mobility of charges,
in relation to the photocatalytic performance of the photocatalyst. It has been shown
also that the solubility product of CdS colloids prepared from acetate buffer aque-
ous solutions of suitable precursors increases from 7.2×10−27 for large particles to
about 10−15 for small (< 2.5 nm) particle colloids, this increase invoking a positive
shift on the cathodic corrosion potential [284].

In situ metallization has been claimed to provide a convenient method for
the preparation of metal-deposited and metal sulfide deposited CdS during pho-
tocatalytic decomposition of aqueous sulfide. As-prepared MS/CdS and M/CdS
bifunctional photocatalysts (MS = Pt or Ir sulfide; M = Pt or Ir) were reported
to be more active photocatalysts than CdS and ex-situ metallized CdS [285].

Recently, Navarro et al. [286] prompted the combination of ZnO and CdO with
CdS to improve its photoabsorption ability: CdO exhibits a band gap in the inter-
val 2.2–2.4 eV with high transmittance and very low resistance, while ZnO has
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a wide band gap of 3.2 eV. A CdS–CdO–ZnO mixture annealed at different tem-
peratures and loaded with Ru or Pt co-catalysts was tested in the production of
hydrogen from aqueous solutions containing SO2−

3 + S2− as sacrificial reagents
under visible light. The physicochemical characterization of the CdS–CdO–ZnO
catalyst revealed significant changes in crystalline structure and visible light absorp-
tion capacity as a result of thermal treatments, hence also catalytic activity was
found to be strongly dependent on thermal annealing. Hydrogen evolution over the
CdS–CdO–ZnO catalyst was enhanced in the sample annealed at 773 K due to a
better contact between the CdS and CdO–ZnO phases, which improved charge sep-
aration. The catalyst activity was significantly improved further by the addition of
Pt or Ru co-catalysts. Activity promotion was higher for the sample loaded with Ru,
this effect being associated to a better suppress of electron–hole recombination due
to effective interaction between Ru oxide particles and CdS.

In the last 10 years, new photocatalytic sulfides which oxidize water by visible
light with a sacrificial electron donor have been developed [287, 288]. For instance,
AgInZn7S9, a solid solution of AgInS2 and ZnS, with a 2.3 eV band gap, showed
photocatalytic activity for H2 evolution from an aqueous solution containing sac-
rificial reagents SO2−

3 and S2– under visible light irradiation, even though AgInS2
and ZnS separately hardly possessed any activity under the same conditions; load-
ing of Pt co-catalyst improved the photocatalytic performance. However, the light
conversion efficiency of these materials for water oxidation is very low at present.

The fabrication of p–n composite semiconductor particulate systems has been
proposed as a generic strategy to develop highly active photocatalysts under vis-
ible light. Jang et al. [289] demonstrated that a non-oxide nano-bulk composite
structure, in which nanoparticles of a semiconductor lie in contact with highly
crystalline bulky particles of an other semiconductor, is particularly promising for
hydrogen generation. A p-type semiconductor, AgGaS2 (AGS), was prepared by
conventional solid-state reaction and heat treated at various temperatures under
He and H2S gas flow to eliminate vacancies or interstitial defects and to improve
crystallinity. The AGS surface was decorated then with nanoparticles of n-CdS
by hydrothermal treatment, so that a p–n diode, n-CdS/p-AgGaS2, was formed
(Fig. 5.15). Efficient rectification of photo-electrons and holes was observed with
this diode system, which exhibited a high rate of hydrogen production under vis-
ible light irradiation from water containing sulfide and sulfite as hole scavengers.
Importantly, the single component AGS photocatalyst showed high activity for
hydrogen production in the same electrolyte whereas nanosized CdS photocata-
lyst produced only small amount of H2 (13 μmol h–1). The rates observed for
AGS and CdS/AGS (heat treated at 423 K for 1 day), both loaded with 1 wt%
Pt, were 296 μmol h–1 and 473 μmol h–1, respectively, i.e., representing ca. 12.4
and 19.7% of the quantum yields (100 × hydrogen atoms produced per absorbed
photon).

On account of the reported photocatalytic activity of titania nanosheets in the
oxidation of water [290], Yamada et al. [291] attempted to fabricate photoelectrodes
responsive to visible light by coating CdS electrodes with titania nanosheets. It was
considered that since the thickness of a nanosheet is as small as two atomic layers of
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Fig. 5.15 A configuration
model consisting of bulky
p-AgGaS2 decorated with
nanosized n-CdS particles.
The inset shows the TEM
image that supports the
structure model. (Reprinted
from [289], Copyright 2009,
with permission from
Elsevier)

titanium, holes produced in the excited CdS electrodes may oxidize water through
the sheet, the latter playing a protective or other active role. Further, cationic metal
complexes, which were previously found [292] to give photocurrents on layered
titania by visible light excitation, were intercalated between the titania sheets. The
results indicated that the catalytic active site for water oxidation did not occur on
the surface of titania nanosheet or that there was a barrier to hole transfer across the
nanosheet.

5.3.3.2 Transition Metal Dichalcogenides and Related Photocatalysts

Semiconducting transition metal chalcogenides which provide sufficient high den-
sities of d-metal states at the band edges have proven to be very promising catalytic
materials for generation of chemical fuels in photoelectrochemical solar cells, as
inducing favorable coordination chemistry at the electrode interface during multi-
electron transfer reactions. The surface metal atoms of such a compound may attach
OH– groups from water in order to compensate arriving photogenerated holes, thus
forming hydroxide, oxide, and peroxide complexes; if the formation of peroxo-
complexes with oxygen as intermediate states is sufficiently favorable, molecular
oxygen may be liberated.

Dichalcogenides such as those of Mo, W, Re, Fe, Pt, and Ru photoreact with
water, albeit with various products depending on material parameters; we have
already referred to the preference of layered compounds such as MoS2 to oxidize
water instead of anodically decomposing themselves into metal ions and molecular
sulfur. In fact, only dichalcogenides which are able to reach high oxidation states
are able to photoevolve molecular oxygen from water [293]. MoS2 and WS2 show
this property, as long as their vdW surface is quite perfect; however, when edge
sites are present the oxidation complexes tend to involve also the sulfur species and
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to generate sulfate. This process leads to the photodegradation of the metal sulfide.
Rhenium sulfide, ReS2, a layered triclinic compound, is also able to reach reason-
ably high Re oxidation states and can, in principle, photooxidize water to molecular
oxygen under assistance of an external potential. However, because of an unfavor-
able interfacial chemistry, photodegradation takes place owing to oxidation of the
material. It has been suggested that oxidized intermediate rhenium complexes are
too stable for oxygen to be liberated [294]. On the other hand, transition metal atoms
which cannot reach sufficiently high oxidation states, e.g., Fe, react with OH– but
instead of forming peroxo-complexes, they directly transfer the bound oxygen to the
chalcogenide ligands, e.g., sulfur, forming SO2−

4 .
Platinum disulfide (PtS2), a layer-type semiconductor with Eg ≈ 0.95 eV, is able

to reach high Pt oxidation states, and it has the advantage over Mo and W sul-
fides, of containing a cation which is a noble metal [295]. That means that platinum
cannot easily leave the electrode surface as a positive ion, so that in addition to
resisting anodic photocorrosion leading to molecular sulfur, conversion of PtS2 to
platinum sulfate by the photoreaction involving the oxidation of water is inhibited.
In order to solubilize platinum, a complex of this metal has to be formed with suit-
able ligands; experimental indications for such a corrosion mechanism have been
reported indeed, but the principal photoreaction is the discharge of OH– ions and
of other electron donating species. PtS2 is therefore a photoelectrode which can
utilize low-energy holes, generated by visible and near-infrared light, for photoas-
sisted electrolysis of water. Notwithstanding, unfavorable catalytic behavior, con-
nected to formation of platinum oxide, and non-ideal surface properties have been
addressed.

Ruthenium disulfide (RuS2), with Eg ≈ 1.9 eV, and of a non-layered structure,
has the same crystalline and an electronic structure similar to pyrite. The interfacial
processes involved in the anodic reactions at RuS2 and FeS2 electrodes have been
correlated to the percentage of metal d-character in the valence band, the chemistry
of the metal ion, and the kinetic steps involved in the light-induced electron transfer
[296]. Importantly, RuS2, similar to PtS2, is able to evolve oxygen as the principal
oxidation product from water (with quantum efficiency up to 60% in the near UV
region), with only marginal evidence of corrosion. It has even been referred to as
one of the most efficient catalytic electrodes for (potential-assisted) photoevolution
of oxygen (and chlorine) from water.

The implications of dark- and photo-evolution of oxygen or hydrogen on sin-
tered (polycrystalline) and single-crystal RuS2 have been discussed in the early
1980s [297–298]. By their results, at first on Fe-doped RuS2 [299], and then on
single-crystalline n-type RuS2 grown from powder of the compound in bismuth melt
[300], Kühne and Tributsch confirmed the original proposition of Tributsch that
photoelectrolysis of water should be possible by developing a photoelectrochem-
istry based on transition metal d-states. It is noteworthy that a decrease of ability
for oxygen evolution was observed in the series RuS2, RuSe2, RuTe2, accompa-
nied with a simultaneous increase of corrosion, connected to the parallel increase of
mixing between Ru electronic states at the edge of the valence band and the lower
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chalcogen states. This finding emphasized the role of d-states in the multielectron
reaction leading to the evolution of molecular oxygen [301]. Interestingly, the pho-
tocurrent spectral sensitivity of the Bi-grown n-RuS2 single crystals was observed to
extend into the infrared part of the solar spectrum; an indirect energy gap of about
1.3 eV was determined (cf. the 1.37 eV gap of indirect transition, inferred from
electrolyte electroreflectance data [302]). On the basis of these results, RuS2 was
considered a very attractive model system for research on low photon energy pho-
tooxidation of water. In fact, it was the first oxygen evolving photoelectrode to be
described utilizing photons of the entire visible and near IR solar spectrum, while
remaining reasonably stable.

The authors underscored the central importance of surface state complexes on the
RuS2 electrode in promoting its ability to react with water molecules by inducing
interfacial coordination bonding. According to their model (cf. description of CdS
surface states in [76]), a high density of Ru-based surface states exists situated in the
forbidden energy gap of the semiconductor rendering the surface of RuS2 positively
charged during electrochemical polarization due to minority carrier (hole) trapping.
The average positive charge accumulated in the surface complexes determines the
energetic position of the (unpinned) energy band edges of the semiconductor, which
upon application of an electrode potential are shifted until their position becomes
stabilized by electron injection from the electrolyte. Although favorable for charge
transfer catalysis, the overall mechanism was seen to induce considerable potential
losses at the RuS2/electrolyte interface as specified in various redox electrolytes,
hence limiting the obtainable photovoltage and solar conversion efficiency in the
respective cells. This limitation was mainly due to the small surface barrier height
brought about by the position of the surface states being too high above the edge of
the valence band.

On the basis of the existing knowledge, Salvador et al. [303] performed an
electrolyte electroreflectance and photocurrent transient study of the single-crystal
RuS2/water interface with the aim of obtaining fundamental information on the
catalytic reactivity of RuS2, in particular to understand the dynamics of photocur-
rent flow through the oxygen-evolving interface. Contributions in water oxidation
overpotential, charge transfer kinetics, the mechanism of oxygen evolution, and the
factors affecting photoelectrocatalytic activity such as temperature dependence of
surface reactions were examined. The authors stated that the main factor defining
the catalytic activity of RuS2 for water oxidation, both in the dark and under illu-
mination, is a low overpotential (~0.3 V), which is comparable to that of the RuO2
catalyst for oxygen evolution at darkness.

The layered thiophosphates n-SnPS3, p-FePS3, and p-NiPS3, with measured indi-
rect band gaps in the vicinity of 2 eV, have shown ability to photoelectrolyze water in
acid solutions, with onset potentials which were observed to change in a Nernstian
manner with the solution pH [304]. At n-type crystals, oxygen could be evolved
upon irradiation at underpotentials of 850 mV, while at p-type crystals, hydrogen
could be evolved at underpotentials of 400 mV, indicating a net gain in energy
conversion.
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Unbiased photocatalytic reduction of water has been pursued by employing
p-type semiconductor photocathodes, on account of the advantageous combination
they typically provide of a small band gap energy and positive flat band potential.
Unfortunately, p-type semiconductors are much rarer in nature than the n-type,
their band gaps are usually too small, and most suffer serious stability problems,
so that they are rarely used in semiconductor photocatalysis. The case of CuInSe2
chalcopyrite, with an optical gap of 0.95 eV, that can be obtained with p-type con-
ductivity (e.g., due to copper deficiency) is very interesting in this connection. The
energetic position of its conduction band appropriately matches the H2O/H2 level
to reduce spontaneously water into hydrogen even in strongly alkaline solutions.
Besides, CuInSe2 crystals possess appreciable electrical conductivity and have
shown a long-term chemical stability over the whole pH range. Notwithstanding,
decomposition of water does not occur over narrow band gap semiconductors
since the sum of overpotentials generally exceeds 1 V; therefore water reduction
with such a photocathode should be combined to the oxidation of suitable hole
scavengers.

Thin films of p-type CulnSe2, prepared on Mo-covered glass substrates by
coevaporation of the elements, have been characterized photoelectrochemically in
aqueous acidic solutions [305]. In electrolyte without added redox species, the films
showed a poor photoresponse, which was attributed to slow interfacial kinetics for
the reduction of protons. Addition of Eu3+ ions in the electrolyte was observed to
allow an efficient collection of the generated photocurrent on bare surfaces. The
effect of surface modifications by metal deposition was investigated: in acidic elec-
trolytes with no redox species, the deposition of noble metals (Pt, Pd, Ru) was found
to catalyze the hydrogen evolution reaction. However, the photocurrent onset poten-
tial remained very negative compared to the values of other p-type semiconductors
such as InP, evidently due to the comparatively more negative value of the flat band
potential of p-CulnSe2.

Djellal et al. reported recently [306] on the PEC characterization of p-CuInSe2
ingots of lamellar morphology synthesized by fusion technique, focusing on the
capability for unbiased hydrogen production under visible light in aqueous solutions
containing various redox couples with negative redox potentials. Capacity measure-
ments with the p-type crystals gave a hole density of 5.9×1018 cm−3 and a flat
band potential of −0.36 V (SCE). Hence, the conduction band, located at −1.29 V
(SCE), should allow a spontaneous H2 liberation upon visible light (Fig. 5.16). The
semiconductor electrode could be almost completely stabilized by hole consumption
involving S2− and SO2−

3 species, both inducing a large band bending. However, the
best photoactivity for H2 formation was obtained in alkaline thiosulfate electrolyte.
A two-step mechanism was considered for the light-induced oxidation of S2O2−

3 to
SO2−

3 and SO2−
4 , successively. In S2− and SO2−

3 solutions, a tendency toward satu-
ration was observed for prolonged irradiation, which was attributed to competitive
(to water) reductions of the oxidation end-products S2−

n and S2O2−
6 , as well as the

generation of yellow polysulfide (S2−
n ) in solution. Almost complete regeneration

of the photoactivity was achieved by evacuation of hydrogen and reactivation of the
catalytic sites through nitrogen bubbling.
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Fig. 5.16 Energy-level diagram of p-CuInSe2/electrolyte junction. (Reprinted from [306],
Copyright 2009, with permission from Elsevier)

5.4 Sensitized Solar Cells

Wide-gap semiconductor electrodes can be sensitized with respect to light absorp-
tion by surface modification with a luminescent species injecting carriers to their
conduction levels. In photoelectrochemical research, a variety of sensitizing dyes
have been examined in order to improve the characteristics of semiconductor
(macro) photoelectrodes or of dispersed semiconductor particle photochemical
systems. Inception of this research has been assisted by the vast information
accumulated over the years in the field of photographic science [307], since dye-
sensitized electron injection is the basis of color photography, while dye-sensitized
hole injection has been used in photography and in electrophotography (e.g., pho-
tocopying). Studies carried out during the early period of research (up to 1985)
regarding mostly photo-sensitization of oxide substrates by covalently anchored or
simply adsorbed dye molecules have been summarized by Rajeshwar [129].

The usefulness of electrochemical methods for the investigation of sensitiza-
tion effects at different semiconductor surfaces has been examined originally by
Gerischer and co-workers [308, 309] using zinc oxide as a typical n-type inorganic
semiconductor and the hydrocarbon perylene as a typical p-type organic semicon-
ductor. It was underscored that the well-known methods of electrochemical kinetics,
including the dynamical ones, can be applied in the field, as indeed has been done
extensively in subsequent work. Adding redox systems or changing other chemical
conditions of the electrolyte solution was considered as a fruitful way to promote or
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inhibit the electrochemically studied sensitization process. Light to energy conver-
sion via photoelectrochemical reactions of organic dyes adsorbed on semiconductor
electrodes has been demonstrated by Tributsch [310], who investigated excited
chlorophyll molecules and applied electrochemical kinetics for the elucidation of
chlorophyll-sensitized reactions in photosynthetic membranes. Aspects of these pro-
cesses were discussed by Calvin [311]. Already in 1975, Gerischer remarked [5]
that the quantum efficiency in such systems was limited by the fact that only mono-
layers of dyes are active for electron transfer to the semiconductor in the excited
state, since thicker films of the sensitizer increase the resistance of the cell, acting
as a filter, without adding to the current generation; thereby, a restriction of light
absorption to the order of 1–2% was envisaged. In effect, it turned out later that a
massive expansion of the dye–photoelectrode interfacial area could offer a viable
solution to this problem as it enhances the light absorption to such level that even
a 1000-fold increase could be obtained in the cell photocurrent compared with a
dye-sensitized electrode having a flat surface morphology.

O’Regan and Grätzel [312] were the first to report remarkably high
photon-to-current conversion efficiencies from dye-sensitized TiO2 cells, using
microheterogeneous film electrodes in combination with stable Ru-bipyridine sen-
sitizers. The nanocrystalline, porous nature of the semiconductor electrode allowed
a long optical path length for the dye molecules attached to the TiO2 film while
maintaining contact with the electrolyte. Importantly, surface and bulk recombina-
tion losses due to lattice defects, normally encountered in conventional photovoltaic
cells, were minimized in this device, despite the disordered structure of the absorber
film. The reason was simply that no minority carriers were involved in the photo-
conversion process, since the role of the semiconductor in a dye-sensitized device
is merely to conduct the injected majority charge carriers. An important conse-
quence was that the materials’ purity requirements could be relaxed relative to
conventional solar cells, thus allowing a low cost of fabrication. The “Grätzel”
cell based on a mesoscopic semiconductor affording a so-called “bulk” junction,
named after its 3D structure, comprised a cornerstone in the field and conduced
to render photoelectrochemistry of the last 15 years synonymous to the science
and technology of dye-sensitized cells (DSC). The relatively high solar efficien-
cies combined with very cheap preparation techniques could eventually make DSC
superior to conventional solar cells. Since 1990, the efficiency of DSC in the conver-
sion of light to electricity has been continuously improved. Grätzel and co-workers
constructed cells with dye-modified TiO2 film electrodes with solar conversion effi-
ciency exceeding 10% and quantum current efficiency reaching practically unity
[313]. Presently, DS TiO2 nanostructured electrodes are used in state-of-the-art solar
cells with high energy conversion efficiency (11%), long time stability, and low-cost
production.

The prototype DSCs used liquid electrolytes, typically I–/I2 in an organic sol-
vent such as propylene carbonate. The electron generation/collection problem in
this cell has been discussed analytically with the help of intensity-modulated pho-
tocurrent and photovoltage spectroscopy [314]. A particularly challenging issue has
been the replacement of the liquid electrolyte with a solid charge-transport material
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in order to develop all-solid-state versions of DSCs, to benefit from the ease of
manufacturing and robustness. Organic materials such as ionic conducting poly-
mer solids [315] or gels [316] and inorganic p-type semiconductors [317] have
been assessed as electrolytes in this regard, to build the so-called dye-sensitized
heterojunctions (DSH). O’Regan and Schwartz [318] reported the fabrication of a
dye-sensitized p–n heterojunction formed from a planar interface between n-TiO2
and p-CuSCN, containing an intervening monolayer of a sulforhodamine-B dye.
The CuSCN layer could be electrodeposited from solution without disturbing the
dye/TiO2 interaction. It was found that when exposed to visible light, the photoex-
cited dye molecules transferred electrons to the n-TiO2 and holes to the p-CuSCN.
The absorbed-photon-to-current efficiency was ≥ 70%. Later, a solar cell based
on DSH TiO2 with an amorphous organic hole-transport material (OMeTAD) was
described [319] with a photon-to-current yield of 33%. p-Type conductive polypyr-
role has been used also as a hole-transport layer in TiO2 heterojunctions sensitized
by Ru-bipyridyl and Ru-pyrrole complexes [320]. Improvement of the cell charac-
teristics with the latter dye was explained by invoking direct molecular wiring of
the polymer chain to the excited metal center of the complex. Dye molecules were
considered to chemically bind not only with TiO2 but also with the hole transport
phase. Other strategies employed ionic liquids, blends of organic materials, such
as polymeric or molecular semiconductors as well as hybrid cells using a p-type
semiconducting polymer, in conjunction with a fullerene, or CdSe nanorods [321].

Organic dyes usually have a strong absorption over a discrete and relatively nar-
row band in the visible followed by a broad spectral region of very weak absorbance
at shorter wavelengths. For efficient solar energy conversion, however, materials are
needed which exhibit high absorption coefficients over the whole spectral region
from near IR to UV. It has been recognized that the ideal sensitizer, a 1.5 eV edge
absorber, is well approximated by a narrow band gap semiconductor. Along with the
continual progress in nanoscience, it was conceived also that inorganic nanocrystals
are superior to conventional organic dyes in several respects and offer the poten-
tial of higher efficiency as well as longer operational life for sensitized systems.
That is because, apart from absorbing strongly all ultraband gap light thus rendering
available a larger energy for conversion, nanocrystals may be very stable in the sen-
sitizing role if properly prepared with a protective shell, unlike organic dyes, which
tend to photobleach over a relatively short amount of time. A unique capability of
the nanocrystal-sensitized solar cell is the production of quantum yields greater than
unity by multiple exciton generation in Q-dots [322], as well as other opportunities
offered by optical quantization effects.

Harvesting visible light energy in DSC-like systems by chalcogenide semicon-
ductors has been pioneered in the 1980s. Gerischer and Lübke [323] were the first
to suggest the use of a low-gap inorganic semiconductor (CdS) as an alternative to
organic dye sensitizers on TiO2. Thin films of CdS (up to 300 monolayers) were
chemically deposited on n-TiO2 crystal expecting that electrons would pass easily
from the conduction band of CdS into the TiO2 phase, on account of the favor-
able band edge relative positions in the two semiconductors. Indeed, sensitization
currents were observed, whose spectral range was shifted to shorter wavelengths
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compared to the single-crystal CdS, due to size quantization effects. However,
holes generated by the light absorption in CdS accumulated in the CdS phase and
caused anodic decomposition, as not being able to enter the TiO2 phase because
of too high an energetic position of the CdS valence band. Further, the photocur-
rent obtained was low, owing to the restraint of electron harvesting by fast charge
recombination. Ennaoui et al. [159] fabricated a p–i–n like structure by grafting an
ultrathin (10–20 nm) layer of pyrite (Eg = 0.95 eV) between larger-gap p-type and
n-type materials. In this “sandwich” system, which was defined as a “sensitization
solar cell”, the pyrite layer only acted as photon absorber and mediated injec-
tion of excited electrons. In a related work, transparent, nanocrystalline TiO2/CdS
and CdS/TiO2, “sandwich” bilayer electrodes were prepared by electrodeposition
on conductive (F-doped TO) glass and characterized in aqueous electrolyte solu-
tion of varying pH, by potential-dependent spectroscopy [324]. Interface energetics
on these electrodes was compared to that on bare TiO2 or CdS electrolytic lay-
ers. Implications of the band-to-band charge transfer in the composite electrodes
were discussed, considering potential applications in regenerative photoelectro-
chemical cells. Kohtani et al. [325] employed a sublimation flow method to prepare
microcrystalline CdS-sensitized TiO2 and ZnO electrodes which were assessed as
to their photoelectrochemical properties in polysulfide solution.

During the 1990s, sensitization of (macro) electrodes by inorganic semicon-
ductors was rather of marginal importance in view of the spectacular progress in
dye-sensitized cells. On the other hand, since the 1980s, several studies appeared
regarding surface-modified colloids in solution, which were denoted by such names
as sensitized particles, p/n diodes, bifunctional catalysts, etc., usually all to the
same effect of photoinduced electron transfer capability between different semi-
conductors. Interestingly, these systems were seen to offer enhanced photochemical
activity and/or stability compared to single sols. Merging of the colloid and elec-
trochemistry research communities led finally to appealing innovations comprising
the development of specially designed electrodes with tailored surfaces, e.g., with
specifically linked semiconductor Q-dots in an orderly fashion on oxide substrates,
or nanocrystals embedded in nanotube arrays.

In the early studies on semiconductor sols, luminescence quenching and other
experiments implied that CdS or CdSe nanocrystallites chemically deposited on
TiO2, SnO2, and ZnO particles were capable of injecting excited electrons to the
substrate. In studying mixed CdS/TiO2 or CdS/ZnO suspensions, Henglein et al.
[326] were able to show that chemical reactions induced by light absorption in the
CdS part of the “sandwich” colloids occurred with much higher quantum yield than
in the case of simple CdS catalyst particles, due to efficient primary charge sep-
aration. The composite particles were considered to act as small diodes of almost
molecular dimensions or like p/n junctions; however, the authors made the judicious
remark that the typical machinery involving a depletion layer, which in compact
semiconductors produces useful potential gradients, was practically not operative
in this case. Small colloidal particles with dimensions much smaller than the sev-
eral tenths of nm of a depletion layer were definitely expected to afford a different
mechanism of charge separation.
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The utilization of the properties of quantum-sized particles (Q-dots) for typical
semiconductor applications was emphasized in the pioneering work of Weller and
co-workers [327] who used a film of CdS nanocrystallites to sensitize a transparent
nanocrystalline TiO2 foil electrode. The CdS coating was prepared by repeatedly
dipping and washing the TiO2 foil in Cd(ClO4)2 and Na2S solutions. The pho-
tocurrent quantum yield of the CdS-sensitized electrodes under visible light reached
values of more than 70%. In a subsequent comprehensive study, the group of Weller
[328] investigated the sensitization of nanoporous TiO2, ZnO, SnO2, Nb2O5, and
Ta2O5 by in situ grown quantum-sized metal sulfides CdS, PbS, Ag2S, Sb2S3,
and Bi2S3. Substrate electrodes were prepared by spin coating ITO-glasses with
concentrated colloidal solutions of the oxides, which then were dipped first into
saturated nitrate solutions of Cd2+, Pb2+, Ag+, SbO+, and BiO+, respectively, fol-
lowed by dipping in solutions of Na2S. The authors described the process of particle
formation at the surface of the substrate electrodes as determined by the interplay
of the lattice energy of the particles and a strong adsorption of metal ions at the
surface, prior to the reaction with S2–. Photoelectrochemical characterization, per-
formed mostly in sulfide–sulfite solutions, showed that for any particular material
combination the energetics at the interface between the sensitizing particles and
the oxide substrate could be optimized in terms of electron injection by utilizing
the size-quantization effect. Photocurrent quantum yields of up to nearly 80% and
open-circuit voltages up to the 1 V range were measured. The best photostability of
sensitized electrodes was achieved with CdS on TiO2, while surface modification
of the particles significantly enhanced the stability of the electrodes in corrosive
conditions. In the same direction, the effect of PbS Q-dots in a porous TiO2 solar
cell structure was studied further by Hoyer and Konenkamp [329]. Seminal illustra-
tions describing the sensitization of nanocrystalline SnO2, ZnO, and TiO2 electrodes
by CdS [330, 331] and CdSe [332, 333] have been presented by Kamat and co-
workers. The principles of charge injection and recombination suppress are drawn
schematically in Figs. 5.17 and 5.18.

The photosensitization of various TiO2 morphologies, from polycrystalline to
nanostructured powder and thin films, has been undertaken by embedding chalco-
genide particles, commonly by employing variants of chemical bath deposition
(CBD) comprising in situ growth of the nanoparticles onto the substrate. The
advantages of nanoporous substrates in enhancing light harvesting efficiency by
folding the sensitizing semiconductor, by preventing particle growth and by inhibit-
ing particle detachment, have been emphasized [334]. Hodes and co-workers [335]
presented an investigation on CBD deposition mechanisms of CdSe into nanoporous
TiO2 films, along with correlation to the properties of as-fabricated liquid junc-
tion solar cells. Ion-by-ion and cluster mechanisms were invoked to illustrate the
employed deposition process. Modes of preparation included CdSe deposition on
a Cd-rich CdS film coated first on TiO2 or selenization of the Cd-rich CdS layer
with selenosulfate solution. The CdSe layers obtained by an ion-by-ion process
were found to give superior cell performance compared to those deposited by a
cluster process. Photocurrent spectroscopy measurements showed strong spectral
dependence on illumination intensity indicating photocurrent losses due to poor
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Fig. 5.17 CdS–ZnO coupled semiconductor system: (a) interaction between two colloidal par-
ticles showing the principle of the charge injection process and (b) light absorption and electron
transfer on an electrode surface leading to the generation of photocurrent. (Reproduced from [330])

Fig. 5.18 Suppression of charge recombination in coupled SnO2/CdSe system. The photogener-
ated electrons in CdSe quickly migrate to the lower lying conduction band of SnO2. As a result,
they escape recombination with photogenerated holes in CdSe and are collected in greater number
at the back contact OTE producing a larger photocurrent. (Reproduced from [333])

collection efficiencies. Stabilized solar efficiencies up to 2.8% were reported for
cells using a polysulfide electrolyte. In their related work, Toyoda et al. [336–338]
employed a photoacoustic technique to characterize optical absorption spectra in
order to study the crystal growth and sensitizing properties of CdSe Q-dots chemi-
cally deposited on nanostructured TiO2 foil electrodes with different rutile/anatase
ratios.
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Degradation problems typically encountered with the Q-dot sensitized PECs
substantiated the need to explore alternative approaches toward improving photo-
stability. Solid-state photovoltaic cells, providing inhibition of interfacial charge
recombination by introducing an organic hole conductor on dye-sensitized meso-
porous films of TiO2 [339], have been considered to provide suitable conditions
for the application of inorganic Q-dots as optical sensitizers. Along this line, Plass
et al. [340] studied the excitation dynamics and the absorption features of an all-
solid sandwich-type system involving a p–n heterojunction between TiO2 and an
organic hole conductor (spiro-OMeTAD), sensitized to the visible light by PbS Q-
dots formed in situ on TiO2 using CBD. During operation, the organic material was
oxidized instead of PbS, due to the transfer of holes from PbS particles to spiro-
OMeTAD molecules providing thus regeneration of the PbS particles. Ultrafast
laser photolysis experiments suggested the initial charge separation to proceed in
the subpicosecond time range. Transient absorption laser spectroscopy showed that
recombination of the initially formed charges (injected electrons in TiO2 and holes
in spiro-OMeTAD) was much faster than in comparable dye-sensitized systems. The
heterojunction showed incident photon-to-electron conversion efficiencies of up to
45% and energy conversion efficiencies under simulated sunlight AM1.5 (10 mW
cm2) of 0.49%.

The sensitized electrode preparation method is of major importance for the prop-
erties of the resulting assembly. The successful incorporation of the semiconductor
particles by in situ CBD growth onto a mesoporous oxide substrate is counterbal-
anced by a broad size distribution of the produced particles; the consequent variation
in the energy level alignment may lead to an energy barrier to electrons (rather than
a favorable energetic pathway) in a significant fraction of the Q-dots. Hence, size
control which would allow selection of the Q-dots that optimize the energy-level
alignment with the various metal oxide electrode materials is indispensable in these
systems. Modern colloidal syntheses, employing high-boiling solvents in conjunc-
tion with coordinating/non-coordinating surfactants, have been shown to produce
semiconductor nanoparticles with monodisperse size distributions, clear and dis-
crete optical transitions, and high fluorescence quantum yields [341–343]. These
processes offer the possibility to create high-quality surfaces with optimized Q-dot
coverage that maximizes light harvesting and energy conversion efficiency in solar
cells. Further in the direction of system optimization, functionalized surfaces can be
conveniently prepared by tethering nanoparticles to substrates through bifunctional
molecular linkers [344], whose affinity for surfaces is dictated by coordinate cova-
lent bonding interactions. For example, thiols and thiolates bind strongly to gold,
silver, and metal chalcogenides; isocyanides bind to platinum; carboxylic acids and
carboxylates bind to metal oxides; and silanes and siloxanes bind to silicon and sil-
ica. Bifunctional linker molecules such as MPA (HOOC-CH2-CH2-SH), which have
both carboxylate and thiol functional groups, facilitate binding between chalco-
genide Q-dots and TiO2 surfaces and ensure monolayer coverage of the sensitizing
film within the substrate network.

Application of the above techniques has enabled the synthesis of a range
of nanostructured materials with tunable composition, physical properties, and
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chemical reactivity. Examples illustrating the underlying potential and perspectives
of this approach follow.

Hyun et al. [345] prepared PbS Q-dots in a suspension and tethered them to
TiO2 nanoparticles with a bifunctional thiol–carboxyl linker molecule. Strong size
dependence due to quantum confinement was inferred from cyclic voltammetry
measurements, for the electron affinity and ionization potential of the attached
Q-dots. On the basis of the measured energy levels, the authors claimed that pho-
toexcited electrons should transfer efficiently from PbS into TiO2 only for dot
diameters below ~ 4.3 nm. Continuous-wave fluorescence spectra and fluorescence
transients of the PbS/TiO2 assembly were consistent with electron transfer from
small Q-dots. The measured charge transfer time was surprisingly slow (~100 ns).
Implications of this fact for future photovoltaics were discussed, while initial results
from as-fabricated sensitized solar cells were presented.

Peter and co-workers, after demonstrating a photosensitization effect using
size-selected CdS Q-dots, prepared by arrested precipitation and self-assembly on
nanocrystalline TiO2 electrodes [346], presented a related study on the incorporation
and properties of Bi2S3 Q-dots into nanocrystalline TiO2 [347]. The bismuth sulfide
semiconductor was chosen as complying with the requirement for a Q-dot sensitizer
to have an absorption onset at around 1.4 eV, in order to optimize power output
under solar illumination. Bi2S3 nanoparticles were prepared and self-assembled
on the oxide electrodes by arrested precipitation, using 3-mercapto-propionic acid
(3-MPA) as the stabilizer in order to facilitate assembly on the TiO2 substrate via
a carboxylate linkage. In evaluating the modified electrodes in a cell arrangement,
the authors observed a band-edge tuning effect for the bismuth sulfide particles,
which was associated with the adsorption of sulfide (HS–) ions from the electrolyte
solution. According to the derived interface energetics, in the absence of sulfide
ions only the smaller Bi2S3 particles could inject electrons into the TiO2 phase,
due to their effectively larger band gap. But, progressive addition of sulfide ions to
the electrolyte induced an upward shift of the Bi2S3 conduction band level (toward
more negative potentials), so that larger nanoparticles became able to inject carri-
ers and the long wavelength component of the photocurrent response from the cell
increased. This quite interesting phenomenon was connected to the well-known fact
that the flat band potential of chalcogenide semiconductors shifts to more negative
potentials in the presence of HS– in the electrolyte solution, an effect explained by
the change in surface dipole caused by adsorbed HS– ions.

Kamat and co-workers [348] used MPA bifunctional surface modifiers to assem-
ble CdSe Q-dots onto mesoscopic TiO2 films (Fig. 5.19). The injection of electrons
from the conduction band of CdSe into TiO2, upon visible light excitation was con-
firmed by femtosecond transient absorption and emission-quenching experiments.
The injected charge carriers could be collected at a conducting electrode to gen-
erate a photocurrent. A photon-to-charge carrier generation efficiency of 12% was
obtained from the TiO2/CdSe composite electrode photoanodes. Significant loss of
electrons was seen to occur due to scattering as well as charge recombination at the
TiO2/CdSe interfaces and internal TiO2 grain boundaries.
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Fig. 5.19 (a) Linking CdSe quantum dots to TiO2 particle with bifunctional surface modifier; (b)
light harvesting assembly composed of TiO2 film functionalized with CdSe Q-dots on optically
transparent electrode (OTE). [Adapted (in gray scale) from [348]]

Zhang and co-workers [349] investigated the sensitizing effect of CdSe Q-dots
on highly ordered TiO2 nanotube arrays, which were fabricated on Ti substrates
by self-organized anodic oxidation. The CdSe colloids were prepared ex situ by a
one-pot synthesis, known to give high-quality monodisperse quantum-confined dots
and rods [350]. Air annealing pretreatment of the TiO2 nanotubes was considered
to be essential for better performance of the final composite system as increasing
the anatase phase. Attachment of the CdSe crystallites was found to significantly
extend the photocurrent of TiO2 nanotubes in the visible region. The photoresponse
showed strong dependence on the Q-dots size.

Recently, size-dependent charge injection into TiO2 from different-sized CdSe
Q-dots, assembled via a bifunctional linker molecule (MPA) on TiO2 films
composed of particle and nanotube morphologies, was demonstrated by using
spectroscopic and photoelectrochemical techniques [351]. The presented results
highlighted the ability to tune the photoelectrochemical response via size control
of CdSe Q-dots and the improvement in photoconversion efficiency by facilitating
the charge transport through a TiO2 nanotube architecture. It was shown in partic-
ular that smaller-sized CdSe Q-dots allow greater charge injection rates and also
higher photon-to-electron conversion efficiencies at the excitonic band (Fig. 5.20).
Larger particles, although absorbing better in the visible region, could not inject
electrons into TiO2 as effectively as the smaller CdSe Q-dots. The maximum
power-conversion efficiency (≤ 1%) was observed for the 3 nm in-diameter dots.

The authors claimed that although the net power-conversion efficiency of their Q-
dot solar cells was significantly lower than of DSC or organic solar cells, the results
are quite encouraging toward demonstrating the effectiveness of quantum dots as
sensitizers for the next-generation solar cells. The performance of such devices
might be improved by optimizing the cell configuration and improving the light
absorption properties of the electrodes. According to the authors this can be done
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Fig. 5.20 Schematic diagram illustrating the energy levels of different-sized CdSe quantum dots
and TiO2 (band positions are not drawn to scale). The injection of electrons from CdSe into TiO2
is influenced by the energy difference between the two conduction bands. [Adapted (in gray scale)
from [351]]

by the construction of a “rainbow solar cell”, which employs an ordered assembly
of CdSe nanoparticles of different diameters absorbing and transmitting different
wavelength regions. Essentially, this cell consists in creating an orderly gradient
of band gap energy, rendering it possible to maximize the capture of the incident
light while collecting and transmitting electrons through the TiO2 tube network.
Such a cell configuration allows one to couple the faster electron injection rate of
small-sized particles and greater absorption range of large particles effectively.
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Chapter 6
Electrochemical Processes and Technology

6.1 Oxygen Reduction Reaction – ORR

6.1.1 General

Electrode processes that involve the transfer of several electrons, usually accom-
panied by the breaking and creation of bonds, commonly proceed slowly or not
at all in the absence of electrocatalysts, in contrast to most simple electrode pro-
cesses that involve the transfer of a single electron without associated ion/atom
transfer. Such complex electrode processes, an example of which is the reduction
of molecular oxygen by a four-electron process to water or by a two-electron pro-
cess to hydrogen peroxide (Chap. 2), often involve high-energy intermediates that
must be stabilized by interactions with suitable molecules or complexes if the elec-
trode reactions are to proceed at reasonable rates. These intermediate-stabilizing
species are the electrocatalysts [1, 2]. In electrocatalysis, multifunctionality is
obligatory: for obtaining high performance, some combination of surface reactiv-
ity, electronic and ionic conductivity, separation of electron–hole pairs, or facile
mass transport of molecules must be provided to enhance the molecular conver-
sion. Electrocatalyzed reactions range from synthetic (often using a molecular
electron transfer reactant) and destructive (in which pollutants are detoxified or
mineralized) to energy conversion (converting fuel and oxidant to electricity, as in
fuel cells) [3]. Continuing interest in the electrochemical reduction of molecular
oxygen in the fuel cell technology and for electrocatalytic oxidations in mild con-
ditions is associated with a vital need for materials able to actively catalyze these
processes.

The development of new electrocatalysts for fuel cells is a priority for materials’
research. The anodic reaction in fuel cells is either the direct oxidation of hydrogen
or the oxidation of methanol (excluding indirect oxidations via a reformating step).
The cathodic reaction is usually oxygen reduction [4]. Already by the early 1960s it
was realized that the principal difficulty of commercializing fuel cells would be the
effectiveness of the oxygen reduction reaction (ORR), and that the way to solve
this problem was electrocatalysis. Presently, the catalysis necessary to generate
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electricity in fuel cells is analogous to bifunctional heterogeneous catalysis, in that
catalytic particles are highly dispersed on a functional support such as electronically
conductive carbon to achieve the desired rates of reaction. Platinum catalyst has
been recognized as being the most effective toward ORR, especially in the low
to medium temperature range acidic environments of proton exchange membrane
(PEM) fuel cells and electrolyzers. Cathode electrodes based on dispersions of Pt
nanoparticles in carbon are now in practical use for these applications.

However, in addition to the high cost of the metal, Pt-based cathodes in low-
temperature fuel cells suffer from unfavorable overpotentials toward ORR, as well
as poor methanol tolerance (in methanol fuel cells). Intensive research has been
directed to the utilization of Pt-alloys or other noble metals of the Pt group (and
their alloys) for cathodic electrocatalysis. Pt-based bimetallic alloys explored as
electrocatalysts for reduction of oxygen (primarily PtxCry or PtxRuy) and oxida-
tion of methanol (primarily PtxRuy) have proved to be more active in both bulk and
nanoparticulate form for the respective fuel cell reactions than is pure Pt. Marković
and Ross [5] have presented an extensive discussion on electrocatalysis for fuel cells
regarding pure Pt and Pt-based bimetallic alloy electrocatalysts, studying model
systems by surface spectroscopy techniques. Note that the goals posed by the US
Department of Energy for 2010 require electrocatalysts for ORR that are stable
during 5,000 h of operation and use 0.2 g of precious metal per rated kW of
power.

Perspectives for fabrication of improved oxygen electrodes at a low cost have
been offered by non-noble, transition metal catalysts, although their intrinsic cat-
alytic activity and stability are lower in comparison with those of Pt and Pt-alloys.
The vast majority of these materials comprise (1) macrocyclic metal transition com-
plexes of the N4-type having Fe or Co as the central metal ion, i.e., porphyrins,
phthalocyanines, and tetraazaannulenes [6–8]; (2) transition metal carbides, nitrides,
and oxides (e.g., FeCx, TaOxNy, MnOx); and (3) transition metal chalcogenide clus-
ter compounds based on Chevrel phases, and Ru-based cluster/amorphous systems
that contain chalcogen elements, mostly selenium.

The above classes (1) and (2) are unlikely to meet the requirements of cathode
catalysts in fuel cells in comparison to the state-of-the-art Pt-based catalysts. They
show a low catalytic selectivity toward the four-electron reduction of oxygen to
water, producing a large amount of H2O2 (typically higher than 10%), and exhibit
very low electrochemical stability in acidic environments. For example, pyrochlore
oxides although being extremely active in alkaline solution are not stable in acid;
even in alkaline medium, slow dissolution of “B”-metal components of the oxide
and their redeposition at the anode cause severe cumulative poisoning problems.
In the case of metal–nitrogen chelate catalysts, H2O2 is responsible for the deteri-
oration of electrode performance over time, as it destroys the active reaction sites
by the oxidation of nitrogen ligands and hence accelerates the dissolution of transi-
tion metals. The promising catalytic properties of class (3) compounds, which show
high catalytic activity and selectivity for oxygen reduction, will be the topic of the
following section.
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6.1.2 Pt-Free Chalcogenide Catalysts

The transition metal chalcogenides known as Chevrel phases [9] have attracted
much attention since the mid-1980s, with respect to their significant capacity
for interfacial coordination chemistry favoring multielectron electrocatalysis. A
Chevrel phase denotes a type of structure that is characterized by a central quasi-
octahedral (or trigonal prismatic) metal cluster M6X8 (M = high-valent transition
metal, usually Mo, and X = S, Se, Te), where the metal atoms are coordinated in a
fcc cell with the respective chalcogenide atoms located at the periphery, forming a
M6X8 pseudo-cube (Fig. 6.1); in this structure of “M6” clusters, delocalization of
electrons leads to high electron conductivity [10].

Chevrel-phase clusters including inserted guest atoms M in a composition
MxMo6X8 (i.e., M intercalated in the 3D channels running along the chains
of weakly coupled Mo6X8 clusters), come under the heading of ternary clus-
ter materials. In contrast, compounds of formula MxMo6–xX8, where one or
more Mo atoms in the binary Mo6X8 are replaced by other metals (such as
Re, Ry, Rh), while the channels remain unoccupied, are named pseudoternary
clusters [11].

In searching to identify stoichiometries which provide high interfacial electro-
chemical stability and active catalysis of ORR, considerable potential has been
ascribed to pseudoternary Chevrel phases, such as those of MxMo6–xX8 with
M = Ru, Re, for example Ru2Mo4Se8 and Re4Mo2Se8. Capacity of such cluster
materials in acid medium was first reported by Alonso-Vante and Tributsch [12,
13] who demonstrated that Mo4.2Ru1.8Se8 (a p-type semiconductor with energy gap
1.3 eV, containing octahedra statistically composed of 4.2 molybdenum and 1.8
ruthenium atoms) could in principle compete with Pt as a catalyst in acid fuel cells
at a considerable cost reduction. The catalytic activity of Mo4.2Ru1.8Se8 was found

Fig. 6.1 The fundamental structural unit found in the Chevrel phases (cluster Mo6X8; full circles:
Mo atoms) displayed in three ways to emphasize different views of the connectivity. In (a) an
octahedron of molybdenums (Mo–Mo = 2.7 Å) is encased in a cube of chalcogens (Mo–S 2.45
or Mo–Se 2.6 Å). Scheme (b) exhibits the same cluster as consisting of an octahedron with its
triangular faces capped by chalcogenides. In (c), the cluster has been reoriented so that a threefold
axis is vertical. (Reproduced from [10])
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to increase from samples containing non-substituted Mo octahedra showing metallic
behavior to samples containing Ru-substituted Mo octahedra showing semiconduct-
ing behavior. Important features for the cluster moiety were considered to be its
capacity (1) to act as a reservoir for electronic charge carriers while maintaining a
stable electrochemical potential; (2) to provide neighboring binding sites for reac-
tants and intermediates; and (3) to change its volume and bonding distances in the
course of electron transfer.

Ensuing electrocatalytic studies on oxygen reduction and hydrogen evolution
with Chevrel-type cluster compounds have indicated their remarkable catalytic
nature. Oxygen reduction with these materials has been observed to occur directly
to H2O in a four-electron process, owing to the coordination of oxygen to the
transition metal complexes [14, 1] and bimetallic interactions giving rise to cat-
alytic processes [15]. A limiting factor is the interfacial instability of the clusters
prior to reaching the thermodynamic redox potential of the reaction to be cat-
alyzed – a typical key problem in heterogeneous catalysis. Issues related to
the chemical structure of the pseudoternary clusters and the catalytic centers of
these complexes have been addressed widely, and conflicting opinions have been
presented.

Notwithstanding their potential, one of the major downsides of the bimetal-
lic pseudoternary cluster compounds lies in the fact that their synthesis is quite
challenging and difficult to control. For example, Ru-based chalcogenides of the
Chevrel-phase type are typically prepared by solid-state reaction of pure elements
at elevated temperatures (1,200–1,700 ◦C) and pressures (0.7 GPa), which makes
the synthesis procedure very complicated and costly. To circumvent this problem,
low-temperature methodologies have been developed, involving either thermolysis
of metal carbonyls or colloid precipitation. In effect, these methods were found to
produce non-Chevrel phases, designated loosely as “amorphous phases,” but some
of these materials proved to be quite active toward ORR electrocatalysis in acid
electrolyte. Gradually, the interest shifted to tailoring metal nanoparticles via sur-
face modification with chalcogens as a means to influence their structure, electronic
properties, and catalytic activity.

Alonso-Vante and co-workers [16] synthesized amorphous Mo–Ru–Se phases
adsorbed on active carbons, by reacting metal carbonyls and selenium powder in
xylene under refluxing conditions, at the boiling point of the solvent (140 ◦C) in
an inert atmosphere. The produced compounds were initially thought to relate to
Chevrel phases, but actually were not. Related studies on the Mo–Ru–S system [17]
showed evidence for the formation of a stable RuSx phase together with an initially
unstable MoOy phase. An approximate (non-Chevrel) composition Mo2Ru5S5 was
identified for the phase with the highest oxygen reduction activity. Thus, it was
found that the reaction of carbonyl clusters with elemental chalcogen generates a
variety of polynuclear compounds with d-state coordination centers. These polynu-
clear moieties are small enough to be considered as quasi-molecular metal clusters
rather than metallic particles, and their catalytic properties are distinct from those
of metallic particles.
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Fig. 6.2 Schematic representation of a Mo-containing ruthenium-clustered material. The indicated
reaction paths represent (1) adsorption, (2) electrocatalysis, (3) desorption. (Adapted from [18])

Chemically prepared polynuclear Se-containing compounds of the type
(Ru1–xMox)ySeOz, with stoichiometry corresponding to 0.02 < x < 0.04, 1 < y < 3
and z ≈ 2y, were found to permit multielectron charge transfer affording effective
oxygen reduction mostly via a four-electron transfer reaction to water (efficiency
96%) [18]. Compared to previous work with Mo–Ru electrocatalysts, the decrease
of molybdenum content to a ratio in the range Mo:Ru = 1:25–50 was found
to improve electrocatalytic properties by reducing the overpotential of the per-
formed reaction. In this essentially Ru-cluster material, the low concentrated Mo
was considered to act as an adsorption site for molecular oxygen (Fig. 6.2).

Reeve et al. [19] prepared a range of transition metal (Mo, Rh, W, Ru, Os, Re)
sulfide electrocatalysts in high surface area form by direct chemical synthesis, con-
sisting of refluxing the respective carbonyls together with sulfur and carbon black in
xylene, onto various surface-functionalized carbon blacks, and tested them as fuel
cell cathodes. Catalysts based on Re–Ru–S and Mo–Ru–S were found to give the
best oxygen reduction activities. In addition, significant increases in performance
were observed upon employing sulfur-functionalized carbon black, attributed to the
preferential deposition of active Ru sites in the catalyst preparation process. In the
case of the Mo–Ru–S catalyst, the electrochemical response was complicated by
the oxidation and partial dissolution of Mo. Although the presence of a Mo-based
oxidation reaction was observed to decrease the rest potential of the oxygenated
system, the catalytic output increased due to the active nature of Mo in providing
favorable oxygen adsorption sites. Analogous investigations have concerned
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selenide compounds. The high catalytic activity of chemically synthesized carbon-
supported Mo–Ru–Se cluster systems was found to reduce appreciably after heat
treatment due to the loss of Se from the compound [20].

Polyaniline-modified, polynuclear Ru–Mo–Se catalysts were shown to have
a good performance for ORR in acid media [21]. The so-called nanostructured
RuxMoySez compounds were prepared by thermolysis of their carbonyl compounds
in organic solvents and were evaluated with respect to their catalytic activity, either
directly on carbon paper as-prepared or on carbon paper modified by polyani-
line (PA) deposition. An important increase in the ORR rate was observed using
PA-coated carbon black matrix. In the presence of methanol, the activity of these
electrodes was better than that of non-modified carbon-supported, as polyaniline
modification was seen to decrease the poisoning of the surface and probably increase
the matrix conductivity. The oxygen reduction activity and methanol tolerance of
both electrodes were compared with those of commercial E-TEK (20% Pt on Vulcan
XC-72 carbon black) electrodes prepared under identical experimental conditions
either by PA modification or without. The activity of the PA-modified Ru chalco-
genide catalysts was found to be superior to that of PA-modified E-TEK electrodes
even in the presence of methanol. In the latter case, the number of electrons trans-
ferred was higher when using PA-modified E-TEK electrodes, indicating thus the
selectivity of Ru chalcogenide electrodes toward oxygen reduction.

Binary systems of ruthenium sulfide or selenide nanoparticles (RuxSy, RuxSey)
are considered as the state-of-the-art ORR electrocatalysts in the class of non-
Chevrel amorphous transition metal chalcogenides. Notably, in contrast to pyrite-
type MS2 varieties (typically RuS2) utilized in industrial catalysis as effective
cathodes for the molecular oxygen reduction in acid medium, these Ru-based cluster
materials exhibit a fairly robust activity even in high methanol content environments
of fuel cells.

Alonso-Vante and co-workers [22] first developed a series of ruthenium chalco-
genide cluster materials, RuxXy (X = S, Se, and Te) by utilizing a preparation
procedure similar to that used to synthesize the mixed polynuclear complexes, i.e.,
reaction of metal carbonyls with elemental chalcogen in xylenes, and examined their
performance in methanol-containing acidic media. The RuxSey complex was proved
to be the most active catalyst among these materials, exhibiting also remarkable
stability against oxidation by virtue of selenium atoms coordinated onto the cat-
alytic center (as clarified later). In the first attempts to explain the influence of Se
it was suggested that a ruthenium core, which acts as an electron reservoir, is sur-
rounded by an amorphous Se shell, which catalyzes the electroreduction of oxygen
[23]. Subsequently [24], structural and stability studies of Rux and RuxSey cluster-
like particles having similar sizes (1.4–1.6 nm) in the reduced state revealed that,
whereas Rux particles were rather sensitive to oxygen from air, they were chemically
stabilized against oxidation by the coordination of Se atoms. It was established that
besides the chemical effect, selenium stabilizes also the nanostructural nature of the
compound (geometric effect), as demonstrated by temperature measurements (up
to 300 ◦C) in the gas phase, and provides the electronic effect for electrocatalysis.
The structure of RuxSey was investigated with special attention to the distribution
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Fig. 6.3 Cluster model structure for Ru99Se54 showing the selenium bonding onto the ruthe-
nium clusters (a) with a statistical distribution; (b) with an ordered positioning. (Adapted with
permission from [24]. Copyright 2009, American Chemical Society)

of the Se atoms in the particles. On account of the characterization results and the
increased disorder deduced from extended X-ray absorption fine structure (EXAFS)
calculations, it was suggested that the Se atoms are mainly coordinated to surface
sites of the ruthenium clusters in a statistical manner. Figure 6.3 depicts such an
hcp cluster model Ru99Se54, with (a) all 54 Se atoms replacing surface Ru atoms at
random and (b) all 54 Se atoms replacing surface Ru atoms in a regular way, i.e.,
those that are five-, six-, and sevenfold coordinated. Note that the coverage of the
Ru-cluster surface by selenium atoms allows enough free active sites for an efficient
electrocatalysis or coordination with oxygen/water.

The RuxSey catalysts have been prepared also through the thermochemical
treatment of colloidal Ru particles in Se-saturated xylene solvent under refluxing
conditions. In this method, the first step is to produce nanosized Ru clusters (Ru
black), which is accomplished by chemical reduction of a ruthenium salt (RuCl3)
dissolved usually in tetrahydrofuran (THF), on a suitable substrate. Cao et al. [25]
obtained the as-denoted Ru/Se catalyst particles immobilized on an electrode (e.g.,
gold) surface. Tests toward ORR in acid solutions provided evidence for similar
reactivity functions between the Ru/Se and the RuxSey catalysts, obtained by the col-
loid and carbonyl-thermolysis methods, respectively, while full methanol tolerance
was established for the range of investigated methanol concentrations (0.1–5 M).
The high catalytic activity of Ru/Se was attributed to a similar surface structure to
RuxSey, involving active Ru metallic sites embedded in a Se matrix. Similarly pre-
pared sulfide, Ru/S, catalysts were found to be methanol-tolerant at 0.1 M methanol
concentration but much less active than Ru/Se and RuxSey toward ORR, although
slightly more active than hydrogen-reduced (chalcogen-free) Ru black. Note that
analogous experiments with rhodium nanoparticles indicated a decrease in ORR
rates for both Se and S additives. Ensuing XPS studies [26] on Ru, Ru/Se, and
Ru/S nanoparticle samples immobilized on gold, either as prepared or electrochem-
ically processed, confirmed that the Se and S additives protect Ru against oxidation.
Exceptional chemical stability in acidic media, even at high positive potentials,
was reported for the Se-modified Ru samples. Interestingly, the performance of the
investigated catalysts was correlated to their chemical state with respect to oxygen
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uptake, which was seen to be suppressed in the order Ru/Se > Ru/S > Ru black,
in accordance with the ORR activity. It should be noted that unlike the cluster-type
RuxSey and Ru/Se materials, surface modification of bulk polycrystalline Ru with
Se did not lead to comparable enhancement of the ORR activity.

The previous conclusions were strengthened in subsequent works aimed at the
understanding of the role of Se in promoting the electrocatalytic activity of Ru for
the ORR. The transformation of Ru nanoparticles upon introduction of increasing
amounts of Se was systematically investigated [27]. Se-modified Ru/C samples with
Se:Ru ratio from 0 to 1 were prepared by reacting carbon-supported Ru nanopar-
ticles with SeO2 in water/THF solution, followed by evaporation of the solvent
and reductive annealing. The characterization results suggested a strong chemical
bonding interaction between Se and Ru, which was considered to be essential for
the catalytic activity. For Se:Ru = 1, high-resolution electron microscopy (HREM)
showed evidence of formation of core–shell particles, comprising a hexagonally
packed Ru core and a Ru selenide shell with lamellar morphology. For low Se con-
tent, the core of the selenide clusters could be described as Ru2Se2O0.5 (taking into
account also earlier considerations implying that molecular oxygen binds to Ru cen-
ters [22]). The main conclusion was that Se strongly influences the susceptibility of
Ru nanoparticles to oxidation: the higher the amount of Se, the lower the extent
of Ru oxidation. Apparently, for obtaining good results toward ORR a compromise
should be attained between inhibition of surface oxidation and blocking of the sur-
face; a sufficiently thin selenide layer allowed the access of oxygen molecules to Ru
centers, whereas this condition was not fulfilled for the samples with the high (1:1)
Se content.

The change in the electronic properties of Ru particles upon modification with
Se was investigated recently by electrochemical nuclear magnetic resonance (EC-
NMR) and XPS [28]. In this work, it was established for the first time that Se, which
is a p-type semiconductor in elemental form, becomes metallic when interacting
with Ru, due to charge transfer from Ru to Se. On the basis of this and previous
results, the authors emphasized that the combination of two or more elements to
induce electronic alterations on a major catalytic component, as exemplified by Se
addition on Ru, is quite a promising method to design stable and potent fuel cell
electrocatalysts.

The different classes of Ru-based catalysts, including crystalline Chevrel-phase
chalcogenides, nanostructured Ru, and Ru–Se clusters, and also Ru–N chelate com-
pounds (RuNx), have been reviewed recently by Lee and Popov [29] in terms of
the activity and selectivity toward the four-electron oxygen reduction to water. The
conclusion was drawn that selenium is a critical element controlling the catalytic
properties of Ru clusters as it directly modifies the electronic structure of the cat-
alytic reaction center and increases the resistance to electrochemical oxidation of
interfacial Ru atoms in acidic environments.

With respect to non-noble and non-Ru catalysts, transition metal chalcogenides
with spinel and pyrite structures have been investigated and shown that these can
also be active to oxygen reduction processes. The motivation in the present case is
that chalcogen addition might enhance the stability and activity toward the ORR
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of otherwise inactive and unstable in an acidic medium metals, such as W and Co.
Behret et al. [30] synthesized several cobalt (Co)-based catalysts such as Co3S4.
Sidik and Anderson [31] proved that the partially –OH covered (202) surface of a
Co9S8 chalcogenide is an active site for oxygen reduction. In terms of the ORR
overpotential, this surface was reported to have a similar behavior to that of a Pt
surface. CoS2, NiS2, and ternary (Co,Ni)S2 thin films, prepared by magnetron sput-
tering on glassy carbon substrates, were shown recently [32] to have significant
ORR catalytic activity, increasing in the order NiS2 < CoS2 < (Co,Ni)S2, with that
of the ternary film being paramount in terms of both open-circuit potential (OCP)
and current density. The OCP value of 0.89 V vs. SHE was claimed to show closer
approach to values for Pt than have been obtained to date for other transition metal
chalcogenides. According to XRD characterization the films were nanocrystalline
with a pyrite structure. The mixed-metal sulfide involved a solid solution, probably
with some amorphous material. XPS and AES showed that each metal is in a sin-
gle chemical state, and that there is no detectable elemental sulfur even though the
surfaces are sulfur-rich. These surfaces did not appear to bind oxygen tightly, but
they maintained sufficient electronic conductivity to remain active without the pas-
sivation that can occur with an insulating oxide on a metal. However, while the film
formed from CoS2 was stable for several hours under oxygen reduction conditions,
the mixed-metal film degraded, as a consequence of the spinodal decomposition
observed.

Susac et al. [33] showed that the cobalt–selenium (Co–Se) system prepared by
sputtering and chemical methods was catalytically active toward the ORR in an
acidic medium. Lee et al. [34] synthesized ternary non-noble selenides based on W
and Co by the reaction of the metal carbonyls and elemental Se in xylenes. These
W–Co–Se systems showed catalytic activity toward ORR in acidic media, albeit
lower than with Pt/C and seemingly proceeding as a two-electron process. It was
pointed out that non-noble metals too can serve as active sites for catalysis, in fact
generating sufficient activity to be comparable to that of a noble metal, provided that
electronic effects have been induced by the chalcogen modification.

6.1.3 Methanol Oxidation

The electrocatalytic oxidation of methanol has been widely investigated for
exploitation in the so-called direct methanol fuel cell (DMFC). The most likely
type of DMFC to be commercialized in the near future seems to be the polymer
electrolyte membrane DMFC using proton exchange membrane, a special form of
low-temperature fuel cell based on PEM technology. In this cell, methanol (a liquid
fuel available at low cost, easily handled, stored, and transported) is dissolved in an
acid electrolyte and burned directly by air to carbon dioxide. The prominence of the
DMFCs with respect to safety, simple device fabrication, and low cost has rendered
them promising candidates for applications ranging from portable power sources
to secondary cells for prospective electric vehicles. Notwithstanding, DMFCs were
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long being considered as the most difficult fuel cell technology due to catalytic
inefficiency and methanol crossover (see following discussion).

The problems of the oxygen (cathode) electrode are common to almost all acid
electrolyte fuel cells whereas those concerning the fuel electrode catalysts are pecu-
liar to the particular fuel. Very few electrode materials have been shown to be
capable of oxidizing methanol in acidic media at low enough potentials. This reac-
tion, similarly to hydrogen oxidation, is actively catalyzed by platinum, but catalytic
activity of this metal decays rapidly with time in the acid solution environment
owing to poisoning by a strongly adsorbed dehydrogenated methanolic residue [35].
Methanol oxidation at a Pt electrode is known to proceed by the consecutive, dis-
sociative electrosorption of methanol leading to “multibonded” carbon monoxide
(PtxCO) via dehydrogenation of Pt3–xCHx–OH intermediates [36].

In order to cope with the deactivating effect of CO groups on the Pt surface and
enhance the catalytic activity of Pt, several CO-tolerant electrocatalysts have been
developed based on Pt–M alloy (M = Mo, Sn, Ge, Sb, Rh, Ru, W, Os) or bimetal-
lic electrodes. The activity of such catalysts is due to the capacity of the metal
partner to deliver oxygenated species that lead to oxidation of CO to CO2 at low
overpotentials. Compared to pure Pt, the most active electrocatalysts known to date,
exhibiting low overpotentials and extended lifetimes, are Pt and Ru alloys supported
on carbon. High surface area catalysts prepared by dispersion of Pt or other noble
metals in inorganic oxides are also of particular interest [37]. Recently, Petrii [38]
presented a step-by-step historical account of the progress in design and character-
ization of Pt–Ru based electrocatalysts in connection with DMFC and thoroughly
reviewed (523 references) the material, mechanistic, and applied aspects of these
electrocatalysts.

Layered materials such as Mo and W sulfides and selenides have been combined
with platinum black and tested as anodes for methanol oxidation. The advantage of
using a support such as MoSe2 is that it can be electrochemically oxidized to pro-
duce an oxide layer on the film. This oxide surface will serve as a source of –OH
groups necessary for the removal of adsorbed CO on platinum. Pt/MoOx/MoSe2
electrodes consisting of a MoOx/MoSe2 surface covered with highly dispersed Pt
microparticles have been reported to exhibit high stability under continuous use
for methanol oxidation [39, 40]. The electrodes were prepared by electrochemical
formation of MoOx and subsequent deposition of Pt (from sulfuric acid potas-
sium hexachloroplatinate solution) on Li-intercalated and -exfoliated MoSe2/Ti thin
films. In particular, the MoOx/MoSe2 surface was used as a support for electrode-
position of Pt to take advantage of its high surface area and its stability in acid
solution, combined with the enhanced catalytic activity of Pt in the presence of Mo
oxide species. It was found that the adsorption of oxygen-containing species on
the Pt/MoOx/MoSe2 electrodes commences at lower potentials compared with the
pure Pt electrode indicating thus an improved electrocatalytic activity for methanol
oxidation.

Although ORR catalysts for DMFCs are mostly identical to those for the PEM
fuel cell, one additional and serious drawback in the DMFC case is the methanol
crossover from the anode to the cathode compartment of the membrane elec-
trode assembly, giving rise to simultaneous methanol oxidation at the cathode. The
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concomitant depolarization, i.e., the drop in cathode potential, leads to an over-
all efficiency loss of the cell. A practical way to alleviate this problem, in the
current DMFC designs using Nafion polymer membranes, is the development of
oxygen reduction catalysts which are inactive toward methanol oxidation, thereby
preventing the establishment of a mixed potential at the cathode.

Different methanol-tolerant cathode catalysts have been investigated. Most
promising among such materials are the dispersed sulfides. The composition of
these catalysts is a controllable variable, and their interaction with the carbon sup-
port surface can be modulated by controlling the sulfur content.1 Alonso-Vante and
co-workers reported [41] on the performance of platinum sulfide, PtxSy, electro-
catalyst synthesized under mild conditions in the nano-length scale. The catalyst
supported on carbon (PtxSy/C) was obtained by thermal treatment (350 ◦C) of the
chemical precursor, which was generated by reacting sulfur and salts of platinum at
room temperature. Cyclic voltammetry and rotating disk electrode measurements in
methanol-containing acid electrolyte revealed that the chalcogenide material is 95%
selective, as compared to commercial Pt/C, for the ORR and that the depolarization
effect was minor for the former catalyst. It was explained that, in the final form of
the catalyst, sulfur atoms interact with surface platinum atoms in a chemical way
such as to avoid to a great extent the methanol interaction. Further, the ORR kinet-
ics was not perturbed, indicating that sulfur atoms and methanol have a little effect
on the molecular oxygen adsorption.

Grinberg et al. [42] fabricated carbon-supported catalysts based on chalcogenide
clusters of the Pt–M–X type (M = Fe, Mn; X = S, Se, Te) and used them as
cathodes (in gas diffusion electrode configuration; see below) in methanol–oxygen
fuel cells. The preparation procedure involved the impregnation of highly dispersed
carbon (Ketjen Black) by solutions of organometallic clusters in organic solvents,
followed by drying in vacuum at 100 ◦C, and thermal treatment in argon atmosphere
at 250–500 ◦C for 1 h. The authors pointed out that their approach in producing
metal chalcogenide cluster catalysts enables one to obtain the chalcogenide coating
directly on the support surface, thereby allowing ready permutation of the com-
ponent metals and chalcogenides as well as wide variation of their quantitative
ratio in the precursor skeleton. They claimed also that this method provides higher
reproducibility of composition than those using reactions of metal carbonyls with
elemental chalcogen in xylenes. All catalysts were reported to be highly tolerant to
methanol; the PtMn2S2/C system appeared to be most active, its current response in
oxygen reduction being equal to that given by the commercial Pt–C E-TEK catalyst.

We have already referred to the Mo/Ru/S Chevrel phases and related catalysts
which have long been under investigation for their oxygen reduction properties.
Reeve et al. [19] evaluated the methanol tolerance, along with oxygen reduction
activity, of a range of transition metal sulfide electrocatalysts, in a liquid-feed solid-
polymer-electrolyte DMFC. The catalysts were prepared in high surface area by
direct synthesis onto various surface-functionalized carbon blacks. The intrinsic

1It is well known that surface functionality can be introduced onto carbons and that such
functionalities can have a profound impact on the carbon surface chemistry.
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activity of the best material tested, namely Mo2Ru5S5 on sulfur-treated XC-72, was
lower than of platinum (by ca. 155 mV throughout the entire polarization curve);
however, in methanol-contaminated electrolytes, Mo2Ru5S5 presented better figures
than Pt, since the net activity of the latter was reduced due to methanol oxidation
side reactions, especially at low overpotentials. With regard to the overall perfor-
mance of the DMFC, it appeared that the RhRu5S5:Ketjen EC-600JD system could
prove a suitable alternative to Pt [43].

Since the introduction of Chevrel phases and polynuclear transition metal chalco-
genide catalysts, the development of novel, Pt-free cathode catalysts with high
methanol tolerance has been an important goal of broad general interest and signifi-
cance. The Ru-based systems are promising alternatives to Pt, since, unlike Pt, they
lack available surface sites for methanol adsorption because of the strongly adsorbed
oxygenated species. It has been shown that a full tolerance of methanol can be
obtained for the ORR by means of ruthenium chalcogenide systems [21]. Optimized
operating conditions in a DMFC single cell of methanol-tolerant RuSe/C as well as
alternative carbon-supported platinum-alloy catalysts have been determined [44].

6.1.4 ODP Applications (Oxygen-Depolarized Electrolysis of HCl)

Electrodes in electrolyzers and fuel cells have to be porous to gas diffusion in order
to ensure the supply of the reactant gases to the active zones where the metal cata-
lyst lies in contact with the ionic and electronic conductor. A remarkable efficiency
gain has been achieved in important electrolytic processes by replacing the standard
cathode where ORR takes place by an oxygen-consuming gas diffusion electrode
(GDE) operating as the so-called oxygen-depolarized cathode (ODC), mainly due
to the associated decrease in energy consumption needed to operate the system,
corresponding to a lowering of overpotential even by as much as 1 V.

The electrolysis of aqueous HCl solutions is a widely used industrial method
for the recovery of high-value chlorine gas from the anodic compartment of the
electrolyzer, according to the reaction 2HCl → Cl2 + 2H+ + 2e–. At the cath-
ode, oxygen is reduced to hydrogen peroxide or water. The successful operation
of a GDE in the environment of the HCl electrolyzer is solely dependent on the
stability and activity toward ORR of the electrocatalyst material utilized. Platinum-
based catalysts have been typically used, however, with serious drawbacks, as Pt
is severely depolarized primarily due to chloride anion adsorption and to a lesser
extent by the surface reactions of omnipresent dissolved organic compounds. In the
past years, these problems have been partially addressed with the development of
rhodium-based catalysts (e.g., Rh/C), which despite their lower activity for oxygen
reduction relative to Pt-based electrocatalysts have exhibited significantly higher
oxygen depolarization and good performance in the presence of chloride ions and
other organics. Studies on the capacity of transition metal cluster chalcogenides for
oxygen-depolarized chlorine-saturated electrolyzer applications only very recently
appeared in the literature, despite the promising performance of these compounds
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in PEM and DM fuel cell applications. It seems though that their use will constitute
a major advancement in the commercialization and implementation of the novel
oxygen-consuming GDE technology.

At any rate, noble metal chalcogenides are the preferred choice of electrocata-
lysts for GDE over pure metals and metal alloys in industrial processes involving
operation in highly corrosive environment. Pioneered by E-TEK Inc. in early 2000,
various kinds of rhodium sulfide (RhxSy) have been developed as catalysts for the
depolarized electrolysis of hydrochloric acid, where rhodium/sulfur is incorporated
into a GDE structure for use as oxygen-consuming cathode. Highly active cata-
lyst systems are obtained by increased dispersion of the RhxSy in carbon support.
Recently, the RhxSy loading on Vulcan XC72-R carbon was studied in terms of
morphological characteristics and ORR activity in the oxygen-depolarized electrol-
ysis of HCl [45]. Physicochemical characterization suggested that the preparation
methodology of such chalcogens plays a fundamental role in terms of chemical
structure since loading affects the nature of the chalcogen surface and the statistics
of active reaction centers. Enhanced catalytic activity was reported for relatively
low-loaded RhxSy/C samples. ORR kinetics was addressed using a series of rde
experiments in 1 M HCl electrolyte, in which the optimal RhxSy loading was found
to be at 15 wt%, a value two times lower with respect to the commercially avail-
able 30 wt% material. It was claimed that it is possible to efficiently and effectively
reduce the precious metal loading in the ODC by as much as three times without
any detrimental effect in terms of cell performance and catalyst durability.

In contrary to a simple rhodium-based catalyst, the RhxSy does not require any
conditioning step to survive in the highly corrosive operational environment of HCl
electrolysis. In general, these catalysts show very good performance both in terms
of activity and chemical resistance; however, their price and availability is a diffi-
cult issue to overcome inasmuch as large commercial applications are concerned.
Rhodium is one of the most expensive noble metals with a price exceeding that
of osmium and being several orders of magnitude higher compared to the price of
ruthenium and iridium.

Recently, rhodium and ruthenium-based carbon-supported sulfide electrocata-
lysts were synthesized by different established methods and evaluated as ODP
cathodic catalysts in a chlorine-saturated hydrochloric acid environment with
respect to both economic and industrial considerations [46]. In particular, patented
E-TEK methods as well as a non-aqueous method were used to produce “binary”
RhxSy and RuxSy; in addition, some of the more popular Mo, Co, Rh, and Re-
doped RuxSy catalysts for acid electrolyte fuel cell ORR applications were also
prepared. The roles of both crystallinity and morphology of the electrocatalysts
were investigated. Their activity for ORR was compared to state-of-the-art Pt/C
and Rh/C systems. The RhxSy/C, CoxRuySz/C, and RuxSy/C materials synthe-
sized by the E-TEK methods exhibited appreciable stability and activity for ORR
under these conditions. The Ru-based materials showed good depolarizing behavior.
Considering that ruthenium is about seven times less expensive than rhodium, these
Ru-based electrocatalysts may prove to be a viable low-cost alternative to RhxSy

systems for the ODC HCl electrolysis industry.
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6.2 Electrochemical Energy Storage

6.2.1 Intercalation in Chalcogenides

Solid electrolytes involve various chemical structure types and mechanisms of con-
duction, well studied being those related to point defects [47]. A special class of
solid electrolytes is based on intercalation mechanisms consisting of the reversible
insertion of an atomic or molecular guest species into a host crystal lattice at low
temperature while the structure of the host is preserved. A reaction that leads to an
intercalated substance is a special case of a topochemical process and such reactions
are classified as reversible, topotactic solid-state reactions. Solids forming inter-
calation compounds contain structural elements like frameworks, layers, or chains
with channels and cavities. Insertion of mobile guest species may occur into an
empty host lattice that provides adequate free volume and appropriate geometry or
by exchange reactions with a host that already contains a guest. Many common
solid materials including clays, graphite, transition metal oxides, and chalcogenides
possess the property of intercalation. By far the most common class of interca-
lation compounds is that of the layered structure type, which provides relatively
easy access to the interlayer space, as well as stability of the final products [48].
Applications of intercalates have been numerous. Sorption and ion exchange by
zeolites and related substances, catalysis by layered compounds, and (photo) elec-
trochemical energy storage in cells with intercalation-active electrodes may be
regarded under this heading.

Intercalation carried out by electrochemical electron transfer has received much
attention since the 1970s, once the concept and its potential use were clearly defined.
A major impetus to studies of both intercalation compounds and batteries was the
finding that layered disulfides exhibit high electrochemical activity and reversibility
as cathodes in alkali metal cells. Following the first successful electro-intercalation
reactions in layered dichalcogenides [49–51] it was recognized that such compounds
exhibiting both ion transport and electronic conductivity (as being also semiconduc-
tors) would be appropriate for the fabrication of secondary cells, provided that the
intercalation effect is highly reversible and continuous over the entire composition
range of the electrode material. Let us note here that reversibility is of major impor-
tance in battery utilization since there is no need to expend energy in nucleating a
new phase either on the initial reaction or on the reverse (recharge reaction) [52].
To obtain a battery system that is highly reversible preferably at ambient tempera-
tures one possibility for the cathode is to be in the liquid state so that reactions can
readily take place (but then the active material must be kept away from the anode,
otherwise self-discharge will occur) or to employ a solid cathode that would react
by formation/deformation of a new phase upon cell operation.

Layered dichalcogenides, such as sulfides or selenides of Ti, Mo, W, Zr, Ta, Nb,
V, and Cr, are able to dissolve certain alkali metal ions and in some cases post-
transition (pseudo-alkali) metal ions (CuI, AgI), via a mechanism in which the guest
is inserted between the dichalcogenide layers. Lithium ion intercalation into TiS2,
which among layered dichalcogenides has been one of the most prominent cathode
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Fig. 6.4 Layered structure of
LixTiS2, showing the lithium
ions between the TiS2 sheets.
This is an anion close-packed
lattice in which alternate
layers between the anion
sheets are occupied by a
redox-active titanium atom.
Lithium inserts itself into the
empty remaining layers.
(Adapted from [68])

materials for Li batteries, illustrates the basic features of the process. By insertion
of one lithium ion, a complete charge transfer occurs that involves the reduction of
TiIV+ to TiIII+ and the diffusion of Li+ into the van der Waals (vdW) gaps of the host
structure, according to Scheme 6.1, and Fig. 6.4.

xLi + TiS2 � LixTiS2 0 ≤ x ≤ 1 (6.1)

Available for intercalation are the octahedral and tetrahedral interstitial sites of
the chalcogenide structure; generally, the octahedral sites are energetically more
favored leading to the maximum possible intercalation level of one guest atom per
formula unit, while diffusion proceeds via the tetrahedral sites. The weak vdW
forces between the TiS2 layers are thereby replaced by coulombic interactions,
with the guest insertion resulting possibly in lattice expansion along the crystal-
lographic c-direction. In fact, intercalation of lithium in TiS2 is accompanied by
minimal structural change and is consequently readily reversed either chemically or
electrochemically. This property together with high lithium diffusivity and a high
free energy of reaction makes systems such as Li/TiS2 attractive for rechargeable
(secondary) batteries.

A critical review on the foundation and earlier results on metal intercalates of
the transition metal dichalcogenides and related host materials can be found in the
seminal paper of Whittingham [53]. The electrochemical and transport properties
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of lithium and sodium intercalation have been studied with a variety of chalco-
genide hosts, e.g., metal-rich pseudo-2D compounds, such as the tantalum selenides
and tellurides Ta2Se, Ta2Te3 [54], or “misfit” layer compounds of general formula
(MX)1+x(TX2)n (M = Sn, Pb, Bi, rare earth; T = V, Cr, Ti, Nb, Ta; X = mainly
S, Se; n = 1–3) produced by reaction of main group metals with early transition
metal dichalcogenides. The structures of these solids contain NaCl-type MX slabs
alternating with (TX2)n sandwiches; well-known examples are the lead compounds
(PbS)1.14(TS2)2 (T = Ti, Nb, Ta) [55, 56].

Layered indium selenide compounds have been investigated also for lithium
intercalation. In an early work, chemical diffusivity of the alkali metal in single-
crystal annealed α-In2Se3 was shown to reach ca. 5×10–10 cm2 s–1 [57], the
values in the transition metal dichalcogenides being in the order of 10–9–10–8

cm2 s–1. Further, the electrical conductivity of Li-intercalated single crystals of
InSe and α-In2Se3 was found to change by three orders of magnitude with respect
to non-intercalated samples, while an interesting time-dependent anisotropy was
noted during intercalation, associated to an initial non-uniform Li distribution and
movement of Li concentration kinks [58].

In addition, a variety of systems have been shown to afford insertion of multi-
valent metals. Boulanger and Lequir [59] used potentiodynamic methods to study
the redox behavior of Cd2+ insertion in molybdenum cluster chalcogenide hosts
with the general formula MoyXz, namely Chevrel phases with Xz = S8, Se8, Te8,
and SxSe8–x, and condensed cluster phases such as Mo9S11, Mo6Se6, and Mo15S19.
Intercalation activity of divalent Mg2+, Ca2+, Zn2+, and trivalent Y3+ ions in TiS2
[as well as a number of transition metal oxides and phosphates such as Co3O4,
V2O5, and Mg0.5Ti2(PO4)3] has been reported; however, all these cases feature slow
kinetics, as well as low intercalation level [60]. The reason for this relates to the mul-
tivalency of the above cations that result in high energetic barriers for solid-state ion
diffusion, along with difficulty in the redistribution of the electronic charge in the
host, in the vicinity of the ion-residing site.

Photoinduced intercalation and deintercalation cathode reactions with chalco-
genide materials have been considered as a possible route to develop solar-powered
intercalation batteries as well as for optical information storage. A detailed the-
oretical analysis of this possibility supported by experimental data obtained with
p-ZrSe2 has been provided originally by Tributsch [61]. The author has discussed
various aspects of photoinduced ionic mechanisms on the basis of selected experi-
mental results obtained with host materials of the composition MX, MX2, MPX3,
M3PX4, M6PX5Y, MO2, and (CH)n (M = metal, X = S, Se; Y = halogen) [62].

6.2.2 Principles of the (Thin Film) Rechargeable Lithium Battery

Main electrode features, which determine the energy density of an electrochem-
ical storage cell, are the volumetric or specific capacity, i.e., the electric charge
that electrodes can store per unit volume or weight, respectively, and the electro-
chemical potential they produce. Considering thermodynamic reasons, lithium, as
being the most electropositive (–3.04 V vs. SHE) metal, is exceptional for use as
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an anode in high-energy/power batteries. Also, lithium is the lightest alkali metal
with very high thermal and electrical conductivity and largest specific heat of any
solid element, thus facilitating the design of storage systems with high energy den-
sity. Various types of cells using lithium in different states/phases at the negative
electrode have been devised and developed. Primary, i.e., non-rechargeable, lithium
batteries that operate at room temperature have been in existence since the 1970s
for powering small devices such as watches and cameras, while high-temperature
types like those using liquid sulfur cathode have been investigated since the 1960s
for power applications (next section).

Secondary cells using metallic lithium (or a Li-intercalating material) at the
anode and Li-intercalating material at the cathode have been intensively studied for
producing thin film or flat batteries. It was the introduction of the lithium ion (Li+)
transfer cell (LiCoO2/graphite) by Sony Corporation in 1990 that brought about a
revolution in the rechargeable battery industry and is considered as one of the great
successes of modern materials electrochemistry. The Li+ battery satisfies demands
for high specific energy and high power supply for portable applications, especially
for cellular phones and portable computers. In effect, the Li-based rechargeable cell
technologies -although compared to mature battery technologies, such as Pb-acid or
Ni–Cd, are still in their infancy- presently dominate development in the field of flat
batteries [63].

The principal concept of operation for both Li metal and Li ion cells is based
on the intercalation reaction and is rather different from conventional secondary
batteries which are based on chemical reactions. In both Li-based types, the alkali
ions swing between a suitable anode and an oxidizing cathode through a concen-
trated liquid organic solution of an inorganic lithium salt (e.g., liquid carbonates or
esters of simple alcohols and glycols dissolving LiPF6) or an appropriate solid elec-
trolyte.2 The Li metal cells use metallic Li as an anode, whereas in Li ion cells, the
anode contains no Li and is typically a carbon-based electrode. The choice of the
cathode depends on the cell type; unlike Li metal batteries, the Li ion systems must
incorporate a cathode which acts as a source of lithium because the carbon anode
is initially empty, i.e., contains no Li, so the cathode needs to be lithiated before
cell assembly. For both types, energy is delivered during discharge by the transfer
of lithium ions from the anode through the electrolyte into the cathode, owing to the
difference in chemical potential of lithium in the two electrodes; during charging,
the reverse lithium transfer consumes energy. The cathode materials suitable for the
Li ion cell are highly oxidizing compounds which may compensate for the loss in
cell potential at the (non-Li) anode.

State-of-the-art thin film Li+ cells comprise carbon-based anodes (non-graphitic
or graphite), solid polymer electrolytes (such as those formed by solvent-free mem-
branes, for example, polyethylene oxide, PEO, and a lithium salt like LiPF6 or
LiCF3SO3), and metal oxide based cathodes, in particular mixed or doped oxides

2 The electrolyte used in lithium cells, i.e., for all lithium couples, must be completely anhydrous
(< 20 ppm H2O); alkali metals in general are compatible with neutral salt solutions in aprotic
solvents or neutral molten salts or solid ion-conductors.
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such as LiCoO2, LiNiO2, LiMn2O4, and V2O5[64]. Typically, the electrodes are
fabricated from small particle size (5–20 μm) electroactive materials. At present,
the main deposition techniques for making thin film cathodes are those used in
microelectronics industry including chemical vapor deposition (CVD), sputtering,
spray pyrolysis and evaporation, and, to a lesser degree, electrochemical methods.

An account of developments in thin film lithium batteries over the past 30 years
can be found in the recent review of Patil et al. [65]. The concept of the thin film
lithium battery is to construct solid films of anode, solid/gel (polymer) electrolyte,
and cathode sequentially on a substrate, both electrodes being capable of reversible
lithium insertion. In terms of specific volumetric and gravimetric capacity, Li or
Li ion based batteries are most attractive for the construction of miniaturized power
sources or “microbatteries”, required in modern microelectronic and MEMS devices
[66]. Presently, two kinds of lithium batteries are complementing each other to sat-
isfy the need for such devices. One type utilizes polymer films as electrolytes or
separators; the second type, usually denoted as thin film microgenerators, comprises
solid-state cells with glassy electrolytes. Typically, these microgenerators have a
total thickness of around 10 μm including the protective package, that is, one order
of magnitude lower than that of the usual polymer electrolytes, allowing thus the use
of poor conductive electrolytes like oxide glasses, which have the great advantage
to have a pure Li+ conductivity. Consequently, the redox stability range is very large
and allows the use of very oxidizing species. The keys to making such microbat-
teries viable in performance/cost terms are new thin film materials for cathodes and
low-cost preparation methods of these films [67].

With the appropriate choice of electrode material, lithium batteries can be tai-
lored to almost any application requiring cell voltages in the range of 1–3 V and
current densities from a few μA to tens of mA per cm2. In addition, the change of
potential with state of charge can be controlled from almost 0 V in the case of VSe2
to more than a volt for TaS2.

6.2.3 Chalcogenide Cathodes for Rechargeable Lithium Cells

The key requirements for an intercalating cathode material in rechargeable cell
include high diffusivity and reversibility of the intercalation reaction without struc-
ture degradation, a high free energy of reaction, good electronic conductivity, no
solubility in the electrolyte, and certainly long cycle life, availability, and low cost
of the compound. A seminal review focused on cathode materials for lithium bat-
teries has been given by Whittingham [68], who notes that almost all of the relevant
research and commercialization has centered on two classes of materials. The first
comprises layered compounds with an anion close-packed or almost close-packed
structure in which alternate layers between the anion sheets are occupied by a redox-
active transition metal (as in Fig. 6.4) and is exemplified by TiS2, CoO2, NiO2, and
NiyMnyCo1–2yO2. The second group comprises materials having more open struc-
tures, like many of the vanadium oxides, the tunnel compounds of MnO2, and most
recently the transition metal phosphates, such as the olivine LiFePO4.
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Although oxides and phosphates are currently the state-of-the-art cathode materi-
als for lithium rechargeable batteries, metal chalcogenides have been quite relevant
to the development of this technology. Actually, the practical thin film battery started
in 1982, when a solid-state cell comprising a TiS2 cathode prepared by low-pressure
CVD, a Li3.6Si0.6P0.4O4 glass electrolyte, and metallic lithium as the anode was
announced by Hitachi Co., Japan [69]. Titanium disulfide is a light material of low
cost and satisfies the criteria for a good rechargeable electrode, as exhibiting a high
free energy for the lithium intercalation reaction, a single homogeneous phase of
intercalation with only 10% lattice expansion in the entire intercalation range of
up to x = 1 in LixTiS2, a good electronic conductivity in both the non-intercalated
and lithiated state, and a fast Li diffusion with a coefficient of about 10–12 m2s–1

at room temperature leading to high rate capability. Its conductivity increases on
intercalation and there is no evidence of solubility in the organic electrolytes com-
monly used, so there is no self-discharge due to reaction of dissolved species with
the lithium anode. An average discharge voltage of 2.1 V and an almost 100% TiS2
utilization result in a specific energy of about 450 W h kg–1 for a secondary cell
with metallic Li anode. The ready reversibility of lithium in TiS2 has permitted
deep cycling for close to 1,000 cycles with minimal capacity loss, less than 0.05%
per cycle, with excess lithium anodes.

Most of the other layered dichalcogenides are also electrochemically active with
respect to lithium intercalation, afford good energy densities in general, and many
show a similar single-phase behavior like TiS2 although poor reversibility is a fre-
quent problem (e.g., for the group VIA layered disulfides). Molybdenum disulfide,
in particular, which abundantly occurs in nature as molybdenite, is a good candi-
date for cathode active material needing a minimum amount of processing. It is
found, however, that crystalline (molybdenite) MoS2 is stable only at low discharge
depths of about 10%, since a higher degree of lithium intercalation leads to the
formation of Li2S and Mo metal, due to the low free energy of formation of the
host sulfide itself. Despite this shortcoming, the development of MoS2 as a cathode
material for lithium cells was greatly assisted by the discovery of a new crystalline
phase stabilized by the presence of lithium within the crystal lattice. Py and Haering
[70] showed that upon intercalation, the naturally occurring 2H-MoS2 host lattice
may undergo a first-order phase transition in which the Mo coordination changes
from trigonal prismatic to octahedral (1T structure). This change shifts the equilib-
rium potential of the material so that it becomes considerably more electropositive
for a wide range of Li concentrations in LixMoS2. The transformation could be
accomplished by inserting one lithium per MoS2 into the lattice and then letting
it convert to the new phase. This system formed the foundation of a commercial
battery developed by MoliEnergy in British Columbia.

Layered dichalcogenides of transition metals are limited by the fact that only one
alkali metal per MX2 can be incorporated in a useful voltage range. Attempts have
been made to increase the energy storage capacity by using other low-dimensional
materials such as the trichalcogenides MX3 (with M = transition metal of the IVA
or VA groups, and X = S, Se), following the original innovation due to Trumbore
and co-workers [71] with their research on the electrochemical behavior of NbSe3,
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which was found to react reversibly with three lithium ions to form Li3NbSe3 in a
single phase; other trichalcogenides were found also to readily react with lithium but
not in such a reversible manner. In this connection, materials such as MoO3, V2O5,
and NbSe4, where either the metal is in a high formal oxidation state, e.g., MoVIO3,
or there exist polychalcogen bonds, have been shown in principle to give increased
capacity for reaction with alkali metals. Also, layered chalcogenophosphates of the
general formula MPX3 (M = transition metal; X = S, Se) have been considered
for use as cathode materials in room-temperature lithium batteries [72]. In most
systems studied, however, substantial structural rearrangements occur, which limit
reversibility at ambient temperature, and the compounds are inferior in performance
to the layered dichalcogenides.

Amorphous materials with low densities often show better properties as the
cathode and/or anode in lithium secondary cells than the corresponding crystalline
compounds. This is because they may possess a wider space for Li+ diffusion, while
also the absence of long range order in their structure leads to improvement of cycle
life. Miki et al. [73] synthesized an amorphous MoS2 powder and found that the
lithium diffusion coefficient into this material was higher by several orders of mag-
nitude than in the crystalline structure. Amorphous MoS2 has been shown to afford
a high degree of reversibility and a continuous discharge profile when used as the
cathode active material in lithium batteries. It has been claimed by the group of
Whittingham [74] that of all possible candidates for a lithium-active cathode, the
amorphous trisulfide MoS3 offers perhaps the best possibilities. This compound, as
prepared by chemical or thermal decomposition of (NH4)2MoS4, was found to react
readily with n-butyl lithium and sodium or potassium naphthalides to give compo-
sitions MxMOS3 (0 < x ≤ 4, M = Li, Na, K). Electrochemically, MoS3 cathodes in
lithium cells reacted with up to 3.8 Li per MoS3 under constant current conditions
(0.5 mA cm–2) above 1.40 V. The mean discharge voltage of Li/MoS3 was close to
2.0 V which together with the high coulombic capacity gave rise to a high theoreti-
cal energy density for the resulting cell. On recharge at constant current the system
showed good reversibility.

Amorphous titanium and molybdenum oxysulfide (TiOySz and MoOySz) thin
films deposited by reactive radio-frequency magnetron sputtering have been used as
active materials in lithium cells. The operation of such cells is based on reversible
Li+ insertion into the single-phase host material (producing, e.g., LixMoOySz). The
all-solid-state thin film lithium generators known as microbatteries appeared for
the first time in the 1989 work of Meunier et al. [75], using RF-sputtered TiOySz

films as cathodes, oxide glass electrolyte, and an evaporated lithium anode. More
than 50 cycles were readily obtained in the Meunier cells for current densities up to
62 μA cm–2. The wide composition range accessible for the amorphous TiOySz and
the large electrochemical stability window of the cell components were emphasized
[76]. Later electrochemical studies on sputtered, amorphous MoOySz films showed
that the Li intercalation process strongly depends on the composition of these films
[77]. In specific, it was found that up to 3.5 mole lithium per mole molybdenum
can be intercalated in films with high oxygen content and 1.7 in the others. The
Li diffusion coefficient was found equal to 10–13 cm2 s–1 at the beginning of the
intercalation. It was noted that intercalation of the first Li is never reversible.



6.2 Electrochemical Energy Storage 329

Thin film lithium batteries using sputtered TiO0.2S1.4 or MoO1.6S1.8 have
reached the pre-industrial level of realization. These cells use glassy oxide-based
electrolyte film with a thickness similar to the cathode, deposited by the same
technique, and negative lithium electrode (4–5 μm thick) obtained by vacuum evap-
oration [67]. Alternative electrolytes and/or preparation methods have been tested
also for implementing novel layouts. One example is the cells of Yufit et al. [78]
comprising hybrid gel electrolyte (HPE) or composite solid polymer electrolyte
(SPE), and molybdenum oxysulfides as cathodes. In this work, MoOySz films of
sub-micron thickness and stoichiometry varying with depth were prepared on nickel
foils or nickel-coated silicon substrates by the Ponomarev’s electrodeposition tech-
nique. The charge/discharge cycling of the lithium cells indicated a satisfactory
behavior both at room and at high temperatures. A Li/HPE/MoOySz-on-nickel cell
ran at discharge and charge currents of 100 μA cm–2 and room temperature for
1,000 charge/discharge cycles with 0.05% per cycle capacity loss and 100% faradaic
efficiency. The cell with the cathode deposited on nickel-coated silicon showed sim-
ilar capacity loss and efficiency under the same operating conditions. Cells with
SPE, cycled at 125 ◦C, showed a higher per cycle capacity loss of 0.5%. In a related
work [79], the physicochemical and structural attributes of electrolytic molybdenum
hydroxydisulfide compounds deposited from aqueous molybdate, thiosulfate solu-
tions were investigated. Thin layer electrodes, prepared from as-grown molybdenum
oxydisulfides, were tested in a laboratory lithium cell configuration.

Further, tungsten oxysulfide films, WOySz, have shown promising behavior as
positive electrodes in microbatteries, unlike WS2 that is not suitable as cathode
in lithium cells. Using amorphous thin films of WO1.05S2 and WO1.35S2.2 in the
cell Li/LiAsF6, 1 M ethyl-methyl sulfone (EMS)/WOySz, Martin-Litas et al. [80]
obtained current densities up to 37 μA cm-2 between 1.6 and 3 V. In these cathode
materials, 0.6 and 0.8 lithium per formula unit, respectively, could be intercalated
and de-intercalated reversibly.

6.2.4 Mg-Ion Intercalation

In order to increase battery capacity, materials are needed in which the electro-
chemically active ions undergo redox changes of more than one electron (e.g.,
Ni2+–Ni4+, V3+–V5+) in a narrow voltage window, maintaining capacity at high
charge/discharge rates.

The thermodynamic properties of magnesium make it a natural choice for use
as an anode material in rechargeable batteries, as it may provide a considerably
higher energy density than the commonly used lead-acid and nickel–cadmium sys-
tems, while in contrast to Pb and Cd, magnesium is inexpensive, environmentally
friendly, and safe to handle. However, the development of Mg-ion batteries has so far
been limited by the kinetics of Mg2+ diffusion and the lack of suitable electrolytes.
Actually, in spite of an expected general similarity between the processes of Li and
Mg ion insertion into inorganic host materials, most of the compounds that exhibit
fast and reversible Li ion insertion perform very poorly in Mg2+ ions. Hence, there
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is only very limited selection of intercalation materials for cathodes of rechargeable
Mg batteries, and it is considered that chemistry in this area may be enabled only by
moving away from the oxide systems relevant to lithium cell technology. In addi-
tion, the chemical activity of Mg constrains the possible Mg-conducting electrolytes
only to solutions that neither donate nor accept protons; but most of these solutions
allow the growth of passivating surface films, which inhibit any electrochemical
reaction.

Following their investigations on the electrochemistry of Mg electrodes in vari-
ous non-aqueous solutions and a variety of intercalation electrodes, Aurbach and
co-workers [12–83] developed promising rechargeable Mg battery systems with
specific capacity around 90–100 mA h g–1(based on the active components), rea-
sonable rates, and good cyclability. These researchers utilized composite cathodes
comprising Chevrel-phase Mo6S8 as the active mass together with carbon and
a polymeric binder, Mg-foil anodes, and electrolytes based on Mg organohaloa-
luminate salts, namely solutions of complexes of the stoichiometric formulae
Mg(AlCl2R2)2, R = –CH3, C2H5, C4H9 (Me, Et, Bu) in ether solvents such as
THF. These authors have concluded that the pure Chevrel framework, Mo6X8 (X =
S, Se), is a unique cathode material for secondary Mg batteries. In contrast to many
other known intercalation compounds that show excellent activity with Li+, but
extremely poor activity with Mg2+ ions, Mo6X8 inserts two Mg2+ ions per formula
unit reversibly and relatively rapidly. In effect, up to now, only the Chevrel-phase
cathodes exhibit sufficiently fast and reversible Mg2+ insertion, for the develop-
ment of practical rechargeable batteries. Further improvements in the energy density
might render these batteries a viable alternative to existing systems.

6.2.5 High-Power Batteries and Related Types

6.2.5.1 Sulfur-based Cathode

A rational candidate for high-energy/power secondary battery applications has been
the non-aqueous lithium/(elemental)sulfur (Li/S) system, since for all the redox
couples enabling for rechargeable batteries the Li–S couple has almost the high-
est theoretical specific energy of 2,600 W h kg–1 (assuming complete reaction to the
product Li2S upon discharge). That is because the theoretical capacity of sulfur is
highest (1,672 mA h g–1) among solid compounds known for primary and recharge-
able cathodes [84], not to mention the advantages of its natural abundance, low cost,
and low toxicity. Solid sulfur is both ionically and electronically resistive (~5×10–30

S cm–1 at 25 ◦C), so that high temperatures are required to operate a Li/S cell with a
100% sulfur cathode. Rechargeable Li/S batteries operating at around 450 ◦C, with
two liquid active electrodes and a liquid molten salt electrolyte such as the LiCl–KCl
eutectic, have been developed and tested since the early 1970s. However, the prob-
lems with electrode containment proved insurmountable. The discharge reaction of
sulfur involves stepwise reduction processes and generates various forms of solu-
ble intermediate polysulfides, which can dissolve in liquid electrolytes and cause
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a rapid irreversible fading of capacity at repeated cycles [85]. Further, deprivation
of the Li electrode in the molten salt and dendrite formation limits the cell perfor-
mance. A practical Li/S cell must therefore incorporate a robust anode in a suitable
electrolyte as well as well-distributed electronically and Li+-conducting phases in
the positive “sulfur” electrode. Workable batteries were developed by alloying Li
with Al or Si and by replacing elemental S by metal sulfides of high sulfur activ-
ity to yield solid active materials at the typical operating temperature of the cells.
A variety of metal sulfides were examined for this purpose including those of cop-
per, iron, nickel, chromium, and cobalt. Cost considerations led to the selection of
FeS and FeS2 for commercial applications; prismatic Li–Al/LiCl–KCl/FeS or bipo-
lar Li–Al/LiCl–LiBr–KBr/FeS(or FeS2) cells and batteries operating in the range
of 450–500 and 400–450 ◦C, respectively, were manufactured for electric van and
stationary energy storage applications [86–88]; however, these designs turned out to
be unpractical, and development ceased around 1990 when corrosion, temperature,
and other issues overwhelmed the advantages of the system.

Obviously, solid electrolytes with high ionic conductivity below the melting tem-
peratures of the electrode elements would allow the development of all-solid-state
Li/S batteries and are highly desirable. Efficient performance at lower operation
temperatures, with suppression of intermediate polysulfide dissolution, has been
pursued by using organosulfur compounds, carbon–sulfur composites, and conduc-
tive polymer–sulfur composites instead of elemental sulfur. The influence of solid
polymer electrolytes on the discharge performance of sulfur cathodes at tempera-
tures ranging from ambient to about 100 ◦C has been discussed [89]. Interestingly,
a novel room-temperature ionic liquid imide (PP14-RTIL) was synthesized recently
[90] and found to be an electrochemically stable and workable electrolyte for lithium
and sulfur electrodes, presenting a wide potential window of 5.2 to –0.15 V (vs.
Li/Li+). Charge–discharge experiments with the Li/RTIL/S cells showed that the
sulfur cathode could achieve a high initial capacity of 1,055 mA h g–1 maintaining
a reversible capacity of ca. 750 mA h g–1 after a few cycles. Improved performance
was claimed as compared to the sulfur cathodes cycled in organic liquid or polymer
electrolytes.

The most successfully developed high-temperature rechargeable cell with a sul-
fur cathode is the sodium/sulfur cell. The use of sodium metal as the negative
electrode instead of lithium in high-power sources is quite attractive, on account of
its highly negative reduction potential (–2.71 V vs. SHE), its low weight, non-toxic
nature, relative abundance, and low cost. Thereby, much development work has been
undertaken since the mid-1960s on batteries using sodium as an anode. However, in
order to construct practical sodium-based batteries the metal must be used in liquid
form, and since its melting point is 98 ◦C, they must operate at high temperatures,
typically in excess of 270 ◦C. The relevant research in conjunction with the progress
in solid electrolytes led to the invention of the high-power sodium/sulfur secondary
battery, which typically uses molten sodium at the anode, liquid (molten) sodium
polysulfide and sulfur inserted in porous graphite at the cathode, and beta alu-
mina solid electrolyte (β-Al2O3) as a Na+ ion conductor. The Na/S battery together
with the solid oxide fuel cells (SOFC) using oxide ion conductors [91] comprises
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actually the two presently most well-established types of high-power batteries that
use ion-conducting ceramic electrolytes.

Upon discharge of the Na/S cell, the sodium level at the anode drops and sodium
ions move to the cathode producing polysulfides (e.g., Na2S4). The beta alumina
electrolyte is a good conductor for Na+ but a poor one for electrons, preventing
thus self-discharge. The normal discharge process, however, is reversible as charg-
ing causes sodium polysulfides to release the Na+ back through the electrolyte to
recombine as elemental Na. Once running, the heat produced by charging and dis-
charging cycles is sufficient to maintain operating temperatures (300–350 ◦C) and
usually no external thermal source is required. Na/S batteries based on these cells
afford large-scale energy storage at low material cost, long cycle life, and high spe-
cific energy and power. They have a typical life of ~2,500 cycles, and their typical
energy and power density are in the range of 150–240 and 150–230 W kg–1, respec-
tively. The energy density is many times greater than that of the customary lead
batteries, and the materials needed for the electrolytes and electrodes are available
in large quantities [92].

However, the realization of Na/S battery has a number of difficulties to over-
come. One of the severe problems has been its high operating temperature, above
300 ◦C, which could induce explosions, corrosion, and power consumption to
maintain heating at the working condition. Based on the successful development
of Li-ion batteries, several groups have tried to develop room-temperature sodium
ion batteries, which are considered as promising substitutes for the former in var-
ious application areas. In a low-temperature Na/S battery, the sulfur cathode will
incur the same problems as in Li/S batteries: mainly, low utilization of active
material, poor rechargeability, and dissolution of polysulfides into the electrolyte.
Several kinds of polymer electrolytes have been studied to serve as sodium ion
conducting electrolytes at low temperatures. Examples are polyethylene oxide
(PEO) with sodium trifluoromethane sulfonate (NaCF3SO3) and sodium nitrate
(NaNO3), poly(ethylene glycol) dimethyl ethers (PEGDME), or polyvinylidene
fluoride-hexafluoropropene (PVDF) [93].

Recently, Park et al. [94] examined the possibility to fabricate an all-solid-state
sodium/sulfur cell operating at room temperature, using the PVDF gel polymer elec-
trolyte, and compared their results to the high-temperature Na/S battery. The cell
showed a high initial discharge capacity of 489 mA h g−1 sulfur at room temperature
with two plateau potential regions at 2.28 and 1.28 V. According to XRD results and
thermodynamic considerations the authors concluded that the lower plateau region
should be due to the formation of Na2S2 and Na2S3. The discharge capacity of the
cell decreased continuously during repeated charge–discharge cycling and remained
at 40 mA h g−1 after 20 cycles, i.e., the cell had a much shorter cycle life than
the high-temperature Na/S battery. It was noted though that the theoretical specific
energy of the Na/S cell operating at room temperature is 954 W h kg–1, i.e., higher
than that of the high-temperature cell. The same group reported the electrochemical
properties of an all-solid Na/S battery composed of a solid sulfur electrode, a sodium
metal electrode, and a solid PEO polymer electrolyte, operated at 90 ◦C [95]. During
the first discharge, the battery showed plateau potentials at 2.27 and 1.76 V. The first
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discharge capacity was 505 mA h g−1 sulfur at 90 ◦C. From thermodynamic con-
siderations, the authors claimed that the lower plateau region should originate from
the formation of Na2S, Na2S2, and Na2S3 and the upper plateau region from Na2S4
and Na2S5. The discharge capacity decreased continuously during repeated charge–
discharge cycling and remained at 166 mA h g−1 sulfur after 10 cycles. The latter
value was higher than the previously reported value for the Na/PVDF/S battery at
room temperature.

Wang et al. [96] constructed a Na/S battery with a sodium metal anode, liq-
uid electrolyte, and a sulfur (dispersed in polyacrylonitrile) composite cathode and
tested its electrochemical characteristics at room temperature. The charge/discharge
curves indicated that sodium could reversibly react with the composite cathode
at room temperature. Average charge and discharge voltage was 1.8 and 1.4 V,
respectively. Similar to lithium batteries, dendrite formation was noted as a critical
problem for these cells.

Cuprous sulfide (Cu2S) is one of the potential candidates for cathode materials
of sodium batteries, as it has high theoretical capacity and low material cost due
to occurrence of chalcocite ore in nature. A Na/Cu2S rechargeable cell of a high
coulombic efficiency, using NaCF3SO3-TEGDME (tetra ethylene glycol dimethyl
ether) liquid electrolyte at room temperature was reported recently [97]. Cell oper-
ation showed a discharge curve representing a slope-shape profile without distinct
plateau potential regions. The first discharge capacity was 294 mA h g−1 at room
temperature, which decreased to 220 mA h g−1 after the 20th cycle. The discharge
process could be illustrated by intercalation of sodium into the Cu2S phase without
phase separation of Cu2S, according to the scheme

Cu2S + xNa → NaxCu2S (x < 2)

The results implied a maximum intercalation of 1.75 sodium atoms into the
Cu2S.

Other metal sulfides such as Na/Ni3S2, Na/FeS2 have been reported to exhibit
good electrochemical properties as cathodes in the Na/S battery at room temperature
[98].

An alternative ambient temperature design based on sodium ion reaction refers
to the domain of the so-called flow batteries. The polysulfide bromide cell (PSB)
provides a reversible electrochemical reaction between two salt solution electrolytes
(sodium bromide and sodium polysulfide), according to the scheme

3NaBr + Na2S4 � 2Na2S2 + NaBr3

PSB electrolytes are brought close together in the battery cells where they are
separated by a polymer membrane that only allows Na+ ions to go through, pro-
ducing about 1.5 V across the membrane. Cells are electrically connected in series
and parallel to obtain the desired voltage and current levels. The net efficiency of
this battery working at room temperature is about 75%. It has been verified in the
laboratory and demonstrated at multi-kW scale in the UK [92].
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6.2.5.2 Se- and Te-based Cathodes

Tellurium has been tested as a cathode material for use in conjunction with an anode
made of alkali metal, primarily lithium, in power sources with a high specific energy
and power [99]. The theoretical specific energy for Li/Te pair is 612 W h kg–1. High-
temperature (470 ◦C) cells with Li, Te, and eutectic (LiF–LiCl–LiI) electrolyte in the
molten state, or with more convenient, albeit more resistive, paste-type electrolytes,
have been tested in the laboratory. Similar layouts have been proposed for utilizing
the Li/Se pair (theoretic cal specific energy 1,210 W h kg–1) with the cell ingredients
in the molten state (365 ◦C) or with paste electrolyte at a lower temperature.

Since the inception of the solid-state ionics field, there have been also a few
early attempts to utilize elemental tellurium and selenium or their compounds as the
oxidizing electrode in thin film cell configurations with a solid electrolyte. A general
review covering the early literature, up to 1976, on the fabrication and properties of
thin film solid electrolyte materials, including silver compounds, lithium iodide,
metal fluorides, metal oxides, and metal chlorides, and their use in electrochemical
cells, has been given by Kennedy [100]. The use of some chalcogen-containing
cathode electrodes or solid electrolytes in thin film cells can be traced in those early
works. Solid-state battery systems based on inorganic materials have been discussed
by Linford [101] with emphasis on room-temperature applications.

Takahashi and Yamamoto [102] demonstrated solid cells of the type
Ag/RbAg4I5/X (X = Te, Se), where silver was used as the anode, the solid elec-
trolyte RbAg4I5 being a good Ag+ ionic conductor even at room temperature. The
cells with Te cathode showed open-circuit voltages around 0.22 V, while the corre-
sponding Se-cathode cells gave values around 0.27 V (at 20–100 ◦C). The mainte-
nance of a low discharge plateau voltage provided by these layouts using chalcogen
cathodes was suggested by the low decomposition potential (0.68 V) of the silver
iodide electrolyte severely limiting the number of available cathode materials for
practical operation. The primary advantage of Te over Se (and also over iodine or
TeI4) was its higher electronic conductivity, thereby leading to realization of cells
with better discharge characteristics; vacuum-deposited tellurium cathodes 10 μm
thick could support currents of 2 mA cm–2. Aside from elemental chalcogens, com-
pounds with low free energies of formation such as Ag2Se and Ag2Te could be
conveniently used as cathodes for solid-state batteries using Ag+ ionic conductors.
Further, pressed powder thin films of β-Ag2Se and β-Ag2Te have been proposed
as electrode materials in Ag/RbAg4I5/Ag2Te or Ag/Ag6I4WO4/Ag2Se cells serv-
ing as memory devices, variable resistors, or switching cell-timers [103, 101]. Such
electrochemical units are often called chemotronic components, this term connoting
galvanic cells containing solid electrolytes, which find use in electrical circuits.

Let us note finally, that tellurium has been considered as an appropriate com-
ponent for the lead grid alloy in lead-acid batteries, as improving its durability,
mechanical strength, and anti-corrosive ability. In investigating Pb–Te binary alloys
with different contents of Te (0.01–1.0 wt%) in sulfuric acid solution it was shown
recently [104] that the introduction of Te can inhibit the growth of PbO2 and
increase corrosion resistance of the positive grid alloy of a lead-acid battery. By the
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introduction of Te to lead, and irrespective of the Te content, oxygen evolution was
found to be accelerated in these experiments.

6.2.5.3 Thermal Batteries

Thermal batteries are high-temperature power sources of the primary cell type, oper-
ating typically between 350 and 550 ◦C, that use an ionically conducting molten
salt in the separator between the anode and the cathode. A typical cell uses lithium
as the negative electrode and a metal sulfide as the positive electrode, the primary
compounds in use today being (pyrite) FeS2 and synthetic CoS2 (for high-rate appli-
cations). Typically, the cell parts are pressed from powdered mixtures. The usual
electrolytes melt between 319 and 436 ◦C, with the LiCl–KCl eutectic being the
most common. Thermal batteries are commonly used in military applications that
require a burst of power for a short time (a few seconds to a few minutes). They
usually are application specific and have high labor costs which tend to make them
somewhat expensive.

An overview of the history of thermally activated batteries, and a description
of the mechanisms of discharge of the currently prevailing Li-alloy/FeS2 and Li-
alloy/CoS2 chemistries, can be found in the work of Guidotti and Masset [105–107].
In the second of these papers, the authors examine the physicochemical properties
and electrochemical performance of the pyrite FeS2 cathode, including the dis-
charge mechanisms, self-discharge phenomena, and recent developments. In the
third paper, an overview is presented of, other than FeS2, materials that have been
used or evaluated for use as thermal-battery cathodes. Typically, these are thermally
stable at the battery operation temperatures (up to 600 ◦C) and are mainly sulfides
(FeS, NiS2, NiS, Fe0.2Co0.8S2) and, to lesser extent, oxides. The use of CoS2 is
preferred over FeS2 for high-power and high-rate application because of the higher
electrical conductivity and greater thermal stability of CoS2.

6.3 Ion-Selective Electrodes

Devices called sensors, which are sensitive to physical influences other than elec-
tricity and light, like pressure, temperature, chemical concentrations, or magnetic
fields, can convert non-electric signals into electrical ones (see, e.g., the review of
Janata [108] for chemical sensors).

Electrochemical sensors play a crucial role in environmental and industrial mon-
itoring, as well as in medical and clinical analysis. The common feature of all
electroanalytical sensors is that they rely on the detection of an electrical property
(i.e., potential, resistance, current) so that they are normally classified according to
the mode of measurement (i.e., potentiometric, conductometric, amperometric). A
number of surveys have been published on this immense field. The reader may find
the major part of the older and recent bibliography in the comprehensive reviews of
Bakker et al. [109–111]. Pejcic and De Marco have presented an interesting survey
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on electrochemical sensors in connection with the use of electrochemical impedance
spectroscopy (EIS) as a characterization technique [112].

Potentiometric sensors comprise the oldest and largest electrochemical sensor
field and one of the best described. In many ways, it serves as a role model for
other sensor areas [113]. Also known as ion-selective electrodes (ISEs), potentio-
metric sensors encompass a large subset of electrochemical sensors, which comprise
an ion-conducting membrane that can be either a solid (i.e., glass, inorganic crys-
tal) or a plasticized polymer, in many cases with a unique composition chosen in
order to impart a potential that is primarily associated with the ion of interest via a
selective binding process at the membrane–electrolyte interface. The magnitude of
the surface potential is directly related to the activity or number of primary ions in
solution according to the Nernst equation. It has been suggested that the selective
response mechanism of potentiometric sensors involves chemisorption [114] and/or
phase-boundary potential model [115]. By far, the most widely used and successful
potentiometric sensor is the pH glass electrode. Most commercial ISEs are typically
configured as self-supporting disk-type membranes with liquid or solid internal con-
tact. If there are no free-flowing liquids used in the electrode construction, then one
refers to all-solid-state electrodes.

Crystalline-based ISEs comprise a large family of inorganic materials that act as
ionic conductors at room temperature and which undergo ion exchange reactions
at the membrane/solution interface. Membranes of these sensors may be classi-
fied primarily as (1) pressed powder pellets, (2) single crystals, and (3) powdered
salts held together by an inert binder. The crystalline material may be a single com-
pound (e.g., Ag2S) or a homogeneous mixture of compounds (e.g., AgI–Ag2S); if
the mechanical properties of the pressed pellet are unsatisfactory it may be advan-
tageous to embed the crystals into an inert polymer matrix, such as silicone rubber,
to make the so-called heterogeneous membranes. Further, polycrystalline thin lay-
ers, typically deposited on a metal surface by electrolysis or by vacuum deposition
techniques, may be used as electrodes. Note also that amorphous or glassy solids
are used successfully as membrane materials in ISEs; amorphous membranes, with
the exception of silicate-type glasses, are conventionally regarded as solid elec-
trodes; however, the term “glass electrode” is retained also for electrodes with
membranes composed of different vitreous materials as with chalcogenide glasses,
to be discussed next.

Polycrystalline metal chalcogenides, e.g., insoluble pressed sulfides and
selenides, are broadly used as membrane materials. Silver sulfide (Ag2S) is an
excellent material for a solid-state electrode, responding to both silver and sulfide
ions with good practical detection limits (10–8–10–7mol l–1) in Nernstian manner.
Important applications of this electrode are the direct determination of sulfide (or
other sulfur-containing species converted to sulfide) in aqueous solutions [116] and
as an indicator electrode in argentometric titrations. The electrode has a very low
solubility and only few potentiometric interferences (CN–, Hg2+). It can be eas-
ily compressed into mechanically stable pellets and it is also accessible as single
crystal for electrodes. At ambient conditions (below 176 ◦C), its monoclinic mod-
ification, acanthite, is stable and shows high ionic conductivity due to silver ions.
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There has been a great deal of work reported in the literature on the analysis of
copper(II) in various systems using a pressed pellet of CuS–Ag2S [117]. It has been
shown that a ternary sulfide called jalpaite (i.e., Ag1.5Cu0.5S) leads to desirable elec-
trochemical and electroanalytical properties for the detection of Cu(II) in natural
waters [118].

6.3.1 Chalcogenide Glass Sensors

Because of their high chemical stability and appropriate analytical characteristics,
vitreous materials can be used in cases where potentiometry could not previously
have been used. Chalcogenide glass sensors (CGS) are already known for three
decades and have been applied successfully for the detection of various metal ions
in aqueous media. The membrane probe of these sensors is composed of amorphous
solids that are binary, ternary, or multicomponent compounds/alloys of IIIB, IVB,
or VB (Groups 13–15) elements (i.e., boron, aluminum, gallium, germanium, phos-
phorus, arsenic, antimony) with sulfur, selenium, or tellurium. These systems can
be both stoichiometric (e.g., As2S3, GeS2) and non-stoichiometric (e.g., AsxSe1–x),
and they are often doped with transition metals and alkali metals. Oxychalcogenide
and chalcohalide glasses can also be synthesized. A variety of stable chalcogenide
glasses can be prepared in bulk, fiber, thin film, and multilayer forms using melt
quenching, vacuum deposition, and other less common techniques, such as spin
coating and mechanical amorphization [119]. Typical glass membranes are obtained
by melting the components and forming the membrane proper from the homoge-
neous melt. A CG membrane is obtained as a disk cut from the solidified melt, and
after polishing it is pasted into the plastic body in a way similar to that for crystalline
ion-selective electrodes.

Most CGs possess electrical and optical band gaps of 1–3 eV and accordingly
they can be regarded as amorphous semiconductors. The gap decreases in the
sequence of sulfur, selenium, and tellurium compounds, reflecting the increasing
metallic character in this direction. The electronic structure of a chalcogenide glass
is essentially the same as that of the corresponding crystal; however, glasses exhibit
smaller electrical conductivities than the latter, because the electronic mobility is
suppressed by band-tail and gap states, which are manifestations of disordered struc-
tures; thereby, sulfide glasses such as As2S3 and GeS2 behave as insulators. On the
other hand, the carrier density of intrinsic semiconductor glasses is similar to that
in the corresponding crystal as governed by the band gap energy, which is not more
than ~ ±10% different. Hole conduction in CGs is greater than electron conduction;
therefore these glasses can be regarded as p-type semiconductors. Further, some
CGs behave as (super)ionic conductors, exhibiting thus a mixed ionic or electronic
conductance. In effect, the way that a CG functions is not yet clear. It may be sensi-
tive to powerful redox systems, its characteristics may be influenced by doping, and
its behavior is often non-Nernstian.

Compared to the corresponding polycrystalline metal chalcogenides, chalco-
genide glasses exhibit better chemical stability in acidic and redox media and often



338 6 Electrochemical Processes and Technology

possess better selectivity and reproducibility of analytical characteristics and longer
life time. For instance, the CG Cu(II)-ISEs are 10–30 times more sensitive in strong
acidic solutions than the polycrystalline Cu18Se and CuS +Ag2S membranes. Due
to these advantages, the CG have become preferred membrane materials in ISEs
for determination of Ag+, Cd2+, Pb2+, and Cu2+ ions, instead of their crystalline
analogues.

Initial data on the manufacture of CG sensor elements have been reported in
the period 1971–1974. Trachtenberg and co-workers were the first to use CG mem-
branes as potentiometric sensors for determination of metal ions in aqueous solution.
In 1971 [120], they reported the development of ISE with active material pre-
pared from Fe-, Co-, and Ni-doped chalcogenide glasses (28% Ge, 60% Se, 12%
Sb), which responded to Fe+3and Cu+2 at concentrations as low as 10–6 M. Later,
it was shown that properly prepared and activated FenSe60Ge28Sb12 electrodes
(1.3 < n < 2) respond to changes in ferric ion concentration in perchlorate, chlo-
ride, and nitrate solutions and information was presented on the ferric ion sensing
mechanism of the chalcogenide glass [121]. Further, electrodes formed from the
chalcogenide glass Cu–As2S3, whose active component was considered to be a
“sinnerite” (Cu6As4S9) phase, were described as being selective to cupric copper
in concentrated solutions of chloride, bromide, nitrate, and acetate [122].

Early results on CG all-solid-state sensor compositions and characteristics, for
selective sensing of Cu(II), Fe(III), Cr(VI), Cd(II), Hg(II) ions in solution, have
been surveyed by Vlasov et al. [123]. Presently, multicomponent CGs are inves-
tigated as membranes in potentiometric, single or multisensor systems, directed
for use in process control, environmental management, and seawater analyses (for
example, consider the work of Vassilev and co-workers on the glass formation
in the three-component systems Ag2Te–As2Se3–CdTe [124], and GeSe2–Sb2Se3–
PbSe [125], GeSe2–PbSe–PbTe [126], for Cd(II)- and Pb(II)-ISE applications,
respectively). Importantly, the introduction of halogen atoms in the chalcogenide
glass-former network, giving rise to chalcohalide glasses, enhances the defective-
ness and flexibility of the structure, facilitating ion mobility and exchange between
the membrane surface layer and the investigated solution [127]. Hence, chalcohalide
glasses may be advantageously used for ISE. Preponderate chalcogenide and chal-
cohalide glass-forming systems investigated as membrane materials for chemical
sensors, microsensors, and multisensor systems have been summarized in the review
of Vassilev and Boycheva [128].

Regarding the probe form, considerable interest exists today for the construction
of thin film chemical microsensors, following the trends for device miniaturiza-
tion, raw materials economy, and ecologic production considerations [129]. A
wide range of CG alloys meet the requirements of such devices. Further, it has
been demonstrated that the problem of insufficient selectivity of single sensors
can be surmounted by using arrays based on chalcogenide thin film chemical
sensors, so-called “electronic tongues,” which exhibit wide cross sensitivity to
a number of cations combined with good chemical durability [130]. Thereby,
different chalcogenide glass materials have been used to make arrays of miniatur-
ized ISEs. The use of such sensor arrays or multisensor systems is a promising
way to cope with the complications of on-site measurements, i.e., continuous
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application directly in the analyzing media, which is quite desirable for environ-
mental pollution control [131]. Along this line, CG multisensor systems based on
arrays of non-specific CG sensors have been used in combination with processing of
their complex signals by pattern recognition methods, for determination of inorganic
pollutants in river, ground, sea and waste waters, for corrosion process monitoring
of technological equipment, technological electrolyses process control, beverages
and foodstuffs control ([128] and references therein).

Perhaps the most innovative research direction in potentiometric sensors has
been and continues to be the remarkable improvement of lower detection limit,
which has been accomplished by novel CG-ISEs. As an illustration, we should
refer to the monitoring of trace metals in natural waters; this is an important task
since the speciation/distribution along with the biological and geochemical cycling
of various elements in the ocean is of significant interest in environment safety
issues. A characteristic example is the potentiometric detection of mercury(II) by
chalcogenide glass ISE. The effectiveness of a CG-based Hg(II) sensor (membrane
composition not reported) in various media was first demonstrated by Vlasov et al.
[123]. De Marco and Shackleton [132] investigated the ability of a similar com-
mercial chalcogenide Hg(II) ISE of unknown membrane composition in measuring
free Hg(II) levels in seawater. The researchers obtained a near-Nernstian response
over 19 orders of magnitude (i.e., 10–20–10–1 M Hg2+) in chloride-free unbuffered
and saline-buffered standards. It was shown that chloride does not interfere with
the Hg(II) ISE response; however, when the electrode was exposed to seawater the
formation of a passive film was observed. Extended aging in seawater induced a
memory effect causing the electrode to respond in a sub-Nernstian fashion. The
group studied the constituents of the commercial ISE using a range of analytical
techniques and fabricated a comparable sensor with a AgBr–Ag2S–As2S3–HgI2
membrane, which behaved in a similar fashion to the commercial electrode. By
using a range of surface analysis techniques it was shown that the fouling of the
fabricated electrode upon prolonged contact in saline solution was linked to the
poisoning by silver salts [133]. A combination of XPS, SEM, and electrochemical
impedance analysis revealed photooxidation, hydration, and arsenic depletion of the
CG membrane as well as surface adsorption of mercury and variety of halides [134].

The development of a chalcogenide membrane to selectively probe the free
Fe(III) concentration in seawater has also been undertaken by the group of De
Marco. Detection limits were reported to be drastically lowered in the case of
Fe2.5Se58.5Ge27.3Sb11.7 ISE [135]. Note that this and previous papers were disputed
by van den Berg [136] who argued that the response obtained is not due to the ionic
iron in the water, but due to the kinetics of iron diffusing away from the electrode or
being complexed by ligands.

6.3.2 Biosensors

Biosensors play a significant role in the monitoring of a wide range of diseases
and pathogens. A biosensor is an analytical device, which incorporates a biolog-
ical recognition element or bioreceptor which is capable of sensing the presence,
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activity, or concentration of a chemical analyte in solution. Recognition elements
include enzymes as biocatalytic units, immuno-agents and DNA segments as affin-
ity ligand recognition elements, coupled to electrochemical and optical modes of
transduction. It is stated recently, in the survey of D’ Orazio [137], that more than
half of the biosensors reported in the literature involve the electrochemical detection
method (i.e., amperometric; potentiometric; capacitive; conductometric sensor-
based). A striking example is the glucose sensor, widely used for the diagnoses and
management of diabetes. The construction of biological assemblies on various con-
ductive and semiconductive surfaces forms the basis of most electrochemical-based
biosensors. Several reviews have been published discussing the relative merits of
electrochemical-based biosensors [138, 139].

Enzyme sensors are based primarily on the immobilization of an enzyme onto
an electrode, either a metallic electrode used in amperometry (e.g., detection of the
enzyme-catalyzed oxidation of glucose) or an ISE employed in potentiometry (e.g.,
detection of the enzyme-catalyzed liberation of hydronium or ammonium ions). The
first potentiometric enzyme electrode, which appeared in 1969 due to Guilbault and
Montalvo [140], was a probe for urea with immobilized urease on a glass elec-
trode. Hill and co-workers [141] described in 1986 the second-generation biosensor
using ferrocene as a mediator. This device was later marketed as the “glucose pen”.
The development of enzyme-based sensors for the detection of glucose in blood
represents a major area of biosensor research.

Particularly attractive for numerous bioanalytical applications are colloidal
metal (e.g., gold) and semiconductor quantum dot nanoparticles. The conductiv-
ity and catalytic properties of such systems have been employed for develop-
ing electrochemical gas sensors, electrochemical sensors based on molecular- or
polymer-functionalized nanoparticle sensing interfaces, and for the construction
of different biosensors including enzyme-based electrodes, immunosensors, and
DNA sensors. Advances in the application of molecular and biomolecular func-
tionalized metal, semiconductor, and magnetic particles for electroanalytical and
bio-electroanalytical applications have been reviewed by Katz et al. [142].

A semiconductor nanoparticle/enzyme hybrid system for photocurrent gener-
ation and biosensor applications has been demonstrated [143] by tailoring an
acetylcholine esterase (AChE)-CdS nanoparticle hybrid monolayer on an Au elec-
trode. AChE is a central neurotransmitter that activates the synapse and the neural
response. CdS nanoparticles (3 nm) were capped with a protecting monolayer of
cysteamine and mercaptoethane sulfonic acid, and the capped nanoparticles were
covalently linked to a functionalized Au electrode. The AChE was then cova-
lently linked to the CdS nanoparticles. The hybrid CdS/AChE system provided a
functional interface for sensing of the AChE inhibitors by means of photocurrent
measurements. The driving force for the formation of the photocurrent was the bio-
catalyzed formation of thiocholine that scavenges the photogenerated valence-band
holes. A similar hybrid system composed of CdS nanoparticles and co-immobilized
formaldehyde dehydrogenase that utilized formaldehyde as an electron donor (con-
verting to formic acid) has been reported [144]. In this system direct electron
transfer was achieved from the enzyme active center to the CdS photogenerated
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holes. The steady-state photocurrent signal was reported to be directly related to
the substrate concentration. The results suggested that the CdS nanocrystal system
may comprise an effective photoactive material to replace the NAD+/NADH role as
charge transfer in the enzymatic reaction.

The development of DNA sensors and high-density DNA arrays has been
prompted by the tremendous demands for innovative analytical tools capable of
delivering the genetic information in a faster, simpler, and cheaper manner at
the sample source, compared to traditional nucleic acid assays. Nanoparticle–
biopolymer conjugates offer great potential for DNA diagnostics and can have a
profound impact upon bioanalytical chemistry. Nanoparticle/polynucleotide assem-
blies for advanced electrical detection of DNA sequences have been reviewed by
Wang [145].

Photoelectrochemical transduction of DNA recognition processes has been
demonstrated by using CdS nanoparticles modified with nucleic acids [146]. Wang
et al. [147] demonstrated the use of CdS colloids for electrochemical monitor-
ing of DNA hybridization. Their basic analytical protocol (Fig. 6.5) included the
binding of a biotinylated target to streptavidin-coated magnetic beads, followed
by hybridization to a CdS-labeled probe, dissolution of the CdS tag, and strip-
ping potentiometric detection of the dissolved cadmium ion. Nanoparticle-promoted
cadmium precipitation was used to enlarge the nanoparticle tag and amplify the
stripping DNA hybridization signal. Further, solid-state detection of cadmium could
be accomplished through “magnetic” collection of the DNA-linked nanoparticle
network onto a thick-film electrode transducer.

This protocol was extended to other inorganic colloids (e.g., ZnS, PbS), and
it was pointed out that such extension paves the way to an electrochemical cod-
ing technology for the simultaneous detection of multiple DNA targets based on
nanocrystal tags with diverse redox potentials [148].

Electrogenerated chemiluminescence (ECL) has proved to be useful for analyti-
cal applications including organic analysis, ECL-based immunosensors, DNA probe
assays, and enzymatic biosensors. In the last few years, the electrochemistry and
ECL of compound semiconductor nanocrystallites have attracted much attention
due to their potential applications in analytical chemistry (ECL sensors).

Fig. 6.5 Schematic representation of a bioelectronic protocol for detection of DNA hybridization:
(A) binding of the target to magnetic beads; (B) hybridization with CdS-labeled probe; (C) disso-
lution of CdS tag; (D) potentiometric stripping detection at a mercury-film electrode. (Reprinted
from [136], Copyright 2009, with permission from Elsevier)
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In 2004, Poznyak et al. [149] first observed band gap chemiluminescence from
CdSe and CdSe/CdS core–shell nanocrystals (Q-dots) in aqueous solution and in
nanoparticulate layers. Efficient and stable electrogenerated chemiluminescence
could be obtained by applying a cathodic potential to the nanocrystal films. Zou
and Ju [150] studied the ECL of CdSe Q-dots deposited on a paraffin-impregnated
graphite electrode (PIGE) and its first sensing application toward H2O2 detection
in aqueous solution. Since then, the analytes detected by CdSe (or CdTe) nanocrys-
tallites have been extended to catechol derivatives, scavengers of hydroxyl radical,
glucose, tyrosine, and dopamine. In 2005, Ren et al. [151] observed ECL phenom-
ena with CdS spherical assemblies consisting of CdS nanocrystals about 5 nm in
diameter in both non-aqueous and aqueous solutions. The morphology of the spher-
ical assemblies turned out to play an important role in maintaining the stability of
partial electrogenerated species to generate the ECL light. In subsequent works, dif-
ferent morphologies of CdS nanomaterials with ECL properties were synthesized
and further applied to the detection of H2O2 and low-density lipoprotein (LDL)
[152]. The detection of LDL is of particular importance, as LDL is most closely
associated with heart disease. Recently, Fang et al. [153] investigated the electro-
chemical and ECL properties of a glassy carbon electrode (CGC) modified with
CdS nanotubes, in neutral aqueous media. The CdS nanotubes were immobilized
on the GCE with Nafion, allowing a large number of them to be exposed to the
solution. Stable ECL produced by a catalytic mechanism at the modified electrode
was observed, and a detailed mechanism was discussed. Also, a strong catalytic
current in the presence of nitrate with good linear correlation to concentration was
observed, suggesting the potential applications of the CdS-CGE system in nitrate
determination.
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