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Preface

In the past few decades, research in the electrochemical and
chemical deposition of metals, alloys, and compounds has brought
about significant achievements that are important for the practical
applications. The research in this area was related and/or supported
with the developments in electronics, aerospace, automotive, energy
conversion, and biomedical industries.

The aim of this issue of Modern Aspects of Electrochem-
istry is to review the latest developments in the science of electro-
chemical and chemical deposition of various metals, alloys, and/or
compounds.

Competent scientists/researchers in their respective fields from
all around the world were invited to write this volume and I am very
thankful to them to make this volume a reality.

Nikolić and Popov in Chapter 1 discuss the effects of code-
position of hydrogen on the structure of electrodeposited copper.
The simultaneous hydrogen evolution and codeposition is more
extensively studied in the cases of electrodeposition of chromium
or iron group of metals and/or alloys. An increased hydrogen evo-
lution during the electrodeposition of metals leads to noticeable
changes in mass and heat transfer, limiting current density, and
Ohmic resistance. Consequently, the simultaneous hydrogen evolu-
tion significantly influences the surface morphology of the deposited
copper, thus leading to the formation of open porous structure with
extremely high surface area. The honeycomb-like or other different
features of the surface morphology as well as various shapes of
electrochemically prepared powders are correlated to the amount
of simultaneously evolved hydrogen during the electrodeposition
process. From a practical point of view, due to extremely high sur-
face area, materials prepared in this way can be technologically very
useful for the applications as electrodes in fuel cells, batteries, or
sensors.

Chapter 2, by Štrbac and Wieckowski, gives an impressive
overview of a new class of electrode materials that deserve an ad-
vanced focus in the future. This chapter is related to the electrochem-
ical or spontaneous deposition of Ru and Os on Au(111) and Pt(111)
single crystal surfaces. The contribution of this chapter is particu-
larly important for the understanding of the principles of reactivity
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vi Preface

at single crystal electrodes modified by metal nanoislands in the
heterogeneous catalysis research. On the applied side, the authors
correlate the surface structure and its catalytic activity with the re-
actions relevant for the fuel cells.

In Chapter 3, by Shaigan, electrodeposition for electrochemical
conversion and storage devices is presented. This chapter discusses
the latest developments on metal, metal oxide, and conductive
polymer electrodeposition processes developed and studied for the
applications in the fields of fuel cells, batteries, and capacitors.
The importance of electrodeposited materials, which are used or
may have the future potential applications in the energy conversion
or storage, is clearly shown.

In Chapter 4 by Popov et al., the aspects of the newest devel-
opments of the effect of surface morphology of activated electrodes
on their electrochemical properties are discussed. These electrodes,
consisting of conducting, inert support which is coated with a thin
layer of electrocatalyst, have applications in numerous electrochem-
ical processes such as fuel cells, industrial electrolysis, etc. The inert
electrodes are activated with electrodeposited metals of different sur-
face morphologies, for example, dendritic, spongy-like, honeycomb-
like, pyramid-like, cauliflower-like, etc. Importantly, the authors
correlate further the quantity of a catalyst and its electrochemical
behavior with the size and density of hemispherical active grain.

Brevnov and Mardilovich present in Chapter 5 the electrochem-
ical micromachining and surface microstructuring based on porous-
type anodization of patterned films. Anodic dissolution of aluminum
in unprotected areas results in the formation of the porous Al2O3
features, whose trapezoidal shape is dictated by the ratio of the ver-
tical and lateral dissolution rates. On the other hand, in the areas
protected by the anodization mask, the Al phase is preserved. As a
result, the obtained microstructure represents a combination of re-
gions of Al and Al2O3. Micro- and nanostructured Al and Al2O3
substrates can be used as templates in soft lithography. This aspect of
surface treatment is very important for applications in the microelec-
tronics and solar cell industries as well in the fabrication of passive
electrical components. The review further focuses on the technolog-
ical merits of these microfabrication methods and their application
for fabrication of 3D metallic and ceramic microstructures.

Djokić and Cavallotti in Chapter 6 discuss the latest de-
velopments in the field of electroless deposition. This review is
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complementary to Djokić’s chapter published in Modern Aspects
of Electrochemistry, vol. 35. The electroless deposition itself is
quite suitable for the production of different structures and mate-
rials discussed in the previous chapters of this volume. If properly
carried out, this simple process produces very uniform and contin-
uous coatings on complex shapes, which are difficult to obtain by
other competitive technologies. The electroless deposition is used in
many areas of production of modern materials and devices. Recent
advances in electronics, energy conversion, biomedical fields, etc.
are presented. For the successful operation of electroless deposition
on the industrial scale, the basic mechanistic aspects should further
be investigated.

This new volume of Modern Aspects of Electrochemistry brings
to the scientists, engineers, and students new concepts and summa-
rized results in the field of science of electrochemical and chemical
deposition, which may have significant influence for future practical
applications.

Stojan S. Djokić
Edmonton, AB
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Nebojša D. Nikolić and Konstantin I. Popov

I. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
II. The Concept of “The Effective Overpotential” . . . . . . . . 4

1. The Definition of the Concept and Mathematical
Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2. The Concept of “Effective Overpotential” Applied
for Metal Electrodeposition Under an Imposed
Magnetic Field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

III. Phenomenology of a Formation of a Honeycomb-Like
Structure During Copper Electrodeposition . . . . . . . . . . . 17

IV. The Effect of Deposition Conditions on Copper
Deposits Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
1. The Surface Preparation . . . . . . . . . . . . . . . . . . . . . . . . 24
2. The Effect of Concentration of Cu(II) Ions . . . . . . . . 26

(i) Morphologies of Copper Deposits Obtained
at Overpotentials up to 800 mV . . . . . . . . . . . . . . 32

(ii) Morphologies of Copper Deposits Obtained
at an Overpotential of 1,000 mV . . . . . . . . . . . . . 35

3. The Effect of Concentration of H2SO4 . . . . . . . . . . . . 41
(i) Morphologies of Copper Deposits Obtained

at Overpotentials up to 800 mV . . . . . . . . . . . . . . 44
(ii) Morphologies of Copper Deposits Obtained

at an Overpotential of 1,000 mV . . . . . . . . . . . . . 48

ix



x Contents

4. The Effect of Temperature on Electrodeposition
of Disperse Copper Deposits . . . . . . . . . . . . . . . . . . . . 49

5. Analysis of Deposition Conditions with the Aspect
of the Honeycomb-like Structure Formation . . . . . . . 55

V. Influence of Ionic Equilibrium
in the CuSO4–H2SO4–H2O System on the Formation
of Irregular Electrodeposits of Copper . . . . . . . . . . . . . . . 59

VI. The Shape of Electrochemically Formed
Copper Powder Particles and their Dependence
on the Quantity of Evolved Hydrogen . . . . . . . . . . . . . . . . 62

Acknowledgment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

Chapter 2

NOBLE METAL NANOISLANDS DECORATION OF AU(111)
AND PT(111) SINGLE CRYSTAL SURFACES

Svetlana Strbac and Andrzej Wieckowski

I. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
II. Preparation and Characterization of Me/Au(111)

and Me/Pt(111) Surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . 73
1. Au(111) and Pt(111) Single Crystal Preparation

for In Situ STM Measurements . . . . . . . . . . . . . . . . . . 73
2. In Situ STM Imaging of the Au(111) and Pt(111)

Single Crystals Decorated with Metal Nanoislands . 76
III. Electrochemical Deposition of Ru on Au(111) . . . . . . . . 77

1. The Electrodeposition of Ru on Au(111) Observed
by Cyclic Voltammetry . . . . . . . . . . . . . . . . . . . . . . . . 77

2. The Electrodeposition of Ru on Au(111) Observed
by In Situ STM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

IV. Spontaneous Deposition of Ru on Au(111) . . . . . . . . . . . 84
V. Spontaneous Deposition of Os on Au(111) . . . . . . . . . . . 90
VI. Spontaneous Deposition of Ru on Pt(111) . . . . . . . . . . . . 96
VII. Spontaneous Deposition of Os on Pt(111) . . . . . . . . . . . . 98
VIII. Applications of Selected Bimetallic Surfaces

for the Electrocatalytic Purposes . . . . . . . . . . . . . . . . . . . . 101
1. CO Oxidation on Ru/Au(111) Prepared

by Electrochemical Ru Deposition . . . . . . . . . . . . . . . 101



Contents xi

2. CO Oxidation on Ru/Au(111) Prepared
by Spontaneous Ru Deposition . . . . . . . . . . . . . . . . . . 103

3. Formaldehyde Oxidation on Ru/Au(111) Prepared
by Spontaneous Ru Deposition . . . . . . . . . . . . . . . . . . 104

4. CO Oxidation on Os/Au(111) Prepared
by Spontaneous Os Deposition . . . . . . . . . . . . . . . . . . 107

5. CO Oxidation on Ru/Pt(111) Prepared
by Spontaneous Ru Deposition . . . . . . . . . . . . . . . . . . 107

6. Methanol Oxidation on Pt(111) Modified
by Spontaneously Deposited Ru . . . . . . . . . . . . . . . . . 109

7. CO Oxidation on Os/Pt(111) Prepared
by Spontaneous Os Deposition . . . . . . . . . . . . . . . . . . 111

IX. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

Chapter 3

ELECTRODEPOSITION FOR ELECTROCHEMICAL
ENERGY CONVERSION AND STORAGE DEVICES

Nima Shaigan

I. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
II. Proton Exchange Membrane Fuel Cells . . . . . . . . . . . . . . 118

1. Membrane Electrode Assembly . . . . . . . . . . . . . . . . . 118
2. Electrodeposition of Pt Electrocatalysts

for MEAs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
3. Electrodeposition of Carbon Monoxide Tolerant

Electrocatalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
III. Solid Oxide Fuel Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

1. Ferritic Stainless Steel Interconnects for SOFCs . . . . 126
2. Conductive/Protective Coatings for Ferritic

Stainless Steel Interconnects . . . . . . . . . . . . . . . . . . . . 126
3. Spinel Coating via Electrodeposition/Heat

Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
(i) Drawbacks of Spinel Coatings

via Electrodeposition/oxidation . . . . . . . . . . . . . . 129
4. Anodic Deposition of Co–Mn Spinels . . . . . . . . . . . . 132



xii Contents

IV. Electrochemical Supercapacitors . . . . . . . . . . . . . . . . . . . . 133
1. Faradic and Non-Faradic Supercapacitors . . . . . . . . . 133
2. Metal Oxide Electrodes . . . . . . . . . . . . . . . . . . . . . . . . 134
3. Electrodeposition of Manganese Oxides . . . . . . . . . . 135
4. Conductive Polymer Electrodes . . . . . . . . . . . . . . . . . 138
5. Electrodeposition of Conductive Polymers . . . . . . . . 138
6. Composite Electrodeposition of Metal

Oxides/Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
V. Lithium Ion Batteries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

1. Tin-Oxide-Based Anodes . . . . . . . . . . . . . . . . . . . . . . . 147
2. Tin and Tin Intermetallic Anodes . . . . . . . . . . . . . . . . 151

VI. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

Chapter 4

THE EFFECT OF MORPHOLOGY OF ACTIVATED
ELECTRODES ON THEIR ELECTROCHEMICAL ACTIVITY

Konstantin I. Popov, Predrag M. Živković, and Nebojša D. Nikolić
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Hydrogen Co-deposition Effects
on the Structure of Electrodeposited Copper

Nebojša D. Nikolić1 and Konstantin I. Popov1,2

1ICTM-Institute of Electrochemistry, University of Belgrade, Njegoševa 12,
Belgrade, Serbia

2Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4,
Belgrade, Serbia

I. INTRODUCTION

The creation of open porous structures with an extremely high
surface area is of great technological significance because such
structures are ideally suited for electrodes in many electrochemi-
cal devices, such as fuel cells, batteries, and chemical sensors.1 The
open porous structure enables the fast transport of gases and liquids,
while the extremely high surface area is desirable for the evalua-
tion of electrochemical reactions. The electrodeposition technique
is very suitable for the preparation of such structures because it is
possible to control the number, distribution, and pore size in these
structures by the choice of appropriate electrolysis parameters.

These metal structures can be formed in both potentiostatic and
galvanostatic regimes of electrolysis and their formation are always
accompanied by strong hydrogen co-deposition. Hydrogen evolution
is the second reaction which occurs at the cathode during electrode-
position processes from aqueous solutions; in some cases it can be

S.S. Djokić (ed.), Electrodeposition: Theory and Practice,
Modern Aspects of Electrochemistry 48, DOI 10.1007/978-1-4419-5589-0 1,
c© Springer Science+Business Media, LLC 2010
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ignored while in other cases it cannot.2 Co-deposition of hydrogen
during chromium electroplating is the best documented system,3, 4

because the cathode current efficiency for chromium electrodeposi-
tion is 10–25%. Generally, the effect of hydrogen co-deposition dur-
ing metal electrodeposition processes can be manifested through:2

1. Hydrogen absorption which occurs in the substrate metal as H
atoms, not H2 molecules, but may gather as molecule bubbles
in voids or vacancies, thus leading to hydrogen embrittlement.

2. Hydrogen bubbles which cling to the surface in an adsorbed
state; this leads to the growth of pores as the deposition con-
tinues around the bubbles before they are released.

3. Hydrogen bubble evolution can provide a stirring effect and
lead to a substantial bubble raft at the free surface of the
solution.

The most often employed electrolytes for the electrodeposition
of copper are those based on aqueous solutions of sulfuric acid
(H2SO4) and cupric sulfate (CuSO4).5 The main species present in
aqueous sulfuric acid solutions containing Cu(II) are: bisulfate ions
(HSO4

−), cupric ions (Cu2+), aqueous cupric sulfate (CuSO4(aq)),
hydrogen ions (H+), and sulfate ions (SO4

2−).6–8 In an aqueous
solution of sulfuric acid and cupric sulfate, two weak electrolytes,
HSO4

− and CuSO4(aq), are formed according to the following
reactions:

H+ + SO4
2− � HSO4

− (1)

Cu2+ + SO4
2− � CuSO4(aq) (2)

Pitzer’s model9 was used to calculate the ionic equilib-
rium in the CuSO4–H2SO4–H2O system over a wide range
of concentrations and temperatures.8 Using Pitzer’s model, the rela-
tive concentrations of hydrogen ions (H+) as a function of the total
copper concentration and solution acidity were calculated, and this
dependence is presented in Fig. 1. From Fig. 1 it can be clearly seen
that increasing the copper concentration produces a sharp decrease
in the hydrogen ion concentration, while increasing the concen-
tration of sulfuric acid produces an increase in the hydrogen ion
concentration.

According to (1) and (2), the addition of sulfuric acid to the so-
lution decreases the concentration of free sulfate ions due to the
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Figure 1. Relative concentration of hydrogen ions as function of sulfuric acid
and total copper concentrations, at 25◦C (CRH+ = [H+]/[HT]). (Reprinted
from Ref. 8 with permission from Elsevier).

formation of bisulfate ions. The addition of cupric sulfate to the
solution increases the concentration of bisulfate ions and decreases
the concentration of hydrogen ions.

In the case of copper electrodeposition,10 as opposed to other
metals such as nickel and cobalt,11, 12 there are well-defined ranges
of current densities and overpotentials without and with hydrogen
co-deposition. The beginning of the hydrogen evolution reaction,
as the second reaction, corresponds to some overpotential belong-
ing to the plateau of the limiting diffusion current density, being
higher than the critical overpotential for the initiation of dendritic
growth and lower than that for instantaneous dendritic growth.13 In-
creasing the overpotential intensifies the hydrogen evolution reaction
and at some overpotential outside the plateau of the limiting diffu-
sion current density, hydrogen evolution becomes vigorous enough
to change the hydrodynamic conditions in the near-electrode layer.
This offers the possibility of detailed investigations and comparison
of the morphologies of copper, and consequently, of any other met-
als, obtained without and with hydrogen co-deposition.

In the case of copper, electrodeposition at low overpotentials
produces large grains with relatively well-defined crystal shapes.
Further increasing the overpotential leads to the formation of
cauliflower-like and carrot-like protrusions, and finally, dendritic de-
posits are formed in the absence of strong hydrogen co-deposition.13
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Strong hydrogen co-deposition leads to a mixing of the solution and
changes the mass transfer limitations at an electrode surface. At the
same time, the evolved hydrogen bubbles exert substantial effects
on mass and heat transfer, limiting current density and ohmic re-
sistance,14–16 as well as on the morphology of the deposit, leading
to the formation of open porous structures with an extremely high
surface area.1, 10, 17–19

Electrodeposition of copper under conditions of a vigorous hy-
drogen co-deposition is of high technological significance, because
open porous structures of copper with an extremely high surface area
are suitable for the construction of nanocomposite anodes (consist-
ing of Cu and CeO2) for solid oxide fuel cells.1 Also, copper shows
a high activity for nitrate ion reduction,20 as well as for a reaction in
which nitrate is reduced to ammonia in high yield in aqueous acidic
perchlorate and sulfate media.21

Bearing in mind the great practical significance of copper de-
posits obtained under the conditions of hydrogen co-deposition, as
well as the fact that detailed investigations at high current densities
and overpotentials have been performed only from the point of view
of the formation of metal powders,13, 22–25 a better understanding of
the effect of hydrogen evolution on the electrodeposition of copper
at high overpotentials is necessary.

The morphology of electrodeposited copper in the presence of
vigorous hydrogen evolution was described recently,1 and the mech-
anism of the formation of this type of morphology was established
by Nikolić et al.10

The aim of this chapter was to give comprehensive treatment of
the morphology of copper electrode posited at high overpotentials,
especially in the presence of hydrogen co-deposition, obtained in the
potentiostatic conditions from different electrolytes and at different
temperatures.

II. THE CONCEPT OF “THE EFFECTIVE
OVERPOTENTIAL”

1. The Definition of the Concept and Mathematical Model

The polarization curve for copper electrodeposition from 0.15 M
CuSO4 in 0.50 M H2SO4 is shown in Fig. 2. The average current ef-
ficiencies for hydrogen evolution reaction, ηav(H2), in potentiostatic
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Figure 2. Polarization curve for the cathodic process of copper deposition from
0.15 M CuSO4 in 0.50 M H2SO4. Temperature: 18.0± 1.0◦C. (Reprinted from
Ref. 10 with permission from Elsevier).

deposition are derived from the dependences of the current of copper
electrodeposition on time and the dependences of the volume of the
evolved hydrogen on time10 using procedure described in Ref. 26

The average current efficiency for hydrogen evolution reaction
at an overpotential of 700 mV was very small (near 2.0%),10 and at
lower overpotentials it even cannot be observed. The average current
efficiency for the hydrogen evolution at an overpotential of 800 mV
was 10.8%, while at an overpotential of 1,000 mV was 30.0%.10 The
critical overpotential for the beginning of the hydrogen evolution can
be estimated to be about 680 mV.10

The morphologies of copper electrodeposits obtained potentio-
statically, onto vertical stationary copper wire electrodes previously
covered by copper thin films10 from a copper solution containing
0.15 M CuSO4 in 0.50 M H2SO4, at a temperature of 18.0 ± 1.0◦C in
different hydrogen co-deposition conditions are shown in Figs. 3–10.

The deposits obtained at an overpotential of 550 mV with
different quantities of electricity are shown in Figs. 3–6. At this
overpotential, there is no hydrogen co-deposition at all. The deposit
obtained with a quantity of electricity of 2.5 mA h cm−2 is shown
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Figure 3. Copper deposit obtained at
an overpotential of 550 mV. Quantity of
electricity: 2.5 mA h cm−2. (Reprinted
from Ref. 10 with permission from
Elsevier).

Figure 4. Copper deposit obtained at
an overpotential of 550 mV. Quantity of
electricity: 5.0 mA h cm−2. (Reprinted
from Ref. 10 with permission from
Elsevier).

in Fig. 3. The surface film is completed, the grains grown by elec-
trodeposition on the initially formed nuclei practically touch each
other and there is no new nucleation on already existing grains.
The difference in size between grains can also be observed. This
is due to the fact that the nucleation does not occur simultaneously
over the whole cathode surface, but it is a process extended in time,
so that crystals generated earlier may be considerably larger in the
size than ones generated later. These differences increase with an
increased quantity of electrodeposited metal, what can be seen from
Fig. 4 presenting the copper deposit obtained with a quantity of



Hydrogen Co-deposition Effects on Copper Electrodeposition 7

Figure 5. Copper deposit obtained at an overpotential of 550 mV: (a) cauliflower-like
structure, and (b) the detail from Fig. 5a. Quantity of electricity: 10 mA h cm−2.
(Reprinted from Ref. 10 with permission from Elsevier).

Figure 6. Copper deposit obtained at
an overpotential of 550 mV. Quantity of
electricity: 20 mA h cm−2. (Reprinted
from Ref. 17 with permission from
Elsevier).

Figure 7. Copper deposit obtained at an overpotential of 700 mV: (a) cauliflower-like
structure, and (b) the detail from Fig. 7a. Quantity of electricity: 2.5 mA h cm−2.
(Reprinted from Ref. 10 with permission from Elsevier).
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Figure 8. Copper deposit obtained at
an overpotential of 700 mV. Quantity of
electricity: 5.0 mA h cm−2. (Reprinted
from Ref. 10 with permission from
Elsevier).

Figure 9. Copper deposit obtained at an overpotential of 800 mV. (a, b) quantity of
electricity: 5.0 mA h cm−2 and (c) quantity of electricity: 10 mA h cm−2. (Reprinted
from Ref. 10 with permission from Elsevier).

electricity of 5.0 mA h cm−2. These enlarged differences are also
the consequence of the fact that some smaller grains are consumed
by the larger ones,27 as can be deduced from Figs. 3 and 4. This
is also illustrated by Fig. 5a. The increase of the quantity of the
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Figure 10. Copper deposits obtained with a quantity of the electricity of 20 mA h
cm−2 and at overpotentials of: (a) 550 mV, (b) 700 mV, (c) 450 mV, (d) 800 mV, and
(e) 1,000 mV. (Reprinted from Ref. 10 with permission from Elsevier).

electrodeposited metal led to the formation of a cauliflower-like
structure (Fig. 5a, b). Furthermore, from Fig. 5a it can be seen that
the spherical diffusion layers inside linear diffusion layer of the
macroelectrode are formed around these cauliflower-like particles.
Finally, further increase of the quantity of the electrodeposited metal
produces dendritic deposit (Fig. 6).
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On the other hand, it is well known that the induction time of
dendrite growth initiation strongly decreases with increasing overpo-
tential of electrodeposition.28 The situation on the electrode surface
after deposition with 2.5 mA h cm−2 at 700 mV (Fig. 7) is very simi-
lar to the situation after 10 mA h cm−2 at 550 mV (Fig. 5). The most
important difference is in the shape and size of growing grains, being
less globular and smaller in electrodeposition at 700 mV. Besides,
the interparticle distances are relatively equal which indicate that
these distances are not due to appearance of hydrogen co-deposition,
which is still very small at 700 mV. Dendrites appear at 700 mV after
deposition with 5.0 mA h cm−2 (Fig. 8).10

The electrodeposition at 800 mV with the quantity of the elec-
tricity of 5.0 mA h cm−2 (Fig. 9) did not lead to the formation of cop-
per dendrites as at previously analyzed overpotential of 700 mV. The
agglomerates of small copper grains become dominant form of the
copper morphology electrodeposited at this overpotential (Fig. 9a)
being similar to that from Fig. 7b. Also, there are large holes or
craters between the agglomerates of these grains, which is proba-
bly due to the hydrogen co-deposition (Fig. 9b). This copper deposit
is denoted as a honeycomb-like structure with craters as main char-
acteristic,10 as was shown earlier for copper and tin deposits in Ref. 1

The honeycomb-like structure is formed at 800 mV and with twice
the quantity of electricity (Fig. 9c), as well as at an overpotential of
1,000 mV.10 (see also Sect. III).

It is known that the hydrogen evolution effects onto the hydro-
dynamic conditions inside electrochemical cell.29–31 The increase
in hydrogen evolution rate leads to the decrease of the diffusion
layer thickness and, hence, to the increase of limiting diffusion cur-
rent density of electrode processes. It was shown29 that if the rate
of gas evolution at the electrode is larger than 100 cm3/cm2 min
(>5 A/cm2), the diffusion layer becomes only a few micrometers
thick. It is also shown29 that a coverage of an electrode surface with
gas bubbles can be about 30%. If the thickness of the diffusion layer
in conditions of natural convection is ∼5× 10−2 cm and in strongly
stirred electrolyte∼5×10−3 cm,32 it is clear that gas evolution is the
most effective way to decrease mass transport limitations for electro-
chemical processes in mixed activation – diffusion control.

The overpotential η and the current density i are related by

η = bc

2.3
ln

i

io
+ bc

2.3
ln

1

1− (i/ iL)
, (3)
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where io, iL, and bc are the exchange current density, the limiting
diffusion current density and cathodic Tafel slope for electrochemi-
cal process in mixed activation – diffusion control.13 The first term
in (3) corresponds to the activation part of deposition overpotential
and the second one is due to the mass transfer limitations. If one
and the same process takes place under two different hydrodynamic
conditions, characterized by two different values of the limiting
diffusion current densities iL,1 and iL,2, (3) can be rewritten in the
forms:

η1 = bc

2.3
ln

i1

io
+ bc

2.3
ln

1
1− (i1/ iL,1)

(4)

and

η2 = bc

2.3
ln

i2

io
+ bc

2.3
ln

1
1− (i2/ iL,2)

, (5)

where η1 and η2 and i1 and i2 are the corresponding values of
overpotentials and current densities. The same degree of diffusion
control is obtained if

i1

iL,1
= i2

iL,2
(6)

or,

i2 = i1
iL,2

iL,1
(7)

and substitution of i2 from (7) in (5) and further rearranging gives

η2 = bc

2.3
ln

i1

io
+ bc

2.3
ln

1
1− (i1/ iL,1)

+ bc

2.3
ln

iL,2

iL,1
(8)

and
if (4) is taken into account:

η2 = η1 + bc

2.3
ln

iL,2

iL,1
. (9)

Hence, if
iL,2 > iL,1 (10)

in order to obtain the same degree of diffusion control in two hydro-
dynamic conditions, (9) must be satisfied, meaning that

η2 > η1. (11)



12 N.D. Nikolić and K.I. Popov

The results presented here can be then explained as follows. In
the absence of strong hydrogen evolution, the diffusion layer is due
to the natural convection and does not depend on the overpotential
of electrodeposition. As excepted, for deposition times lower than
the induction time for dendritic growth initiation, the same type of
deposit at larger overpotential (Fig. 7) is obtained as at lower overpo-
tential (Fig. 5), being somewhat different in grain sizes and particle
shapes.

The vigorous hydrogen evolution changes the hydrodynamic
conditions and decreases the degree of diffusion control. Hence, (9)
should be rewritten in the form:

η1 = η2 − bc

2.3
ln

iL,2

iL,1
, (12)

where η1 becomes the effective overpotential, η1 = ηeff, related
to conditions of natural convection at which there is the same de-
gree of diffusion control as at overpotential η2 with the hydrogen
co-deposition. Hence, the dendritic growth can be delayed or com-
pletely avoided, as can be seen from Fig. 9c, meaning that there
is a really lower degree of diffusion control at an overpotential of
800 mV with the hydrogen co-deposition than at an overpotential of
700 mV where the hydrogen co-deposition is very small.

Hence, on the basis of presented results, we can propose a con-
cept of “effective overpotential” for a metal electrodeposition. This
concept is proposed – thanks to morphologies of copper deposits ob-
tained at high deposition overpotentials (800 mV and more)10 where
the hydrogen evolution occurs. These copper deposits are probably
the consequence of the stirring of electrolyte in the near-electrode
layer by evolving hydrogen. This process leads to a decrease of the
thickness of diffusion layer, and consequently, up to an increase of
the limiting current density. According to (12), the increase of the
limiting current density leads to a metal deposition at an overpo-
tential, which is effectively lower than the specified one. Then, the
obtained morphologies of copper deposits become similar to the
ones obtained at some lower overpotential at which the hydrogen
co-deposition does not exist.

The better understanding of the concept “effective overpotential”
can be realized by taking into account the fact that the time of den-
dritic growth initiation depends on used deposition overpotentials.
Increasing deposition overpotentials lead to decreasing times for
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the beginning of dendritic growth.28 Observing deposits obtained
at overpotentials belonging to the limiting diffusion current den-
sity plateau (550 and 700 mV), one can notice that cauliflower-like
forms are obtained at an overpotential of 550 mV (Fig. 5a), and den-
dritic forms at an overpotential of 700 mV (Fig. 8). Meanwhile, the
electrodeposition with a quantity of the electricity of 20 mA h cm−2

leads to the formation of degenerate dendritic structure at 550 mV
(Figs. 6 and 10a). Copper dendrites remain a main characteris-
tic of the electrodeposition at 700 mV (Fig. 10b). On the other
hand, it can be shown that copper dendrites are not formed by the
electrodeposition at lower overpotential (for example, at 450 mV
where the hydrogen evolution was also zero) with a quantity of the
electricity of 20 mA h cm−2 (Fig. 10c). The main forms of the cop-
per deposit obtained at this overpotential are copper globules. Also,
dendritic forms are not formed with a quantity of the electricity
of 20 mA h cm−2 and during electrodepositions at overpotentials of
800 and 1,000 mV (Fig. 10d, e). The agglomerates of copper par-
ticles remain the main characteristics of the structure of deposits
obtained at these overpotentials. The macromorphology of these
deposits will be discussed later.

Anyway, the structure of copper deposits obtained at over-
potentials of 800 and 1,000 mV with a quantity of the electricity
of 20 mA h cm−2 was similar to those obtained at lower overpo-
tentials before the beginning of dendritic growth. The absence of
copper dendrites at overpotentials of 800 and 1,000 mV after the
electrodeposition with 20 mA h cm−2, as well as the similarity of
the obtained morphologies of copper deposits with those obtained
at lower overpotentials before dendritic growth initiation clearly
indicates that there is really lower degree of diffusion control at
these overpotentials than at overpotentials of 550 and 700 mV,
respectively.

The concept of “effective overpotential” can be probably ap-
plied in other cases where there is a change of hydrodynamic
conditions in the near-electrode layer. The change of hydrody-
namic conditions, and consequently, of metal morphologies can be
caused by stirring of plating solutions in ultrasonic field,33 in an
imposed magnetic field (magnetohydrodynamic effect – MHD ef-
fect),34–39 as well as by stirring of solution by RDE (rotating disk
electrode).40
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2. The Concept of “Effective Overpotential” Applied
for Metal Electrodeposition Under an Imposed

Magnetic Field

Nickel deposits obtained at a cathodic potential of−1,300 mV/SCE
without and with a parallel orientation of magnetic field of 500 Oe,
are shown in Fig. 11a, b, respectively. Figure 11a shows that the
nickel deposit obtained without an imposed magnetic field consisted
of bunch of nickel grains, while it can be seen from Fig. 11b that
the nickel deposit obtained under a magnetic field with a parallel
orientation to the electrode surface was a porous structure and with-
out bunch of nickel grains.

Figure 12 shows copper deposits obtained at a cathodic poten-
tial of −500 mV/SCE without and with a magnetic field of 500 Oe
applied to be parallel to the electrode surface. It can be seen from

Figure 11. Nickel deposits obtained at a cathodic potential of −1,300 mV/SCE:
(a) without and (b) with a magnetic field of parallel orientation of 500 Oe.
(Reprinted from Ref. 39 with permission from the Serbian Chemical Society).

Figure 12. Copper deposits obtained at a cathodic potential of −500 mV/SCE:
(a) without and (b) with a magnetic field of parallel orientation of 500 Oe.
(Reprinted from Ref. 39 with permission from the Serbian Chemical Society).
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this figure that the copper deposit obtained without the parallel field
(Fig. 12a) had dendritic structure, while the copper deposit obtained
with the parallel field (Fig. 12b) had cauliflower-like structure.

The application of the concept of “effective overpotential” for
the case of the change of hydrodynamic conditions caused by mag-
netic field effects means that morphologies of nickel and copper
deposits obtained under parallel fields (the largest magnetohydro-
dynamic (MHD) effect) should be, at macro level, similar to those
obtained at some lower overpotentials or potentials without imposed
magnetic fields. This assumption can be confirmed by the following
consideration:

Figure 13a shows the nickel deposit obtained at a cathodic po-
tential of−1,200 mV/SCE without an applied magnetic field. It can
be noticed that there is similarity at a macro level between the mor-
phology of this nickel deposit and the morphology of nickel de-
posit obtained at a potential of −1,300 mV/SCE under the paral-
lel field (Fig. 11b). The both nickel deposits are without dendritic

Figure 13. Nickel deposits obtained at a cathodic potential of −1,200 mV/SCE:
(a) without, (b) with a magnetic field of parallel orientation of 500 Oe, and (c) the
nickel deposit obtained at a cathodic potential of −1,000 mV/SCE without an
applied magnetic field. (Reprinted from Ref. 39 with permission from the Serbian
Chemical Society).
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and globular parts and with clearly visible nickel grains. The only
difference is in compactness of deposits, which is a consequence of
larger nucleation rate and more intensive hydrogen evolution at a po-
tential of −1,300 mV/SCE than at a potential of −1,200 mV/SCE.

Also, the concept of “effective overpotential” can be illustrated
and by the comparison of the nickel deposit obtained at a cathodic
potential of−1,200 mV/SCE under the parallel field with the nickel
deposit obtained at −1,000 mV/SCE without an imposed magnetic
field. Morphologies of these nickel deposits are shown in Fig. 13b, c.
Figure 13b shows the morphology of the nickel deposit obtained at
a potential of −1,200 mV/SCE under a parallel field of 500 Oe,
while Fig. 13c shows the morphology of the nickel deposit ob-
tained at −1,000 mV/SCE without an applied magnetic field. From
Fig. 13b, c it can be observed that there is similarity at a macro
level between these nickel deposits. The boundaries between adja-
cent nickel grains cannot be observed. Anyway, the nickel deposit
obtained at −1,200 mV/SCE under the parallel field (Fig. 13b) was
more similar to that obtained at−1,000 mV/SCE without an applied
magnetic field than to that obtained at −1,200 mV/SCE without an
imposed magnetic field (Fig. 13a).

This concept can be also applied for the case of the electrodepo-
sition of copper. As mentioned earlier, the morphology of the copper
deposit obtained at cathodic potential of −500 mV/SCE under the
parallel field was of cauliflower-like structure (Fig. 12b), while the
morphology of the copper deposit obtained without the applied mag-
netic field had very dendritic structure (Fig. 12a). It is known that
dendritic structures are main characteristic of electrodeposition in
conditions of full diffusion control, while cauliflower-like structures
are a characteristic of a dominant diffusion in mixed control of elec-
trodeposition process.13

Anyway, it can be seen that the application of a parallel field of
500 Oe led to shifting of the formation of characteristic morpholog-
ical forms toward lower cathodic potentials for about 100–200 mV.

Of course, the influence of magnetic field appears to be
restricted to the diffusion-limited regions. During electrolysis un-
der parallel fields, the Lorentz force induces convective flow of
the electrolyte close to electrode surface. A magnetically stimu-
lated convection leads to a decrease of the diffusion layer thickness
thus increasing the diffusion-limited current density.39 As a rule,
it was adopted that the limiting diffusion current density depends
on magnetic field, as iL ∞ B1/3.41 Anyway, the increase of the
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limiting current density caused by the effect of applied magnetic
fields with a parallel orientation leads to a decrease of the degree of
diffusion control of the deposition process, and then, the electrode-
position process occurs at some overpotential which is effectively
lower. This overpotential at which a metal electrodeposition occurs
when the change of hydrodynamic conditions is caused by the ef-
fect of imposed magnetic fields (i.e., by the magnetohydrodynamic
effect) also represents “effective overpotential” of electrodeposition
process.

Similar effects can be observed during electrodeposition in an
ultrasonic field.33 Copper deposits obtained in an ultrasonic field
were compact and more ordered structure than copper deposits ob-
tained without an effect of ultrasonic fields.

It is very clear from previous consideration that the proposed
concept can be applied and for the case of electrodeposition of
nickel. This concept is usable for all cases where there is the change
of the hydrodynamic conditions in the near-electrode layer, which
can be induced by the agitation of electrolyte by evolving hydrogen,
ultrasonic and magnetic fields, or simply by vigorous stirring of an
electrolyte.

III. PHENOMENOLOGY OF A FORMATION OF A
HONEYCOMB-LIKE STRUCTURE DURING COPPER

ELECTRODEPOSITION

The initial stage of the electrodeposition at an overpotential of
1,000 mV corresponding to the electrodeposition time of 10 s is
given in Fig. 14a–d. These and other experiments whose results are
presented in this section (Figs. 14–19) were performed potentiostat-
ically from 0.15 M CuSO4 in 0.50 M H2SO4 at a temperature of
18.0± 1.0◦C, onto vertical stationary copper wire electrodes which
were not previously covered by copper thin films. The parallelism
between the process of the copper electrodeposition and the hydro-
gen evolution can be easily seen in Fig. 14a. From this figure, both
the sites of the formation of hydrogen bubbles (i.e., sites at which the
hydrogen evolution starts) and the agglomerates of copper grains be-
tween them can be noticed.

It can be seen from Fig. 14b that the hydrogen evolution re-
action, as well as the copper electrodeposition are initiated at
irregularities at an electrode surface. The irregularities at an elec-
trode surface represent the most convenient sites (active centres)
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Figure 14. (a) Copper deposit obtained at an overpotential of 1,000 mV. Time
of electrolysis: 10 s, (b) the positions of formation of hydrogen bubbles and
agglomerates of copper grains, and (c, d) the details from Fig. 14a and b.
(Reprinted from Ref. 18 with permission from Springer).

Figure 15. Copper deposit obtained
at an overpotential of 1,000 mV.
Time of electrolysis: 30 s. (Reprinted
from Ref. 18 with permission from
Springer).

for the beginning of hydrogen evolution, i.e., for the formation of
hydrogen bubbles. The true position of the formation of a hydrogen
bubble can be seen from Fig. 14c showing a bare part of the copper
electrode (part in circle in Fig. 14c).
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Figure 16. Copper deposit obtained at an overpotential of 1,000 mV: (a) “regular
hole”, and (b) “irregular hole”. Time of electrolysis: 60 s. (Reprinted from Ref. 18

with permission from Springer).

Figure 17. Copper deposit obtained at an
overpotential of 1,000 mV. Time of elec-
trolysis: 120 s. (Reprinted from Ref. 18

with permission from Springer).

The mechanism of formation of bubbles at an electrode sur-
face has been described for a long time.29–31, 42 The gas formed at
the electrode dissolves in the electrolyte, which becomes supersat-
urated. At the nucleation sites on the electrode, small bubbles are
formed, grow to a certain size and are then detached. The higher the
current density, the more the solution becomes saturated; more and
more nucleation sites become active, and also the rate of growth of
the bubbles increases.31 Jenssen and Hoogland31 also pointed out
that at lower current densities, only the irregularities at the edges
(formed by the cutting of the foil) are active, and the amount of bub-
bles formed at the lower edge is sufficient to take up all the hydrogen
formed. This is no longer the case at higher current density, and then
bubbles are also formed at the less deformed surface.
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Figure 18. Copper deposits obtained at an overpotential of 1,000 mV. Time of
electrolysis: (a) 10, (b) 30, (c) 60, (d) 120, and (e) 150 s. (Reprinted from
Ref. 18 with permission from Springer).

Figure 14d shows typical agglomerates consisted of rela-
tively small copper grains and situated between the bubbles (parts
in ellipses in this figure). The different size and periodicity of
agglomerates of copper grains can be explained as follows: It was
assumed43 that the active centres have different activity or different
critical overpotential with respect to the formation of nuclei. The
nuclei can be formed on those centres whose critical overpotential
is lower or equal to the overpotential externally applied to the cell.
The higher the applied overpotential, the greater the number of
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Figure 19. The dependence of average diameters of the surface holes,
D (open circles), number of “regular holes” per square millime-
ter surface area of copper electrodes (open triangles) and number
of “irregular holes” per square millimeter surface area of copper
electrodes (inverted traingles) on electrolysis times. (Reprinted from
Ref. 18 with permission from Springer).

active sites take part in nucleation process. The active sites are
mainly placed on the irregularities at an electrode surface,44 as can
be seen in Fig. 14b. On the other hand, nucleation does not occur
simultaneously over the entire cathode surface, but it is a process
extended in time so that crystals generated earlier may be consider-
ably larger in size than the ones generated later. Besides, in the case
of fast electrodeposition processes, the nucleation exclusion zones
around already existing nuclei are formed,45, 46 and in the case of
the slower ones, there is an effect on the nucleation rate distribu-
tion around growing grains.47, 48 This causes the periodicity in the
surface structure of polycrystalline electrolytic deposits.49–51

The copper deposit obtained with the electrodeposition time of
30 s is given in Fig. 15, from which can be seen two characteristic
groups of holes or craters. The origin of one group of holes is due
to the attachment of hydrogen bubbles at surface area of an elec-
trode. These holes have regular circular shapes and, in Fig. 15 they
are given in circles. The second group of holes have irregular shapes,
and these holes are given in ellipses in Fig. 15. The formation of
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these irregular craters is not associated with the process of hydrogen
evolution, and it can be assumed that the origin of these holes is of
the agglomerates of relatively small copper grains shown in Fig. 14d.

The formation of craters or holes as a consequence of the
hydrogen evolution can be explained by the analysis of Figs. 14a, c
and 15 in the following way: In the initial stage of the electrodepo-
sition, hydrogen bubbles are formed at active sites at an electrode
surface (Fig. 14a, b), and copper growth is blocked at these sites.
These hydrogen bubbles grow with a time of electrodeposition, and
in one moment, they get detached from an electrode surface realiz-
ing a fresh electrode surface for a new copper nucleation. This can
be seen from Figs. 14c and 15, showing a bare copper electrode at a
position where the formation of a hydrogen bubble begins (Fig. 14c)
and a position of already formed hole covered with a thin copper film
(parts in circles in Fig. 15). Anyway, the processes of the formation
of hydrogen bubbles at active sites, their detachment from an elec-
trode surface when critical size is reached as well as their repeated
formation at growing electrode represent successive steps that led to
the formation of this type of holes. The typical crater or hole formed
due to the attachment of hydrogen bubbles (“regular hole”), which is
obtained with the electrodeposition time of 60 s, is shown in Fig. 16a.

The explanation for the formation of the second group of craters
can be given as follows: as already pointed out, at an overpotential of
1,000 mV, the process of hydrogen evolution is competitive with the
process of copper electrodeposition. As a consequence of a parallel
evaluation of these processes, both the sites of a formation of hydro-
gen bubbles and the agglomerates of copper grains between them
were obtained (Fig. 14). The agglomerates of these copper grains
exactly represent nucleation centres for the formation of craters or
holes belonging to the other group (parts in ellipses in Fig. 14d). The
further electrolysis process leads to copper nucleation and growth
primarily at these agglomerates owing to the concentration of current
lines at them, which will lead to a joining closely formed agglomer-
ates and a formation of hole in one moment. This effect of current
distribution at growing surface will be enhanced by the additional
physical blocking of copper growth by the hydrogen bubbles pre-
venting nucleation processes at lateral sides of the agglomerates and
enhancing the nucleation processes at the top of the agglomerates.
In addition, these agglomerates initiate walls, which will limit the
growth of hydrogen bubbles. Hence, as a result of all these parallel
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processes, holes of “irregular” shapes are formed. These holes are
situated among those formed due to the attachment of hydrogen
bubbles, and these craters are deeper than those obtained due to
the attachment of hydrogen bubbles. The typical “irregular hole” is
given in Fig. 16b, presenting a hole obtained with the electrodeposi-
tion time of 60 s.

Mechanisms describing the formation of holes of this type are
based on the amplification of electrode surface coarseness52, 53 in
diffusion-controlled electrodeposition and to the tip54 and edge55 ef-
fects of current density distribution at electrode surface. More about
these mechanisms can be found in Ref. 13

With the evaluating electrodeposition process, a coalescence of
closely formed hydrogen bubbles was observed. The typical coa-
lesced hydrogen bubble obtained at an overpotential of 1,000 mV
with electrolysis time of 120 s is shown in Fig. 17. The number of
holes formed of coalesced hydrogen bubbles increases with time of
electrolysis. In Fig. 17, it can be seen that a structure of hole formed
of coalesced hydrogen bubbles consisted of smaller holes which
were mutually separated by a “bridge” of copper agglomerates.
Agglomerates of copper grains that separate smaller holes inside a
large hole are at a lower level than the agglomerates of copper grains
around a large hole.

The decrease in a number of formed holes can be easily ob-
served in Fig. 18, showing morphologies of copper deposits obtained
with times of electrolysis of 10, 30, 60, 120, and 150 s. This decrease
can be primarily ascribed to a coalescence of a closely formed hy-
drogen bubbles. On the other hand, the number of craters formed of
an initially formed copper agglomerates also decreases with electrol-
ysis times, and it can be expected that these craters will completely
disappear with a longer time of electrolysis. This is due to the cur-
rent distribution at a copper growing surface; that is, the fact that a
new copper nucleation and growth primarily takes place at the edges
of these holes, which will lead to totally closing and losing of holes
from this group with longer electrolysis times. In this way, only the
holes formed due to the hydrogen evolution will remain at a surface
area of electrode.

Figure 19 shows the dependence of average diameters of craters
or holes, D, formed due to the attachment of hydrogen bubbles on
electrolysis time, from which the increase in average diameters of
holes with the electrolysis time can be clearly seen. The dependences
of the number of craters or holes formed due to the attachment
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of hydrogen bubbles per square millimeter surface area (“regular
holes”) and those formed due to the effect of current distribution
(“irregular holes”) on the electrolysis time are also shown in Fig. 19.
The decrease in the number of both groups of craters or holes can be
observed in this figure.

The logarithm of the number of “regular holes” per square mil-
limeter surface area of copper electrode as a function of electroly-
sis time gives the straight line, which points out that the decrease
in number of holes with electrolysis time follows the first-order re-
action low.18 This can be very useful in the determination of the
mechanism of the formation and growth of holes during metal elec-
trodeposition in the presence of hydrogen evolution, as well as in the
investigation of the different parameters that affects the honeycomb-
like copper structure formation.

IV. THE EFFECT OF DEPOSITION CONDITIONS
ON COPPER DEPOSITS MORPHOLOGY

1. The Surface Preparation

The initial stage of electrodeposition of copper from 0.15 M CuSO4
in 0.50 M H2SO4 at an overpotential of 1,000 mV, onto stationary
vertical copper wire electrodes previously covered by thin copper
films is shown in Fig. 20. The detailed description of the formation of
this type of cylindrical copper electrodes is described in Refs. 56, 57

In this case, for the difference of that observed in Fig. 14b, irregu-
larites or active centres at an electrode surface were “killed” by the
electrodeposition of uniform thin copper film at an overpotential of
300 mV during 2 min.17 Then, a higher energy was needed for the
formation of hydrogen bubbles. From Fig. 20, it can be seen that a
number of formed bubbles was considerably smaller than number of
bubbles formed onto the electrode with active centres (Fig. 14b). Si-
multaneously, the diameter of the formed holes was larger, and they
were random oriented at electrode surface.

Figure 21 shows copper deposits obtained at an overpotential of
1,000 mV with different quantities of the electricity, onto stationary
vertical copper wire electrodes previously covered by thin copper
films. The dependences of average diameters of craters or holes, D
formed due to the attachment of hydrogen bubbles and number of
craters or holes formed due to the attachment of hydrogen bubbles



Hydrogen Co-deposition Effects on Copper Electrodeposition 25

Figure 20. Copper deposit obtained
at an overpotential of 1,000 mV. Time
of electrolysis: 10 s. Solution: 0.15 M
CuSO4 in 0.50 M H2SO4; temperature:
18.0±1.0◦C; working electrode: copper
electrode previously covered by copper
thin film. (Reprinted from Ref. 18 with
permission from Springer).

per square millimeter surface area (“regular holes”) on electrolysis
time, formed on this type of cylindrical copper electrodes are shown
in Fig. 22.

Analyzing the data in Figs. 19 and 22, we can notice that av-
erage diameters of holes formed at stationary vertical copper wire
electrodes which were not previously covered by copper thin films
were about two times smaller than those obtained by electrodepo-
sition onto copper electrodes previously covered with a thin copper
film. On the other hand, the number of the formed holes per square
millimeter surface area (“regular holes”) was approximately five to
ten times larger than the number of holes per square millimeter sur-
face area obtained by electrodeposition onto copper electrodes with
uniform thin copper films.

The obtained differences clearly point out the significance of
preparing a working electrode for electrodeposition processes at
high overpotentials, at which there is a parallelism between the pro-
cess of the copper electrodeposition and the hydrogen evolution.
The observed differences in average diameters of the formed holes
or craters as well as in the number of the formed craters or holes
can be explained as follows: the surface area of copper electrodes
which were not previously covered by copper thin films consisted of
a large number of irregularities, which presented active sites (cen-
tres), that is, energetic the most convenient sites for the formation



26 N.D. Nikolić and K.I. Popov

Figure 21. Copper deposits obtained potentiostatically at an overpotential of
1,000 mV. Quantities of electricity: (a) 2.5 mA h cm−2, (b) 10 mA h cm−2,
(c) 15 mA h cm−2, (d) 20 mA h cm−2. Solution: 0.15 M CuSO4 in 0.50 M
H2SO4; temperature: 18.0 ± 1.0◦C; working electrode: stationary vertical cop-
per wire electrode previously covered by copper thin film. (Reprinted from Ref. 17

with permission from Elsevier).

of hydrogen bubbles. In the initial stage of electrodeposition pro-
cess, the number formed hydrogen bubbles at such electrode was
considerably larger than the number of bubbles formed at the elec-
trode with “killed” active centres. Then, in the growth process, the
same quantity of evolved hydrogen is distributed over larger number
of hydrogen bubbles, resulting in the formation of honeycomb-like
structure with larger number of holes with smaller diameters.

2. The Effect of Concentration of Cu(II) Ions

Figure 23 shows the polarization curves for the copper elec-
trodeposition from 0.075 M CuSO4 in 0.50 M H2SO4 (solution
(I)), 0.30 M CuSO4 in 0.50 M H2SO4 (solution (II)) and 0.60 M
CuSO4 in 0.50 M H2SO4 (solution (III)). All experiments whose
results are presented in Figs. 23–30 and Table 1 were performed
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Figure 22. The dependence of average diameters of the surface holes, D,
(open circles) and number of “regular holes” per square millimeter surface
area of copper electrodes (closed squares) on the quantity of the electricity.
(Reprinted from Ref. 17 with permission from Elsevier).
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Figure 23. Polarization curves for the cathodic process of copper deposition
from: 0.075 M CuSO4 in 0.50 M H2SO4 (solution (I)), 0.30 M CuSO4 in
0.50 M H2SO4 (solution (II)), and 0.60 M CuSO4 in 0.50 M H2SO4 (solu-
tion (III)). (Reprinted from Ref. 19 with permission from MDPI).
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Figure 24. Copper deposits obtained at an overpotential of 650 mV. Quantity
of electricity: 10 mA h cm−2. (a, b): solution (I); (c, d): solution (II); (e, f):
solution (III). (Reprinted from Ref. 19 with permission from MDPI).

potentiostatically at a temperature of 18.0 ± 1.0◦C. The beginning
of the plateau of the limiting diffusion current density is deter-
mined as the intersect of straight lines joining currents in mixed
activation – diffusion and diffusion control of electrodeposition, as
shown in the Fig. 23. The end of this plateau is determined as the
overpotential at which current starts to grow with the increasing
overpotential. The increase in the concentration of Cu(II) ions leads
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Figure 25. Copper deposits obtained at an overpotential of 800 mV. Quantity of
electricity: 10 mA h cm−2. (a) solution (I); (b–d) solution (II); (e) solution (III).
(Reprinted from Refs. 15,60 with permissions from MDPI and Elsevier).

to a shift of overpotentials at which the limiting diffusion current
density plateaus initiate toward the larger overpotentials, while the
end of these plateaus remains practically constant (Fig. 23).

The effect of hydrogen evolution on copper electrodeposition
was examined at overpotentials of 550, 650, 800, and 1,000 mV.
For all examined solutions, overpotentials of 550 and 650 mV
corresponded to the plateau of the limiting diffusion current density,
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Figure 26. Copper deposits obtained at an overpotential of 1,000 mV from 0.075 M
CuSO4 in 0.50 M H2SO4. Quantity of electricity: (a) 2.5 mA h cm−2, (b) 20 mA h
cm−2. (Reprinted from Ref. 58 with permission from Elsevier).

Figure 27. Copper deposits obtained at an overpotential of 1,000 mV from 0.30 M
CuSO4 in 0.50 M H2SO4. (a) Quantity of the electricity: 2.5 mA h cm−2, (b, c)
quantity of the electricity: 5.0 mA h cm−2. (Reprinted from Ref. 58 with permission
from Elsevier).
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Figure 28. Copper deposits obtained at an overpotential of 1,000 mV from 0.60 M
CuSO4 in 0.50 M H2SO4: (a) dish-like holes, (b) the bottom, and (c) the wall of the
dish-like hole, and (d) dendrite formed between holes. Quantity of the electricity:
2.5 mA h cm−2. (Reprinted from Ref. 58 with permission from Elsevier).

while overpotentials of 800 and 1,000 mV were about 50 and
250 mV outside the plateau of the limiting diffusion current density,
respectively (Fig. 23).

The summary of the obtained values of the average current
efficiencies of hydrogen evolution in the dependence of concentra-
tion of Cu(II) ions and overpotential of electrodeposition19, 58 are
given in Table 1.

It can be seen from Table 1 that the average current efficien-
cies of hydrogen evolution, ηav(H2) decreased with the increasing
CuSO4 concentration at all overpotentials. At the first sight, this
was unexpected because the concentration of H2SO4 was same for
all solutions. The explanation for it can be obtained by the analy-
sis of ionic equilibrium of the species in the CuSO4–H2SO4–H2O
system (Fig. 1). According to this equilibrium, it is the result of de-
creasing the hydrogen ion concentration with the increasing copper
concentration.59
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Figure 29. Copper deposits obtained at an overpotential of 1,000 mV from 0.075 M
CuSO4 in 0.50 M H2SO4: (a, b, e, f) quantity of the electricity: 20 mA h cm−2, (c,
d) quantity of the electricity: 5.0 mA h cm−2. (Reprinted from Ref. 58 with permis-
sion from Elsevier).

(i) Morphologies of Copper Deposits Obtained
at Overpotentials up to 800 mV

The copper deposit electrodeposited from 0.075 M CuSO4 in
0.50 M H2SO4 at an overpotential of 550 mV with a quantity of the
electricity of 10 mA h cm−2 was cauliflower-like structure. Copper
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Figure 30. Copper deposits obtained at an overpotential of 1,000 mV from 0.60 M
CuSO4 in 0.50 M H2SO4: (a) quantity of the electricity: 5.0 mA h cm−2, (b) quan-
tity of the electricity: 20 mA h cm−2. (Reprinted from Ref. 58 with permission from
Elsevier).

Table 1.
The average current efficiencies of hydrogen evolution in the

function of concentration of Cu(II) ions. (Reprinted from
Refs. 19, 58 with permissions from MDPI and Elsevier).

The average current efficiencies of
hydrogen evolution, ηav(H2) (in %),
at overpotentials of:

Solution for copper Electrodeposition 650 mV 800 mV 1,000 mV
0.075 M CuSO4 in 0.50 M H2SO4 7.5 42.2 68.7
0.30 M CuSO4 in 0.50 M H2SO4 0.83 3.5 16.0
0.60 M CuSO4 in 0.50 M H2SO4 0 0.66 4.6

deposits electrodeposited from 0.30 M and 0.60 M CuSO4 in 0.50 M
H2SO4 at the same overpotential and with the same quantity of the
electricity were globular structures.19 Electrodepositions of cop-
per with two times larger than the quantity of electricity led to the
change of morphology of copper deposits. Copper dendrites were
formed during electrodeposition of copper from solution (I), while
the mixture of cauliflower-like and globular forms was obtained
by electrodeposition from solution (II) and solution (III). At this
overpotential, there was hydrogen evolution only from solution (I)
(the average current efficiency of hydrogen evolution, ηav(H2),
was 1.7%).19

Morphologies of copper deposits obtained at an overpotential of
650 mV from 0.075 M, 0.30 M, and 0.60 M CuSO4 in 0.50 M H2SO4
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are shown in Fig. 24. It can be seen from Fig. 24 that copper dendrites
were formed during copper electrodeposition from all three solu-
tions. Meanwhile, it is very clear from Fig. 24 that the shape of
copper dendrites depended strongly on the concentration of Cu(II)
ions. Very branchy copper dendrites consisting of corncob-like ele-
ments were formed from solution (I) (Fig. 24a, b). Copper dendrites
formed from solution (II) presented a mixture of very branchy
dendritic forms (Fig. 24c) and those shaped like flowers (Fig. 24d).
Finally, the copper deposits obtained from solution (III) presented a
mixture of flower-like (Fig. 24e) and corncob-like forms (Fig. 24f ).

Figure 25 shows the morphologies of copper deposits obtained
at an overpotential of 800 mV, from which the strong effect of con-
centration of Cu(II) ions on copper electrodeposition can be seen.

The honeycomb-like structure was formed from solution (I)
(Fig. 25a).

A mixture of dendritic forms (Fig. 25b), degenerate dendrites
(Fig. 25c), and holes formed due to the attached hydrogen bubbles
(Fig. 25d) was obtained by electrodeposition from solution (II).

Finally, only dendritic copper forms are obtained from solution
(III) (Fig. 25e). These dendritic forms were more branchy structures
than those formed from the same solution by the electrodeposition
at an overpotential of 650 mV and with the same quantity of the
electricity (cf. Fig. 24e, f).

The careful analysis of the morphologies of copper deposits
shown in Figs. 24 and 25 indicated that an increase in the
concentration of Cu(II) ions led to a shift of the formation of charac-
teristic morphological shapes of copper deposits toward higher elec-
trodeposition overpotentials by about 100–150 mV. This is because
of the increase of a critical overpotential of dendritic growth ini-
tiation with the increase of concentration of Cu(II) ions.19 For
example, copper dendrites formed at 800 mV from solution (III)
(Fig. 25e) were very similar to those obtained at 650 mV from so-
lutions (I) and (II) (Fig. 24a–c). The globular forms obtained from
solutions (II) and (III) at an overpotential of 550 mV were very
similar to ones obtained from 0.15 M CuSO4 in 0.50 M H2SO4 at an
overpotential of 450 mV.10 The different shapes of copper dendrites
formed at an overpotential of 650 mV from solutions with different
concentrations of Cu(II) ions (Fig. 24) also pointed out the strong
effect of concentration of Cu(II) ions on electrodeposition of copper
at an overpotential of 650 mV.
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(ii) Morphologies of Copper Deposits Obtained
at an Overpotential of 1,000 mV

The copper deposits obtained from 0.075 M CuSO4 in
0.50 M H2SO4 at an overpotential of 1,000 mV with the quanti-
ties of electricity of 2.5 and 20 mA h cm−2 are shown in Fig. 26,
from which it can be seen that honeycomb-like structures were
formed by electrodepositions from this solution.

The copper deposits obtained at an overpotential of 1,000 mV
from 0.30 M CuSO4 in 0.50 M H2SO4 with quantities of electric-
ity of 2.5 and 5.0 mA h cm−2 are shown in Fig. 27, from which it
can be clearly seen that the structures of the deposits obtained from
0.30 M CuSO4 in 0.50 M H2SO4 were completely different from
those obtained from 0.075 M CuSO4 in 0.50 M H2SO4 (Fig. 26).

Two types of craters or holes formed due to the attachment of
hydrogen bubbles can be observed by analysis of the copper deposit
shown in Fig. 27a. One type of holes is presented in the ellipse in
Fig. 27a. These holes are similar to those forming the honeycomb-
like structure during copper electrodeposition from 0.075 M CuSO4
in 0.50 M H2SO4. These holes are grouped and mutually separated
by agglomerates of relatively small copper grains.

The other type of holes is shown in the circle in the same figure.
From Fig. 27a, it can be seen that the shape of this hole is dish or
shell-like. The diameter of dish-like holes is larger than the diameter
of the holes forming the honeycomb-like structure, while their num-
ber is smaller than the number of holes forming the honeycomb-like
structure. A typical dish-like hole electrodeposited with the quan-
tity of the electricity of 5.0 mA h cm−2 is shown in Fig. 27b. The
bottom of the dish-like hole is covered by almost compact copper
deposit (the part in the circle in Fig. 27b), while the wall of this
hole consists of small, very disperse agglomerates of copper grains
(Fig. 27c). From Fig. 27c, it can also be seen that copper dendrites
were formed at the shoulders of the dish-like holes electrodeposited
with this quantity of electricity. Also, cauliflower-like forms were
formed between the holes or craters belonging to these different
types (Fig. 27a).

The electrodeposition processes at an overpotential of 1,000 mV
from 0.60 M CuSO4 in 0.50 M H2SO4 led to the formation of dish-
like holes only. The typical dish-like holes formed with the quan-
tity of the electricity of 2.5 mA h cm−2 are shown in Fig. 28a, from
which it can be seen that copper dendrites were formed at their
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shoulders. The bottom of the dish-like holes was almost compact
(Fig. 28b), while the interior of the hole was constructed of disperse
agglomerates of copper grains (Fig. 28c). Very branched copper den-
drites and small cauliflower-like forms were formed among the dish-
like holes during the electrodeposition of copper from this solution
(Fig. 28d).

On the basis of the presented analysis of the electrodeposition
processes at an overpotential of 1,000 mV (Figs. 26–28), it is obvi-
ous that increasing the concentration of Cu(II) ions leads to a change
in the shape of the holes from those forming a honeycomb-like struc-
ture to dish-like holes.

It should be noted that the honeycomb-like structure was
formed from 0.075 M CuSO4 in 0.50 M H2SO4 at an overpoten-
tial of 1,000 mV, with a considerably larger quantity of co-deposited
hydrogen (ηav(H2) = 68.7%) than that formed by electrodeposition
at 800 mV from the same solution (ηav(H2) = 42.2%),19) or from
0.15 M CuSO4 in 0.50 M H2SO4 at 800 mV (ηav(H2) = 10.8%) and
1,000 mV (ηav(H2) = 30.0%).10 It was found19, 58 that the maxi-
mum CuSO4 concentration (in 0.50 M H2SO4) which enabled the
formation of the honeycomb-like structure was 0.15 M. The critical
quantity of evolved hydrogen leading to the change of the hydrody-
namic conditions in the near-electrode layer for this solution group
was estimated to correspond to ηav(H2) of 10.0%.19

The more vigorous hydrogen evolution at this overpotential
from 0.075 M CuSO4 in 0.50 M H2SO4 makes a more visible chan-
nel structure formed through the interior of the deposit. A typical
channel structure is shown in Fig. 29a, which was obtained by ma-
nipulation of the copper deposit in order that the cross section view
could be seen. The top view of a part of the copper deposit shown in
Fig. 29a is shown in Fig. 29b, from which it can be seen that irregular
channels are distributed over the surface area of the deposit among
disperse agglomerates of copper grains. These channels were gen-
erated in situ by the simultaneous processes of copper growth and
vigorous hydrogen evolution. It is also known61 that a channel or
a stream copper structure can be formed ex situ by the use of an
acoustically excited Ar gas bubble.

Naturally, both the formation holes and channels through the in-
terior of the deposit occur simultaneously, and these processes can
not be observed separately. As already stated, in the initial stage of
the electrodeposition process, both nuclei of copper and “nuclei”
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of hydrogen bubbles are formed at the active sites of the electrode
surface.18 The hydrogen bubbles isolate the substrate and then the
current lines are concentrated around these hydrogen bubbles mak-
ing rings consisted of agglomerates of copper grains around them.
The current lines are also concentrated at the nuclei of copper
formed in the initial stage between the hydrogen bubbles. Anyway,
the bubbles cause an increase of the local current density around
them, resulting in a faster growth of the copper deposit around the
growing bubbles, as well as in increasing rate of hydrogen evolution.

As a result of the current distribution at the growing copper
surface, new copper nucleation and hydrogen evolution will occur
primarily at the top of these agglomerates. Some of the new, small,
freshly formed hydrogen bubbles which are formed at agglomer-
ates around previously formed large hydrogen bubbles will coa-
lesce with them, leading to their growth with electrolysis time as
already shown.18 This is confirmed by the very porous structure of
the interior of walls of the holes (Fig. 29c), which consist of dis-
perse agglomerates of copper grains among which numerous irregu-
lar channels are present. A typical hole formed of growing hydrogen
bubbles is shown in Fig. 29d. In the growth process, the coales-
cence of closely formed large hydrogen bubbles can also be observed
(Fig. 29e).

Meanwhile, some of the freshly formed hydrogen bubbles will
not find a way to coalesce with the large hydrogen bubbles be-
cause they are situated among copper nuclei which initiate a bar-
rier for their development into large hydrogen bubbles. This effect,
with already discussed current density distribution will lead to the
formation of a porous channel structure through the interior of the
copper deposit (Fig. 29a).

Simultaneously, holes of irregular shapes (Fig. 29f ) were
formed from nuclei of copper formed in the initial stage of the
electrodeposition between the hydrogen bubbles.18 The current dis-
tribution at the growing copper surface was responsible for the
formation of this type of hole.

Anyway, there are two effects of hydrogen evolution on copper
electrodeposition leading to the formation of the honeycomb-like
structures. The first effect is a stirring of the solution in the near-
electrode layer caused by a vigorous hydrogen evolution leading
to the decrease of the diffusion layer thickness and the increase of
the limiting diffusion current density.10 The second effect concerns
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the morphology of the copper deposits due to the effect of hydro-
gen bubbles on the current density distribution on the growing elec-
trode surface. The uniform distribution of morphological forms on
the electrode surface means the same hydrodynamic conditions exist
over the whole electrode surface and the honeycomb-like structure
indicates to the local effect of hydrogen bubbles.

Dish-like holes were formed from the more concentrated
solution (0.60 M CuSO4 in 0.50 M H2SO4), accompanied by a con-
siderably lower quantity of evolved hydrogen (ηav(H2)= 4.6%) than
was the case with the holes forming a honeycomb-like structure
(0.075 M and 0.15 M CuSO4 in 0.50 M H2SO4).

On the basis of the obtained value of the average current effi-
ciency of hydrogen evolution of 4.6% and morphologies of copper
deposits shown in Fig. 28 (very branchy copper dendrites developed
between dish-like craters or holes), it is clear that the hydrogen evo-
lution was insufficient to produce effective stirring of the solution
in the near-electrode layer, which would lead to a decrease of the
diffusion layer thickness, and consequently, no change in the hy-
drodynamic conditions and no inhibition of dendritic growth. The
electrodeposition process was primarily controlled by the diffusion
of ions to the electrode surface, rather than the kinetics of the elec-
trodeposition.13, 23

The initial stage of the formation of dish-like holes was the
same as the initial stage of the formation of the honeycomb-like
structure. The nuclei of copper and the “nuclei” of hydrogen bub-
bles were formed at active sites on the electrode surface and the
formed hydrogen bubbles isolate the substrate causing a concen-
tration of the current lines around them. Meanwhile, because of
the low hydrogen co-deposition current density, the number of the
formed “nuclei” of hydrogen bubbles was smaller than the num-
ber which led to the formation of the honeycomb-like structure. In
the growth process, they have enough space to develop into large
bubbles, making holes with a dish-like shape at the surface area of
electrode. Dendrites formed at their shoulders (Fig. 28a) as well as
very developed dendrites between them (Fig. 28d) clearly indicate
the insufficiency of the evolved hydrogen to disturb the diffusion
layer of the macroelectrode. Further copper nucleation and hydrogen
evolution primarily occur at the shoulders of the growing holes and
the copper dendrites between them. Most of the freshly formed hy-
drogen bubbles at the shoulder of the dish-like holes coalesce with
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previously formed large hydrogen bubbles, leading to their growth
with the electrolysis time (Fig. 30a) and making the interior of holes
very porous and constructed of cauliflower- or raspberry-like forms.
At the same time, the almost compact deposit at the bottom of the
dish-like holes represents the position of the formation of the initial
bubble (Fig. 28b), and it can be supposed that its origin is the thin
copper film previously electrodeposited at 400 mV. It is of interest to
note that regardless of the quantity of electricity passed, or the de-
position time, the dendrites grew only at the edges of the dish-like
holes. This is due to the fact that the electrodeposition of copper oc-
curs on the dendrite branches in the same way as on any other part
of the electrode surface, except on the tip of the dendrite protrusions
themselves, where the process is under activation control, resulting
in regular dendritic forms (Fig. 30b).62–64 At larger deposition times,
the growth of dendrites become dominant and the dish-like protru-
sion cease to grow. Also, it can be seen from Figs. 28a and 30a that
in the “shadow” of the dish-like holes there is a lower density of
grains on the initial substrate relative to the overshadowed parts of
electrode, which is the consequence of the concentration of current
lines at them.

In dependence on the quantity of electricity, the average diam-
eter of the dish-like holes was in the range of 200–360 μm. The
number of dish-like holes was estimated to be 2.5 holes/mm2 sur-
face area of the copper electrode, and it did not change with the
quantity of the electricity, which can be explained by the absence
of coalescence of the formed hydrogen bubbles. The comparative
dependences of the average diameters, D, and the number of holes
per square millimeter surface area of copper electrodes on the quan-
tity of the electricity for both, dish-like holes and holes making the
honeycomb-like structure during the electrodeposition at 1,000 mV
from 0.075 M CuSO4 in 0.50 M H2SO4 are shown in Fig. 31, from
which it can be seen that the number of formed dish-like holes per
square millimeter surface area of the copper electrode was consider-
ably smaller than the number of holes forming the honeycomb-like
structure and that the average diameter of the dish-like holes was
about five times larger than the average diameter of the holes form-
ing the honeycomb-like structure. This illustrates successfully the
fact that a smaller number of “nuclei” of hydrogen bubbles is formed
in the initial stage of electrodeposition of dish-like holes in relation
to the number of formed “nuclei” of hydrogen bubbles leading to the
formation of the honeycomb-like structure.
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Figure 31. The dependence of average diameters of the surface holes, D, (open
style) and number of holes per square millimeter surface area of copper elec-
trodes (solid style) on quantities of electricity, for electrodepositions of copper
from 0.075 M CuSO4 in 0.50 M H2SO4 and 0.60 M CuSO4 in 0.50 M H2SO4.
(Reprinted from Ref. 58 with permission from Elsevier).

Furthermore, the morphology of the copper deposit obtained
from 0.60 M CuSO4 in 0.50 M H2SO4 at an overpotential of
1,000 mV consisted of all the morphological forms characteristic for
copper electrodeposition at high overpotentials: holes formed due to
hydrogen evolution (Fig. 28a), dendritic forms (Fig. 28d), and small
cauliflower-like forms (Fig. 28d). The formation of these different
morphological forms which leads to nonuniformity of the elec-
trode surface can be explained by different local electrodeposition
conditions inside the diffusion layer of the macroelectrode. It is
known65 that electrochemical processes on microelectrodes in bulk
solution can be under activation control at overpotentials which
correspond to the plateau of the limiting diffusion current density
of the macroelectrode. Bockris et al.63, 64 and Popov et al.62 showed
that electrodeposition to the tip of a dendrite, consequently to a
microelectrode, inside the diffusion layer of the macroelectrode is
under activation control, while the same process is simultaneously
under full diffusion control on the macroelectrode. In the absence
of dendrite precursors, some cauliflower-like forms can be formed
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on the surface of the macroelectrode when the electrodeposition
process is under full linear diffusion control. Then, local spherical
diffusion layers inside the diffusion layer of the macroelectrode are
formed around them.10 Hence, for defined electrodeposition con-
ditions, control of the electrodeposition process at some specified
points of the macroelectrode can be different from the process con-
trol at the macroelectrode in general. This explains and the nonuni-
formity of the electrode surface obtained from 0.60 M CuSO4 in
0.50 M H2SO4.

The polarization characteristic of a macroelectrode is easy to de-
termine, as well as the kind of mass transfer control on it. It is very
difficult, or even impossible, to do the same for some specified points
on it. On the other hand,13, 66 the morphology of metal deposits in-
dicates the conditions under which they were formed. Hence, from
the local morphology of a deposit, the type of process control on
selected points of the macroelectrode can be derived.

The morphology of the copper deposit obtained at an over-
potential of 1,000 mV from 0.30 M CuSO4 in 0.50 M H2SO4 pre-
sented a mixture of morphological forms characteristic for copper
deposits obtained from solutions with lower (0.075 M) and higher
(0.60 M) concentrations of Cu(II) ions. Thus, a mixture of both types
of holes was obtained by the electrodeposition at this overpotential
from 0.30 M CuSO4 in 0.50 M H2SO4. It was estimated that the per-
cent of holes forming the honeycomb-like structure was about 80%
of the total number of formed holes. On the basis of this fact, it
can be concluded that for a concentration of supporting electrolyte
of 0.50 M H2SO4, the concentration of 0.30 M CuSO4 presents the
transitional concentration between lower and higher concentrations
of Cu(II) ions. This could be explained by different hydrodynamic
conditions at different points of the electrode surface.

3. The Effect of Concentration of H2SO4

The polarization curves for the electrodeposition of copper from
0.15 M CuSO4 with the addition of 0.125, 0.25, and 1.0 M H2SO4
are shown in Fig. 32. All experiments whose results are presented
in Figs. 32–37 and Table 2 were performed potentiostatically at a
temperature of 18.0 ± 1.0◦C. It can be seen from Fig. 32 that the
beginning of the plateau of the limiting diffusion current density
was slightly shifted to higher electrodeposition overpotentials with
the decreasing concentration of H2SO4. The ends of the plateau of
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Figure 32. Polarization curves for the cathodic process of copper
deposition from: 0.15 M CuSO4 in 0.125 M H2SO4, 0.15 M CuSO4 in
0.25 M H2SO4, and 0.15 M CuSO4 in 1.0 M H2SO4. (Reprinted from
Ref. 67 with permission from Elsevier).

the limiting diffusion current density practically do not depend on
the concentration of H2SO4 and they correspond to an overpotential
of about 750 mV. The negligible shifting of the end of the plateau
of the limiting diffusion current density to lower electrodeposition
overpotentials can be only observed at a polarization curve obtained
from 0.15 M CuSO4 in 1.0 M H2SO4. At overpotentials higher than
750 mV, the fastest growth of current with increasing overpotential
is obtained from 0.15 M CuSO4 in 1.0 M H2SO4 and it decreases
with the decrease of the H2SO4 concentration. The limiting diffusion
current density value decreased with the increasing concentration of
H2SO4. The decrease in the values of the limiting diffusion current
density with increasing H2SO4 concentration is a consequence of
the decrease of the Cu(II) ion activity with increasing acidity of the
solution.

The effect of hydrogen evolution on copper electrodeposition
was examined at overpotentials of 550, 650, 800, and 1,000 mV.
At an overpotential of 550 mV, there was hydrogen evolution only
from 0.15 M CuSO4 in 1.0 M H2SO4 (the average current efficiency
of hydrogen evolution, ηav(H2), was 0.75%).67 The summary of
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Figure 33. Copper deposits obtained at an overpotential of 650 mV from: (a) 0.15 M
CuSO4 in 0.125 M H2SO4, (b) 0.15 M CuSO4 in 0.25 M H2SO4, and (c) 0.15 M
CuSO4 in 1.0 M H2SO4. Quantity of electricity: 10 mA h cm−2. (Reprinted from
Ref. 67 with permission from Elsevier).

the obtained values of the average current efficiencies of hydrogen
evolution in the dependence of concentration of H2SO4 at overpo-
tentials of 650, 800, and 1,000 mV60, 67 are given in Table 2. For
all examined solutions, overpotentials of 550 and 650 mV corre-
sponded to the plateau of the limiting diffusion current density, while
overpotentials of 800 and 1,000 mV were about 50 and 250 mV
outside the plateau of the limiting diffusion current density, respec-
tively (Fig. 32).
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Figure 34. Copper deposits obtained at an overpotential of 800 mV from: (a–c)
0.15 M CuSO4 in 0.125 M H2SO4; (d) 0.15 M CuSO4 in 0.25 M H2SO4, and
(e) 0.15 M CuSO4 in 1.0 M H2SO4. Quantity of electricity: 10 mA h cm−2.
(Reprinted from Ref. 60 with permission from Elsevier).

(i) Morphologies of Copper Deposits Obtained at Overpotentials
up to 800 mV

Electrodeposition of copper at an overpotential of 550 mV from
0.15 M CuSO4 in 0.125 M H2SO4, as well as from 0.15 M CuSO4
in 0.25 M H2SO4 led to the formation of dendritic forms with the
quantity of the electricity of 10 mA h cm−2.67 The number of copper
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Figure 35. The copper deposit obtained at an overpoten-
tial of 1,000 mV from 0.15 M CuSO4 in 1.0 M H2SO4.
Quantity of electricity: 10 mA h cm−2. (Reprinted from
Ref. 67 with permission from Elsevier).

dendrites formed at a surface area of copper electrodes increased
with the decrease of the H2SO4 concentration. Cauliflower-like
forms were obtained by electrodeposition at the same overpoten-
tial from 0.15 M CuSO4 in 1.0 M H2SO4 with the quantity of the
electricity of 10 mA h cm−2. Some of them were developed in den-
dritic forms by the electrodeposition with the double quantity of
electricity.

Copper dendrites were formed by electrodeposition processes at
an overpotential of 650 mV from all three solutions (Fig. 33). It can
be seen from Fig. 33 that the number of formed dendritic forms in-
creased with the decrease of H2SO4 concentration. Also, the branch-
ing of these forms increased with the decrease of the concentration
of H2SO4. The corncob-like forms were grouped in flower-like or
tree-like forms, or even formed individually at an electrode surface
(Fig. 33).

The analysis of copper electrodeposition processes at overpo-
tentials of 550 and 650 mV has shown that the decrease of H2SO4
concentration led to the shift of the formation of dendritic forms
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Figure 36. The copper deposit obtained at an overpoten-
tial of 1,000 mV from 0.15 M CuSO4 in 0.25 M H2SO4.
Quantity of electricity: 10 mA h cm−2. (Reprinted from
Ref. 67 with permission from Elsevier).

toward higher overpotentials of electrodeposition. This effect was
the same as the one which had been noticed in case of the increas-
ing concentration of Cu(II) ions,19 as it was discussed considering
minimum overpotential for dendritic growth initiation.

The morphologies of the copper deposits obtained at an
overpotential of 800 mV are presented in Fig. 34. A channel struc-
ture (Fig. 34a), degenerate dendrites (Fig. 34b), and cauliflower-like
forms (Fig. 34c) were formed by copper electrodeposition from
0.15 M CuSO4 in 0.125 M H2SO4. Holes originating from attached
hydrogen bubbles were formed by electrodeposition from 0.15 M
CuSO4 in 0.25 M H2SO4 (Fig. 34d). Degenerate dendrites and
cauliflower-like forms, similar to those shown in Fig. 34b, c, were
also formed by electrodeposition from this solution. Finally, the
honeycomb-like structure, constructed from holes formed due to
attached hydrogen bubbles and cauliflower-like agglomerates of
copper grains between them, was formed by the electrodeposition
from 0.15 M CuSO4 in 1.0 M H2SO4 (Fig. 34e).
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Figure 37. (a) The copper deposit obtained at an overpotential of 1,000 mV
from 0.15 M CuSO4 in 0.125 M H2SO4. Quantity of electricity: 10 mA h cm−2,
(b–d) details from Fig. 37a: (b) degenerate dendrite, (c) irregular channels, and
(d) the shoulder of the hole. (Reprinted from Ref. 67 with permission from
Elsevier).

Table 2.
The average current efficiencies of hydrogen evolution in the
function of H2SO4 concentration. (Reprinted from Refs. 60, 67

with permissions from Elsevier).

The average current efficiencies of
hydrogen evolution, ηav(H2) (in %),
at overpotentials of:

Solution for copper Electrodeposition 650 mV 800 mV 1,000 mV
0.15 M CuSO4 in 0.125 M H2SO4 0 4.83 20.3
0.15 M CuSO4 in 0.25 M H2SO4 0.32 9.05 26.4
0.15 M CuSO4 in 1.0 M H2SO4 3.3 23.3 45.7
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(ii) Morphologies of Copper Deposits Obtained
at an Overpotential of 1,000 mV

Morphologies of copper deposits obtained at an overpotential
of 1,000 mV from these copper solutions are shown in Figs. 35–37.
The honeycomb-like structure was formed by the electrodeposition
from 0.15 M CuSO4 in 1.0 M H2SO4(Fig. 35). From Fig. 35 it can be
seen that holes were lined up in parallel rows. The average diameter
of formed holes was 50 μm, while the number of formed holes was
71/mm2 surface area of the copper electrode.

The honeycomb-like structure was also formed by electrodepo-
sition at 1,000 mV from 0.15 M CuSO4 in 0.25 M H2SO4 (Fig. 36).
However, in contrast to parallely lined up holes formed from 0.15 M
CuSO4 in 1.0 M H2SO4, holes which made this honeycomb-like
structure were random oriented at the electrode surface. The number
of the formed holes was 14/mm2 surface area of the copper electrode
and it was about five times smaller than the number of holes formed
from 0.15 M CuSO4 in 1.0 M H2SO4. The decrease of concentration
of H2SO4 led to the increase of the diameter of holes, and the aver-
age diameter of holes formed from this solution was estimated to be
about 110 μm.

The random-oriented holes were also formed during copper ele-
ctrodeposition at 1,000 mV from 0.15 M CuSO4 in 0.125 M H2SO4
(Fig. 37a). However, the detailed analysis of the copper deposit
shown in Fig. 37a revealed the presence of morphological forms
which were not obtained by electrodeposition processes from 0.15 M
CuSO4 in both 0.25 M and 1.0 M H2SO4. Aside from holes and
cauliflower-like agglomerates of copper grains between them, the
presence of degenerate dendrites (Fig. 37b) and irregular channels
formed by evolved hydrogen around dendritic and cauliflower-like
particles (Fig. 37c) were also noticed by the analysis of the copper
deposit electrodeposited from 0.15 M CuSO4 in 0.125 M H2SO4.
Additionally, degenerate dendrites were formed at the shoulders of
some of holes (Fig. 37d). The average diameter of the formed holes
was 120 μm, while their number was estimated to be 7/mm2 surface
area of the copper electrode.
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4. The Effect of Temperature on Electrodeposition
of Disperse Copper Deposits

The polarization curves for the electrodeposition of copper from
0.15 M CuSO4 in 0.50 M H2SO4 at temperatures of 14.0 ± 0.5,
35.0 ± 0.5 and 50.0 ± 0.5◦C are given in Fig. 38. It can be seen
from Fig. 38 that increasing the temperature leads to an increase of
the limiting diffusion current density, as well as to a shift of both the
beginning and the end of the plateau of the limiting diffusion current
density toward lower electrodeposition overpotentials.

It is clear from Fig. 38 that an overpotential of 550 mV belongs
to the plateau of the limiting diffusion current density at all analyzed
temperatures. An overpotential of 650 mV belongs to the plateau
of the limiting diffusion current density only at a temperature of
14.0± 0.5◦C. This overpotential is about 50 mV outside the plateau
at a temperature of 35.0 ± 0.5◦C and about 100 mV outside at a
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Figure 38. Polarization curves for curves for electrodeposition of copper from
0.15 M CuSO4 in 0.50 M H2SO4 at temperatures of 14.0±0.5◦C, 35.0±0.5◦C, and
50.0 ± 0.5◦C. (Reprinted from Ref. 68 with permission from the Serbian Chemical
Society).



50 N.D. Nikolić and K.I. Popov

Table 3.
The values of the average current

efficiencies of hydrogen evolution,
ηav(H2) (in %) in the dependence on

temperature of electrodeposition.
(Reprinted from Ref. 68 with permission

from the Serbian Chemical Society).

The average current efficiencies
of hydrogen evolution, ηav(H2)
(in %), at overpotentials of:

Temperature (◦C) 550 mV 650 mV 800 mV
14.0 ± 0.5 0 1.6 11.1
35.0 ± 0.5 0 2.2 14.2
50.0 ± 0.5 0 3.7 18.6

temperature of 50.0 ± 0.5◦C. Finally, an overpotential of 800 mV
is outside the plateau of the limiting diffusion current density at all
temperatures.

The average current efficiences for hydrogen evolution reaction,
ηav(H2), at overpotentials of 650 and 800 mV are summarized in
Table 3,68 which also includes the values of the average current effi-
ciences of hydrogen evolution of 0.0% obtained at an overpotential
of 550 mV. It can be clearly seen from Table 3 that the electrodeposi-
tion processes at overpotentials of 650 and 800 mV are accompanied
by the increase of the average current efficiencies of hydrogen evo-
lution with increasing temperature, causing a shift of the end of the
limiting diffusion current density plateau toward lower values of the
overpotential. This is due to the increased rate of hydrogen evolution
with increasing temperature. In totality, the three groups of the aver-
age current efficiences of hydrogen evolution are of significance in
the investigation of the effect of temperture on the electrodeposition
of copper at high overpotentials.

The first group is characterized by electrodeposition of copper
at an overpotential of 550 mV, (potential at which there is no hydro-
gen evolution or hydrogen evolution was below the sensitivity of the
measurement technique).

The second group is characterized by processes of electrodepo-
sition at an overpotential of 650 mV (potential at which the average
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current efficiencies of hydrogen evolution were below the critical
value of the average current efficiency of hydrogen evolution of
10.0%, leading to a change of the hydrodynamic conditions in the
near-electrode layer in this solution).

Finally, the third group includes electrodeposition processes at
800 mV, which are accompanied by an average current efficiency of
hydrogen evolution above the critical value of 10.0%.

The morphologies of the copper deposits electrodeposited at an
overpotential of 550 mV are cauliflower-like and dendritic ones.68

The size of the cauliflower-like particles did not change with in-
creasing temperature, but the size of sub-particles constituting the
cauliflower-like forms which decreased with increasing temperature
of electrodeposition. The decrease of the size of sub-particles with
increasing temperature can be explained by the well-known depen-
dence of the nucleation rate on temperature,69 which was derived by
Volmer and Weber.70

The morphologies of the copper deposits obtained at an over-
potential of 650 mV are shown in Fig. 39, from which the strong
effect of temperature on the electrodeposition of copper at an over-
potential of 650 mV can immediately be clearly seen. Very branched
copper dendrites were formed during electrodeposition at a temper-
ature of 14.0◦C (Fig. 39a). They were constructed of corncob-like
elements (Fig. 39b). This is in accordance with the position of an
overpotential of 650 mV in the limiting diffusion current density
plateau. Dendritic forms were obtained during electrodeposition at
a temperature of 35.0◦C (Fig. 39c) but holes, the origin of which
was attached hydrogen bubbles, were also formed (the part in the
circle in Fig. 39d). The increased hydrogen evolution at a tempera-
ture of 50.0◦C compared to that at 35.0◦C led to a change of the
shape of the copper dendrites, which become similar to cauliflower-
like forms (Fig. 39e) or, probably, degenerate dendrites were formed.
Also, the holes formed due to the attachment of hydrogen bubbles
can be observed in this copper deposit (Fig. 39f). These facts were
unexpected because the current efficiency of the hydrogen evolution
reaction was lower than 10.0%, but it can be explained by the find-
ings of Vogt and Balzer.71 They showed that the bubble coverage of
an electrode surface increased with temperature more than linearly.
Besides, Krenz72 observed an increase in bubble coverage of about
50% as the temperature was raised from 25 to 50◦C.
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Figure 39. Morphologies of copper deposits electrodeposited at an overpotential of
650 mV at temperatures of: (a, b) 14.0 ± 0.5◦C, (c, d) 35.0 ± 0.5◦C, and (e, f)
50.0 ± 0.5◦C. (Reprinted from Ref. 68 with permission from the Serbian Chemical
Society).

The morphologies of the copper deposits electrodeposited at an
overpotential of 800 mV are shown in Fig. 40, from which the strong
effect of evolved hydrogen on the morphologies of copper deposits
is visible. Very porous structures, holes formed due to the attach-
ment of hydrogen bubbles, cauliflower-like forms, and the absence
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Figure 40. Morphologies of copper deposits electrodeposited at an overpoten-
tial of 800 mV at temperatures of: (a) 14.0± 0.5◦C, (b) 35.0± 0.5◦C, and
(c) 50.0± 0.5◦C. (Reprinted from Ref. 68 with permission from the Serbian Chem-
ical Society).

of dendritic forms were the main characteristics of copper deposits
obtained at this overpotential. A decreased number of holes per
square millimeter surface area of copper electrodes and the increased
diameter of the holes with increasing temperature can be observed
from Fig. 40. Also, the portions of the copper structure consisting
of disperse agglomerates of copper grains, among which irregular
channels were formed, increased with increasing temperature of the
solution.

First, it is necessary to note that the decrease of the number
of holes per square millimeter surface area of the copper electrode
with intensification of hydrogen evolution was very surprising. It
is opposed to the already observed phenomena10, 17, 18 when it was
shown that intensification of hydrogen evolution reaction leads to
an increase of the number of holes. Thus, the unexpected develop-
ment of the copper structures with intensification of the hydrogen
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evolution reaction clearly highlights the necessity to take into con-
sideration the effect of temperature on some properties of electro-
plating solution, as well as the already mentioned increased bubble
coverage with the increasing temperature. The properties of an elec-
trolyte of importance in metal electrodeposition processes which are
affected by a change of temperature are the viscosity73 and surface
tension of the electrolyte.71

In Ref. 68 are given the values of the viscosity and surface
tension of a copper solution containing 0.15 M CuSO4 in 0.50 M
H2SO4 at the examined temperatures. As expected, both the viscos-
ity and the surface tension of this solution decrease with increas-
ing temperature. The decrease of the surface tension of the solution
lowers the break-off diameter of hydrogen bubble from the electrode
surface,71 while the decreased viscosity of the solution probably fa-
cilitates the transport of the detached hydrogen bubbles through the
interior of the deposit, thus forming a channel structure through it.
A typical channel structure formed at an overpotential of 800 mV at
a temperature of 50.0◦C is shown in Fig. 41a, while the top view of
this deposit shows that very disperse cauliflower-like agglomerates
of copper grains were surrounded by irregular channels (Fig. 41b).

Hence, increase the temperature led to a redistribution of
evolved hydrogen from those creating a honeycomb-like struc-
ture (holes formed due to the attachment of hydrogen bubbles
with cauliflower-like agglomerates of copper grains between them)
to those making a copper structure with the dominant presence
of cauliflower-like forms and irregular channels between them.

Figure 41. Morphologies of copper deposits electrodeposited at an overpotential of
800 mV at a temperature of 50.0 ± 0.5◦C: (a) the channel structure, and (b) the
top view of the deposit. (Reprinted from Ref. 68 with permission from the Serbian
Chemical Society).



Hydrogen Co-deposition Effects on Copper Electrodeposition 55

This increase of the portion of channel structure to the overall
structure of the deposit in relation to the portion of holes to the
overall structure is probably due to changes of the properties of the
electroplating solution, caused by the dependences of the viscosity
and surface tension of solution on temperature. As a result of this,
the formation of holes becomes less possible and hence large holes
appear only due to the edge effect, as can be clearly seen from
Fig. 40c. It is obvious that the probability of the formation of the
nucleus of such a structure decreases with lowering of the break-off
diameter of the bubbles.

Also, it is necessary to note that increasing the temperature led
to the formation of morphological forms of copper deposits char-
acteristic for electrodeposition at higher overpotentials, probably
because of the increase of bubble coverage with increasing tempera-
ture. The effect of temperature was opposite to those observed with
increasing the concentration of Cu(II) ions,19 when increasing con-
centration of Cu(II) ions led to a the formation of morphological
forms of copper deposits characteristic for electrodeposition at lower
overpotentials.19

5. Analysis of Deposition Conditions with the Aspect
of the Honeycomb-like Structure Formation

It is obvious that the honeycomb-like structures can be considered
as possible electrodes in electrochemical devices such as fuel cells
and sensors due to their very open and porous structure. Analysis of
the effect of different parameters of electrolysis given in this section
enables to be systematized electrodeposition conditions leading to
the formation of this structure type.

The acceleration of electrochemical processes through the
increase of concentration of Cu(II) ions above 0.15 M CuSO4
(in 0.50 M H2SO4) showed an unfavorable effect to the formation of
the honeycomb-like structure due to the formation of dish-like holes
with the higher concentrations of Cu(II) ions.58

The formation of degenerate dendrites (Fig. 37b), a channel
structure around dendritic and cauliflower-like particles (Fig. 37c)
and holes with the shoulders of degenerate dendrites (Fig. 37d)
clearly points out that hydrodynamic conditions in the near-electrode
layer were not changed by electrodeposition of copper from 0.15 M
CuSO4 in 0.125 M H2SO4. This was very surprising having in mind
a relatively high average current efficiency of hydrogen evolution
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of 20.3% by which this deposit was formed. Anyway, it is very
clear that the quantity of evolved hydrogen is not the only parameter
responsible for the formation of the honeycomb-like structures, and
therefore, the analysis of the composition of electrodeposition solu-
tions and electrodeposition conditions is very important. In order to
explain different morphological forms obtained under hydrogen co-
deposition, Fritz equation,74 modified by Stephan,75 for the bubble
break-off diameter at zero current, d0 will be used.

This bubble break-off diameter, d0, can be presented by (13):

d0 = 1.20ϑ

√
γ

g (ρL − ρG)
(13)

where ϑ is contact angle, γ is surface tension, ρL is a density of
liquid phase, and ρG is a density of gaseous phase.

The bubble break-off diameter depends on a current density
and as it was shown by numerous experiments,71, 76, 77 it decreases
with increasing current density. The fact that break-off diameter de-
creases with increasing current density is the result of varying elec-
trode potential which affect the wettability and, hence, the contact
angle supports the conclusion that (13) is a basic relationship to ex-
plain the dependence of the break-off diameter on the current den-
sity. Then, the bubble break-off diameter, d can be presented by
(14):71

d

d0
=

(
1+ 0.2

I/S

Am−2

)−0.45

(14)

where I /S is the superficial current density.
Using (13) and (14) as well as the fact that a contact angle de-

creases with lowering surface tension,78 the formation of morpholo-
gies of copper deposits shown in Figs. 35–37 can be considered as
follows. In Table 4 are given the values for a density and a surface
tension of the examined solutions. As expected,79 the density of cop-
per solutions increased with the increase of concentration of H2SO4,
while the increasing concentration of H2SO4 lowered the surface
tension values of the examined solutions. The use of electroplating
solution with lower surface tension generates more hydrogen bub-
bles during copper electrodeposition,78 which is definitely confirmed
in this investigation. It can be seen from Table 4 that the change of
the density and the surface tension with increasing H2SO4 concen-
tration was less than 5%.
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Table 4.
The values of the density, ρ, and the surface tension, γ , of copper

solutions containing 0.15 M CuSO4 in 0.125, 0.25 and 1.0 M
H2SO4. (Reprinted from Ref. 67 with permission from Elsevier).

Solution for copper Electrodeposition ρ(kg dm−3) γ × 103 (J m−2)
0.15 M CuSO4 in 0.125 M H2SO4 1.033 100.2
0.15 M CuSO4 in 0.25 M H2SO4 1.038 98.7
0.15 M CuSO4 in 1.0 M H2SO4 1.081 97.6

In order to apply (14) to potentiostatic conditions of electrode-
position, an average current density, Iav/S should be taken into con-
sideration. An average current density, Iav/S can be presented by
(15), and it was shown that the average current density increased
with the increasing concentration of H2SO4.67

Iav/S = (1/t)
∫ t

0
idt (15)

Hence, according to (13), the increase of a density and the
decrease of a surface tension of solution lead to a decrease of the
bubble break-off diameter. According to (14) and (15), at the same
deposition overpotential, copper electrodeposition by the higher av-
erage current density in addition decreases the break-off diameter
of hydrogen bubbles. It is very clear from the above consideration
that the contribiution of the average current density to the decrease
of the break-off diameter is larger than the contribution of the den-
sity and the surface tension of the solutions. It can be concluded
that the change of the break-off diameter of hydrogen bubbles with
the change of H2SO4 concentration is consequence of synergetic
effect of electroplating solutions properties and electrodeposition
conditions. Anyway, the analysis of densities and surface tensions
of the examined solutions, as well as the average current densities
of electrodeposition successfully explains the change of the size of
holes formed under the described hydrogen co-deposition conditions
(Figs. 35–37).

Finally, the analysis of the break-off diameter (or the diame-
ter of the detached hydrogen bubble) can give an explanation why
the change of hydrodynamic conditions in the near-electrode layer is
achieved from the copper solution with the lower quantity of evolved
hydrogen (i.e. from 0.15 M CuSO4 in 0.50 M H2SO4 at 800 mV



58 N.D. Nikolić and K.I. Popov

with the quantity of evolved hydrogen corresponding to ηav(H2) of
10.8%, but not from 0.15 M CuSO4 in 0.125 M H2SO4 where the
quantity of evolved hydrogen corresponded to ηav(H2) of 20.3%).

An increase of the density and the lowering of surface tension
of the solution decreases the break-off diameter of bubble ((13) and
(14)), and consequently, reduce the time needed for its detachment
from an electrode surface. After the detachment of hydrogen bubble,
the further electrodeposition process occurs by the formation of new
hydrogen bubbles at an energetically active sites of electrode surface.
A successive processes of the formation of hydrogen bubbles at an
energetically active sites of electrode surface and their ability to rela-
tively fast achieve the critical size for the detachment from electrode
surface, produces an sufficient amount of hydrogen bubbles which
can cause an effective stirring of solution in the near-electrode layer.
This will lead to the decrease of the cathode diffusion layer thick-
ness and the increase of the limiting diffusion current density, and as
a result of this, the change of hydrodynamic conditions in the near-
electrode layer is achieved. In this way, copper structures constructed
of holes and agglomerates of copper grains between them, as well as
without dendritic forms (denoted as the honeycomb-like structure)
are formed.

On the other hand, the use of an electroplating solution of lower
density and higher surface tension increases the break-off diam-
eter of hydrogen bubbles. It means that during electrodeposition
process from such a solution, newly formed hydrogen bubbles co-
alesce primarily with hydrogen bubbles formed in the initial stage of
electrodeposition, increasing their diameter and prolonging a time
needed for their detachment from electrode surface. In this way, the
number of formed hydrogen bubbles will not be sufficient to cause
an effective stirring of solution in the near-electrode layer. As a re-
sult of insufficient change of hydrodynamic conditions in the near-
electrode layer, dendritic growth is not inhibited completely and
degenerate dendrites as well as dendritic particles inside channels
formed of evolved hydrogen were obtained.

The analysis of a number of holes formed per square millime-
ter surface area of copper electrodes and the average diameter of
holes obtained from 0.15 M CuSO4 in 0.50 M H2SO4 at 800 mV
and from 0.15 M CuSO4 in 0.125 M H2SO4 at 1,000 mV confirms
above consideration. The number of holes formed due to the attached
hydrogen bubbles from 0.15 M CuSO4 in 0.50 M H2SO4 at 800 mV
was 10/mm2 surface area of copper electrode,17 while their average
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diameter was approximately 98.7 μm. This number was for about
40% larger than the number of holes formed from 0.15 M CuSO4 in
0.125 M H2SO4 at 1,000 mV. The average diameter of holes formed
from 0.15 M CuSO4 in 0.125 M H2SO4 at 1,000 mV was for about
20% larger than the average diameter of those formed from 0.15 M
CuSO4 in 0.50 M H2SO4 at 800 mV.

Anyway, the results of the performed qualitative consideration
clearly indicate that Fritz equation74 modified by Stephan75 can be
applied for the examination of copper electrodeposition processes
under hydrogen co-deposition in potentiostatic conditions.

The acceleration of electrochemical processes through the in-
crease of a temperature of electrolysis showed an unfavorable effect
to the formation of the honeycomb-like structures.68 The increase of
a temperature leads to the decrease of number of holes because of
the effect of a temperature on some properties of solutions such as a
viscosity and a surface tension.68, 71–73

Hence, the conditions which must be fulfilled in order to get the
honeycomb-like structure are: electrodeposition from the solutions
with lower concentrations of Cu(II) ions (0.15 M CuSO4 and less) in
a concentration range from 0.25 M to 1.0 M H2SO4, at a temperature
of 18.0 ± 1.0◦C and at overpotentials outside the plateau of the lim-
iting diffusion current density at which hydrogen evolution is vigor-
ous enough to change hydrodynamic conditions in the near-electrode
layer. The critical quantity of evolved hydrogen enabling the for-
mation of the honeycomb-like structures under the given electrode-
position conditions corresponds to the average current efficiency of
hydrogen evolution, ηav(H2) of 10.0%.19

The number of craters or holes forming the honeycomb-like
structure increased rapidly with the quantity of evolved hydrogen, as
can be seen from Fig. 42 which shows the dependence of the number
of holes or craters formed due to the attachment of hydrogen bubbles
on the average current efficiency of hydrogen evolution.

V. INFLUENCE OF IONIC EQUILIBRIUM IN THE
CuSO4–H2SO4–H2O SYSTEM ON THE FORMATION
OF IRREGULAR ELECTRODEPOSITS OF COPPER

The most suitable way to analyze the ionic equilibrium in the
CuSO4–H2SO4–H2O system was the examination of electrode-
position processes at overpotentials outside the plateau of the
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Figure 42. The dependence of the number of holes formed due to the attachment
of hydrogen bubbles per square millimeter surface area of copper electrode on
the average current efficiency of hydrogen evolution. (Reprinted from Ref. 19 with
permission from MDPI).

limiting diffusion current density, due to the hydrogen evolution
reaction which occurs parallel to the copper electrodeposition. In
order to do it, two sets of acid sulfate solutions were analyzed. In
one set of experiments, the concentration of CuSO4 was the same
(0.15 M CuSO4), while the concentration of H2SO4 was different
(0.125, 0.25, and 1.0 M H2SO4). The other set of experiments was
performed with a constant concentration of H2SO4 and different
concentrations of CuSO4 (0.075, 0.30, and 0.60 M CuSO4 in 0.50 M
H2SO4). Then, the volumes of the evolved hydrogen (calculated as
the average current efficiencies of hydrogen evolution) and the mor-
phologies of copper deposits obtained at an overpotential of 800 mV
for the same ratio of CuSO4/H2SO4 were mutually compared and
discussed in terms of the relative concentrations of hydrogen ions
(H+) as a function of the H2SO4 concentration.60

The ratios CuSO4/H2SO4 were: 1.2 (for the copper solutions
containing 0.15 M CuSO4 in 0.125 M H2SO4 and 0.60 M CuSO4
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in 0.50 M H2SO4), 0.60 (for the copper solutions containing 0.15 M
CuSO4 in 0.25 M H2SO4 and 0.30 M CuSO4 in 0.50 M H2SO4), and
0.15 (for the copper solutions containing 0.15 M CuSO4 in 1.0 M
H2SO4 and 0.075 M CuSO4 in 0.50 M H2SO4).60

Analyzing the CuSO4/H2SO4 ratio of 1.2 by insight into the
ionic equilibrium of the species in the CuSO4–H2SO4–H2O system
(Fig. 1), where the position of the Cu concentration of 0.15 M can
easily be calculated, it can be noticed that the relative concentration
of H+ ions is larger for the copper solution containing 0.15 M
CuSO4 in 0.125 M H2SO4 than it is for the one containing 0.60 M
CuSO4 in 0.50 M H2SO4. This is confirmed by the larger aver-
age current efficiency of hydrogen evolution from 0.15 M CuSO4
in 0.125 M H2SO4 (4.83%) than from 0.60 M CuSO4 in 0.50 M
H2SO4 (0.66%). The obtained morphologies of the copper de-
posits (Figs. 34a–c and 25e) also were in a good agreement with the
determined average current efficiency of hydrogen evolution and
this ionic equilibrium. The formation of degenerate dendrites from
0.15 M CuSO4 in 0.125 M H2SO4 is the consequence of the larger
quantity of evolved hydrogen from this solution than from 0.60 M
CuSO4 in 0.50 M H2SO4 when copper dendrites only were formed.

A similar consideration can also be applied to the CuSO4/

H2SO4 ratio of 0.60. According to the ionic equilibrium in
CuSO4–H2SO4–H2O system, the relative concentration of H+ ions
is larger for a copper solution containing 0.15 M CuSO4 in 0.25 M
H2SO4 than for one containing 0.30 M CuSO4 in 0.50 M H2SO4.
The experimentally determined average current efficiency of hydro-
gen evolution and the observed morphologies of the copper deposits
(Figs. 34d and 25b–d) were also in good agreement with the cal-
culation of this ionic equilibrium. The presence of dendritic forms
during electrodeposition from 0.30 M CuSO4 in 0.50 M H2SO4 at
800 mV (Fig. 25b) clearly indicates that copper electrodeposition
was accompanied by a smaller quantity of evolved hydrogen from
this solution than from 0.15 M CuSO4 in 0.25 M H2SO4.

Finally, the honeycomb-like copper structures were obtained
with a CuSO4/H2SO4 ratio of 0.15. The honeycomb-like copper
structure was formed from 0.075 M CuSO4 in 0.50 M H2SO4 un-
der more vigorous hydrogen evolution than that formed from 0.15 M
CuSO4 in 1.0 M H2SO4, which is also in agreement with the calcu-
lation of the ionic equilibrium in the CuSO4–H2SO4–H2O system.
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VI. THE SHAPE OF ELECTROCHEMICALLY FORMED
COPPER POWDER PARTICLES AND THEIR

DEPENDENCE ON THE QUANTITY OF EVOLVED
HYDROGEN

In spite of detailed investigations of the formation and properties of
metal powders obtained by electrolysis,13, 22–25 the first report which
considered the effect of hydrogen evolution on the shape of powder
particles was given recently.80

It was found80 that two types of powder copper particles are
formed, depending on the quantity of evolved hydrogen. The first
type is formed with a quantity of evolved hydrogen which is insuf-
ficient to change the hydrodynamic conditions in the near-electrode
layer (ηav(H2) < 10.0%), whereas the second type is formed when
the quantity of evolved hydrogen is sufficient to change the hydro-
dynamic conditions in the near-electrode layer (ηav(H2) > 10.0%).

The first type of copper powder particles is shown in Fig. 43a.
These particles were obtained by tapping the copper deposit obtained
by electrodeposition from 0.15 M CuSO4 in 0.50 M H2SO4 at an
overpotential of 700 mV which was accompanied by ηav(H2) of
1.97%.10 It can be seen from Fig. 43a that the copper particles were
highly branched dendrites. The typical branchy from which these
powder particles are constructed is presented in Fig. 43b.

The basic element from which this type of powder particles
is constructed was obtained by a treatment of the copper powder

Figure 43. SEM photomicrographs of copper powder particles obtained by elec-
trodeposition from 0.15 M CuSO4 in 0.50 M H2SO4, at an overpotential of 700 mV:
(a) dendritic particle, and (b) the detail from Fig. 43a. (Reprinted from Ref. 80 with
permission from Elsevier).
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Figure 44. SEM photomicrographs of copper powder particles shown in Fig. 43
after treatment in an ultrasonic field: (a, b) the basic elements of the dendritic
particles, and (c) the micro structure of the basic element. (Reprinted from Ref. 80

with permission from Elsevier).

particles shown in Fig. 43 in an ultrasonic field. The resulting
particles are shown in Fig. 44. From Fig. 44a, b, it can be seen that
the particles obtained had a corncob-like structure. They all took
the form of branches of dendrites but, although they had the same
surface structure, a difference in their size was noticeable. Analy-
sis of these branches at the micro level revealed that the branches
consisted of agglomerates of copper grains (Figs. 43b and 44c).

According to Wranglen,81 a dendrite consists of a stalk and
branches (primary, secondary, etc.). It is obvious from Figs. 43
and 44 that the corncob-like elements forming the branches consti-
tute the dendritic character of these particles. These corncob-like
elements can be grouped in different forms of dendritic particles
or alternatively can be formed individually at the electrode surface.
This can easily be seen from Fig. 45, which shows disperse deposits
immediately before they were tapped from the electrode surface.
They were all obtained by electrodeposition processes when the
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Figure 45. SEM photomicrographs of the copper powder deposits obtained by elec-
trodeposition at an overpotential of 650 mV from: (a) 0.075 M CuSO4 in 0.50 M
H2SO4; (b, c) 0.30 M CuSO4 in 0.50 M H2SO4. (Reprinted from Ref. 80 with per-
mission from Elsevier).

quantities of evolved hydrogen were below the critical value for a
change in the hydrodynamic conditions in the near-electrode layer.
Figure 45a shows the powder deposit electrodeposited at an overpo-
tential of 650 mV from 0.075 M CuSO4 in 0.50 M H2SO4 (ηav(H2)
was 7.5%),19 whereas Fig. 45b, c shows the powder deposits elec-
trodeposited at the same overpotential but from 0.30 M CuSO4 in
0.50 M H2SO4 (ηav(H2) was 0.83%).19 The electrodeposition pro-
cess which led to the formation of the highly branched dendritic
particles was controlled by the diffusion of ions to the electrode
surface, rather than electron transfer control.13

The powder particles belonging to the second type are shown
in Fig. 46a. They are obtained by tapping the copper deposit elec-
trodeposited from 0.15 M CuSO4 in 0.50 M H2SO4 at an overpo-
tential of 1,000 mV at which the electrodeposition of copper was
accompanied by vigorous hydrogen evolution, corresponding to
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Figure 46. SEM photomicrographs of copper powder particles obtained by elec-
trodeposition from 0.15 M CuSO4 in 0.50 M H2SO4, at an overpotential of
1,000 mV: (a) sponge-like particle, and (b, c) Part (A) and Part (B) details from
Fig. 46a. (Reprinted from Ref. 80 with permission from Elsevier).

ηav(H2) of 30.0%.10 These powder particles were sponge-like and
the difference between them and those formed when the quantity of
evolved hydrogen was below the critical value for a change in the
hydrodynamic conditions (Figs. 43–45) is clear. For this reason, fur-
ther analysis of these particles is necessary. The parts of the powder
particle denoted with Part (A) and Part (B) in Fig. 46a are shown
at higher magnifications in Fig. 46b, c, respectively. It can be seen
from Fig. 46b that these particles actually have a cauliflower-like
structure. In Fig. 46c, a porous, channel structure through the in-
terior of the powder particle can be seen. These channels were
generated in situ by the simultaneous processes of the formation of
copper particles and vigorous hydrogen evolution.

The basic element from which this type of powder particles
is constructed was obtained by treatment of the particles shown in
Fig. 46a in an ultrasonic field. Figure 47 shows the particles obtained
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Figure 47. SEM photomicrographs of copper powder particles shown in Fig. 46
after treatment in an ultrasonic field: (a, b) the basic elements of the sponge-like
particles, and (c) the micro structure of the basic element. (Reprinted from Ref. 80

with permission from Elsevier).

after treatment in an ultrasonic field. It can be seen that the structure
of the basic element of which these powder particles are com-
posed was completely different to that obtained when the amount
of evolved hydrogen was below the critical value for a change in the
hydrodynamic conditions in the near-electrode layer. In this case,
corncob-like structures were not formed. The particles obtained had
irregular shapes and had the appearance of degenerate dendrites.
This shape is obviously caused by the vigorous hydrogen evolu-
tion, or hydrogen stream, which prevents the growth of the copper
deposit in one direction, resulting in particles with a curvilinear
form. Agglomerates of copper grains can also clearly be seen in
these powder particles (Fig. 47b, c).

Although the powder particles obtained with evolved hydrogen
below and above the critical value for a change in the hydrodynamic
conditions were very different at the macro level, their similarity at
the micro level is very clear. Both types of powder particles consisted
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of agglomerates of copper grains. The only difference lay in the size
of the individual copper grains of which these agglomerates were
constituted – that is, the individual copper grains obtained at an over-
potential of 1,000 mV were considerably smaller. This difference
can be explained by the higher nucleation rate at an overpotential
of 1,000 mV than at an overpotential of 700 mV.

The mechanism of electrodeposition of copper under intensive
hydrogen evolution is completely different from that which led to the
formation of dendritic particles. The quantity of evolved hydrogen
corresponding to an average current efficiency of hydrogen evolution
of 30.0% was sufficient to cause mixing of the solution in the near-
electrode layer, decreasing the cathode diffusion layer thickness and
increasing the limiting diffusion current density. The formation of
this type of powder particle can be successfully explained by the
concept of “effective overpotential.”10
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68 N.D. Nikolić and K.I. Popov

9K. S. Pitzer, Activity Coefficients in Electrolyte Solutions, 2nd edition, CRC, Boca
Raton, FL (1991).
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23K. I. Popov and M. G. Pavlović, in Modern Aspects of Electrochemistry, Vol. 24,

Ed. by R. W. White, J. O’M. Bockris, and B. E. Conway, Plenum Press, New York
(1993) 299–391.
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(1994) 47.
63L. Barton and J. O’M. Bockris, Proc. R. Soc. A268 (1962) 485.
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I. INTRODUCTION

Platinum single crystals decorated with noble metal nanoislands
have found increasing applications as model systems for highly
active fuel cell catalysis due to their enhanced electrocatalytic prop-
erties.1, 2 Pt single crystals modified with Ru nanoislands were
particularly explored due to the high catalytic efficiency of PtRu
bimetallic electrodes with respect to the removal of CO poisoning
during methanol oxidation.1–4 The precise geometry of the Ru-
modified Pt single crystals, acquired by the use of both ex situ5–8

and in situ scanning tunneling microscopy (STM)2–9 techniques,
enabled fundamental investigations of their activity from the struc-
tural perspective.2, 5 Comprehensive in situ STM studies of Au
single crystals decorated with Ru nanoislands were also undertaken
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in order to elucidate the catalytic behavior of ruthenium nanois-
lands,9–14 since the Au substrate alone was much less active towards
CO adsorption or oxidation.15

Most of the Pt or Au single crystal-based model bimetallic elec-
trodes were prepared by electrochemical deposition2, 10–13 or sponta-
neous deposition.1, 3–9, 14, 16–24 The spontaneous deposition method
has several important advantages: it is simple, yields structurally
heterogeneous surfaces decorated with three-dimensional nanois-
lands, and provides an excellent way for adjusting the coverage of
the foreign metal nanoislands in a submonolayer deposition regime.
Utilizing a “multiple spontaneous deposition” method can yield
surfaces with high coverage values by repetition of the exposure to
the depositing metal ion solution.17

Spontaneous deposition of other metal nanoislands on Pt and
Au single crystal substrates has also been reported. For instance,
Os deposition on single crystal platinum electrodes was studied by
both ex situ6, 7, 18 and in situ STM.19, 20 In addition, in situ STM
studies of the spontaneous depositions of Os,21, 22 Pt,23, 24 and Sn25

on Au(111) single crystal as well as Pt on Ru(0001)26 and Pb on
Ru(0001)27 were also carried out.

The oxidation state of the spontaneously deposited metal
nanoislands is an important issue for interpreting the electrocatalytic
activity of the bimetallic electrodes. For that, in situ X-ray photo-
electron spectroscopy (XPS) was used to determine the electrode
potential-dependent oxidation state of Ru28 and Os29 nanoislands
spontaneously deposited on Pt(111). XPS data concerning the oxi-
dation state of spontaneously deposited Pt on Au(111)23 and Ru and
Ir on Ru(0001) were reported.30

In this chapter, we present results obtained in two laborato-
ries: Institute for Surface Chemistry and Catalysis, Ulm University
and Department of Chemistry, University of Illinois at Urbana-
Champaign. An overview of the fundamental electrochemical and
structural properties of selected bimetallic electrodes obtained by
both electrochemical and spontaneous deposition is reported. The
chapter is organized as follows. A brief description of the elec-
trode preparation for in situ STM9 and electrode characterization is
given first. This is followed by a presentation of a variety of surface
morphologies obtained by the electrochemical deposition of Ru on
Au(111) over a wide potential region.11, 12 Next, a wide range of sur-
face morphologies of some other selected bimetallic single crystal
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electrodes, namely those obtained by the spontaneous deposition of
Os on Au(111)21, 22 as well as Ru9, 16 and Os9, 19 on Pt(111) single
crystal surfaces, are reported. The significance of the spontaneous
deposition method leading to the formation of surface structures that
cannot be obtained by other methods is highlighted. Finally, a sum-
mary of the electrocatalytic activity of selected bimetallic surfaces
towards CO oxidation9, 12, 22 and other small organic molecules19, 31

relevant for use in fuel cells is provided.

II. PREPARATION AND CHARACTERIZATION
OF Me/Au(111) AND Me/Pt(111) SURFACES

1. Au(111) and Pt(111) Single Crystal Preparation for In Situ
STM Measurements

Electrochemical STM appears to be a superior technique for stud-
ies of electrode–electrolyte interface in surface electrochemistry. In
situ measurements are explored to acquire surface topography in-
formation during an electrochemical process, which enables the as-
sessment of direct information about the surface structure of an
electrode at a certain potential or about changes of the structure
with potential. In situ STM is a superior technique for studies of
surface structure and its changes with electrode potential and the
electrode processes that occur at certain potentials. For instance,
the most studied processes in the electrochemistry of single crystal
electrodes were: the structure of chemisorbed inorganic and organic
species, metal deposition, electrode surface reconstruction and an-
ion adsorption, and their relation to the electrocatalytic activity of
the investigated electrodes. These studies are described in several
comprehensive reviews.32–34 In situ STM measurements were used
to obtain the results that will be presented in this chapter.

Before each measurement, single crystals were first elec-
trochemically polished35 and then flame annealed for several
minutes, cooled down, and either immersed into an external elec-
trochemical cell for cyclic voltammetry (CV) characterization or
mounted into an electrochemical cell of an STM. For both CV and
in situ STM results, sample potentials were measured and presented
vs. Ag/AgCl reference electrode.

For instance, for in situ STM measurements with Au(111)
crystal, the crystal was contacted with the solution under pote-
ntial control and images were recorded at a chosen potential.
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Figure 1. Characterization of the initial Au(111) surface in 0.5 M H2SO4: (a) CV
in the double layer potential region; (b) the upper STM image (285 × 285 nm2)

shows a smooth area, while the lower one (140× 140 nm2) shows a highly stepped
surface area. The images are recorded in 0.5 M H2SO4 at the open circuit potential.
Reprinted from Ref. 16 with permission from Elsevier.

A representative CV and in situ STM images of the initial Au(111)
surface in 0.5 M H2SO4 are given in Fig. 1.16 The CV in the dou-
ble layer potential region (Fig. 1a) shows the typical features of a
clean Au(111) surface in sulfuric acid solutions.36–38 At potentials
negative to 0.3 V, the Au(111) surface is reconstructed and the peak
at 0.3 V is associated with a lifting of the reconstruction via sulfate
adsorption. Sulfate adsorption occurs over a wide potential region
up to the beginning of oxide formation and the peak at approxi-
mately 0.80 V is associated with the formation of an ordered sulfate
adlattice. STM images obtained in sulfuric acid solution at the open
circuit potential show the unreconstructed Au(111) surface consist-
ing of 100–200–nm-wide terraces (Fig. 1b, top image) and a highly
stepped surface area with terrace widths of 2–10 nm (Fig. 1b, bottom
image).
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The integrity of the order of a platinum single crystal surface is
highly sensitive to oxygen chemisorption and concomitant surface
oxidation.39 This creates difficulty when using STM due to the
time it takes to mount the crystal in the STM cell after the flame
annealing,40 and the surface may disorder rapidly before the STM
images are taken. To prevent such disordering, as well as to eliminate
other possible platinum contaminations, a procedure based on sur-
face protection by I− adsorption41 modified in a way which enables
the crystal to be mounted in the STM cell while still maintaining
the crystallographic long-range order and cleanness of the crystal
surface was proposed.9 First, the crystal is annealed in a hydro-
gen flame and cooled in hydrogen–argon atmosphere.40 The crystal
is subsequently protected by a drop of deaerated water and trans-
ferred to a 1 mM KI solution, where I− adsorbs on the Pt forming an
iodine adlayer which protects against platinum oxidation and con-
tamination. Subsequently, the I-protected crystal is safely mounted
in the STM cell. A CO-saturated sulfuric acid solution is then ad-
mitted to the electrochemical STM cell and the potential is held at
−0.1 V for 10 min to displace the iodide with carbon monoxide.42

The CO-saturated solution is replaced with clean sulfuric acid while
still under electrode potential control, and subsequently the surface
is scanned to 0.75 V in order to strip the surface of CO without caus-
ing surface disorder.42–44

The CV obtained after CO stripping (Fig. 2a) depicts the char-
acter of a clean, well-ordered Pt(111) substrate, with relatively “flat”
hydrogen adsorption/desorption regions, a well-defined and sharp
peak at ca. 0.22 V corresponding to sulfate adsorption on the (111)
surface sites, and a small oxidation and reduction peak at 0.48 and
0.44 V, respectively. All these voltammetric features indicate that the
Pt surface had maintained the proper purity and crystallographic
order. After mounting the Pt(111) crystal in the STM cell, the
surface was characterized by imaging at 0.1 V in 0.1 M H2SO4
(Fig. 2b). A typical STM image of the Pt(111) surface exhibits
large terraces (ranging from 50 to 150 nm width) with monoatomic
steps. The image demonstrates the absence of surface islands, which
is characteristic of the absence of detectable contaminations and
oxides.
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Figure 2. (a) Cyclic voltammogram of clean Pt(111) obtained after CO stripping in
0.1 M H2SO4 at a sweep rate of 50 mV/s; (b) STM image (100 × 100 nm2) of the
clean Pt(111) surface; the image was recorded in 0.1 M H2SO4 at 0.1 V. Reprinted
from Ref. 9 with permission from Elsevier.

2. In Situ STM Imaging of the Au(111) and Pt(111) Single
Crystals Decorated with Metal Nanoislands

Decoration of the as prepared Au(111) and Pt(111) single crystal
surfaces with the chosen metal nanoislands was performed in the
electrochemical STM cell. The electrolyte containing the metal ions
to be deposited was contacted with the surface under a potential con-
trol: either at the chosen deposition potential in the case of electro-
chemical deposition or at the open circuit potential in the case of
spontaneous deposition. After the deposition had been performed for
a chosen deposition time, the electrolyte was exchanged with a pure
sulfuric acid solution while keeping the potential control and STM
images were recorded. Independent STM images were obtained for
various deposition times, while for multiple deposition, the subse-
quent depositions and imaging were performed. Coverage on terrace
areas was estimated as the fraction of the substrate surface area cov-
ered by overlayer structures in STM images, while coverage of steps
was estimated as the fraction of step length touched by deposited
metal nanoislands.

During the imaging, it was observed that the size as well as the
oxidation state of the deposited metal nanoislands depended on the
electrode potential.12 In addition, interference of the tip and the de-
posited nanosized islands was found at higher potentials close to
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the OCP. The deposited nanoislands are disturbed or moved by the
tip and the islands may aggregate during prolonged scanning at the
edges of the scanning area. This interference can be explained by
a weakening of the bond between the deposited nanoislands and
the single crystal substrate due to their partial oxidation at higher
electrode potentials. Therefore, the electrode potential at which the
images were taken was in the range −0.1 to 0.1 V, i.e., sufficiently
negative to be sure that only metallic nanoislands were present on
the surface.

III. ELECTROCHEMICAL DEPOSITION
OF Ru ON Au(111)

1. The Electrodeposition of Ru on Au(111) Observed
by Cyclic Voltammetry

The electrochemical deposition of Ru on an Au(111) surface was
performed at various constant deposition potentials for a chosen
deposition time and the obtained Ru/Au(111) surfaces were char-
acterized by CV after the electrolyte had been changed to pure
0.1 M H2SO4 solution.12 As an example, the CVs of Ru/Au(111)
obtained after the electrodeposition of Ru at 0.0 V for 10 min are pre-
sented in Fig. 3a. Under these conditions, a saturation coverage close
to a full coverage of the Au(111) surface by the deposited Ru was
obtained (see below). The first sweep obtained in the potential limits
from 0.2 up to 0.6 V was similar to those obtained under the same
conditions on bulk Ru45 and on Ru(0001) electrodes.46 Compared
to the initial Au(111), the CV of which is shown by the dotted line
in Fig. 1a, the obtained Ru/Au(111) surface was characterized by an
enlarged double layer current and a broad anodic peak at 0.3 V and
three overlapping cathodic peaks between 0.35 and−0.1 V. With the
increase of the upper potential limit, the anodic current increased,
while the broad cathodic peak changed significantly. According to
CV studies of Ru deposition on Pt(poly)47, 48 and on Pt single crys-
tals,4 and XPS studies on Pt(111),28 these features are associated
with the presence of deposited Ru in various oxidation states de-
pending on the potential; this will be addressed in more detail below.
Upon sweeping the potential further to 1.1 V, the deposited Ru began
to dissolve. After about ten sweeps to the potential of Au oxidation,
the deposited Ru was almost completely removed and the initial
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Figure 3. Cyclic voltammograms of: (a) a Ru monolayer on Au(111)
prepared by 10-min deposition at 0.0 V in 2×10−4 M RuCl3+0.1 M
H2SO4; (b) Ru deposition on Au(111) directly after immersion at
0.9 V. The solid, dashed, and dashed-dotted lines correspond to the
first negative sweep and the second and third potential cycles, re-
spectively. For comparison, the CV of the bare Au(111) surface in
0.1 M H2SO4 is shown (dotted line). The sweep rate was 10 mV/s.
Reprinted from Ref. 12 with permission from Elsevier.

voltammogram of the Au(111) surface was restored. Since the Ru
deposit consisted of a mixture of Ru species having various oxida-
tion states and, moreover, Ru dissolution was accompanied with O2
evolution on the deposited Ru and with the oxidation of the under-
lying Au(111) substrate, an estimation of the Ru coverage was not
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possible, either from the double layer charge or from the dissolution
stripping charge. Therefore, the Ru coverage was more accurately
estimated from STM measurements, as demonstrated below.

The Ru deposition process itself was characterized by record-
ing CVs in a Ru-containing solution during a potential scan starting
from the initial value of 0.9 down to −0.2 V and then back to 0.9 V
as shown in Fig. 3b. A closer examination of the electrodeposition of
Ru on Au(111) shows that Ru is deposited not only at potentials neg-
ative to the Ru2+/Ru0 Nernst potential (0.135 V for 10−4 M RuCl3)
but also at higher potentials up to the onset of Au oxidation, although
only to a limited extent.

Immediately after the immersion of the electrode at 0.9 V and
scanning the potential in the negative direction, a broadening of
the double layer region compared to the initial Au(111) surface
(presented by the dotted line in Fig. 3b) was observed. After that,
the current density increased reaching a plateau at 0.4 V. A further
increase of the current occurred only at potentials negative to the
Nernst potential, exhibited a peak at −0.1 V. As will be shown be-
low, at potentials higher than the Nernst potential, Ru species are
deposited in submonolayer amounts, achieving a saturation cover-
age which is associated with the current plateau. Completion of a
monolayer occurs at potentials lower than the Nernst potential down
to −0.2 V. Only at potentials lower than −0.2 V, does a bulk Ru de-
position occur, which is further verified by an increase in the oxide
formation peak in the second sweep.

At potentials lower than the Nernst potential, the deposited Ru
species consisted mainly of metallic ruthenium.4 In addition, certain
amounts of ruthenium oxides, RuO2 and even RuO3, were detected.
This indicates that deposition at lower potentials involved the depo-
sition of metallic Ru, most probably according to the reactions:

RuO2+ + 2H+ + 4e→ Au-Ru0 + H2O (1)

or
Ru3+ + 3e→ Ru0 (2)

With an increase of the potential, the amount of metallic Ru
decreases, while the amount of Ru oxides increases, particularly
high-valence ruthenium(VI) oxide (RuO3). At the potential higher
than 0.6 V, only ruthenium oxides and no metallic Ru are detected
by XPS.28
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The formation of RuOH and RuO during electrochemical
deposition was ascribed to the presence of RuO[(H2O)4]2+ and
formation of RuO2,ads on the surface and its further evolution ac-
cording to the reactions:

RuO2+ + H+ + A− + 2e→ RuOH+ A (3)

and
RuO2,ads + 2H+ + 2e→ RuOads + H2O (4)

or directly

RuO[(H2O)4]2+ + A− + e→ RuOads + A+ 4H2O (5)

This would explain the high open circuit potential of 0.63 V es-
tablished after the deposition. The Ru coverage is strongly depen-
dent on the potential of its deposition and the Cl− ion activity.47–49

Increasing the Cl− ion activity induces a negative shift in the poten-
tial at the beginning of Ru deposition. The rate of charge transfer
is related to transport processes and adsorption. For these reasons,
the Ru ions have enough time to diffuse without discharge. Hence,
instead of bulk deposition, mostly an adsorbed layer is formed.

2. The Electrodeposition of Ru on Au(111) Observed
by In Situ STM

At potentials negative to 0.15 V, Ru was deposited at a reconstructed
surface of gold.11 The Ru-containing electrolyte (10−4 M RuCl3 +
0.5 M H2SO4) was contacted with the surface under a potential con-
trol in order to preserve the reconstruction and the deposition was
performed for the chosen deposition times. Subsequently, the elec-
trolyte was changed to pure 0.5 MH2SO4 solution while keeping the
potential control and STM images were recorded. The STM images
shown in Fig. 4a–d were obtained after the deposition had been per-
formed for 30, 60, 120, and 180 s at 0.0 V, producing Ru/Au(111)
surfaces with an estimated Ru coverage of 0.07, 0.3, 0.5, and 0.7 ML,
respectively. For the relatively low Ru coverage of 0.07 ML (Fig. 4a),
the average height of the deposited Ru islands was 0.22 nm, consis-
tent with predominantly monolayer high islands, while the average
width of the deposited islands was 0.74 nm. The two-dimensional
(2D) Ru islands were aligned along recognizable directions, thus
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Figure 4. STM images of Au(111) recorded in 0.5 M H2SO4 at 0.0 V, after Ru
deposition from 10−4 M RuCl3 + 0.5 M H2SO4 for: (a) 30 s, coverage 0.07 ML
(82 × 82 nm2); (b) 60 s, coverage 0.30 ML (82 × 82 nm2); (c) 120 s, coverage
0.55 ML (73×73 nm2); (d) 180 s, coverage 0.7 ML (82×82 nm2). Reprinted from
Ref. 11 Copyright (1999) by The American Physical Society.

forming island arrays. The distance between neighboring island ar-
rays was 6.5 nm, which corresponds to the distance between neigh-
boring double rows on a reconstructed Au(111) surface, indicating
that the deposited Ru islands were arranged along the rows of a re-
construction. In addition, three different elongations of the island ar-
rays were observed, corresponding to deposition at three differently
oriented hyperdomains of the reconstruction.
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With increasing coverage up to 0.3 ML, only further arrangement
of approximately the same sized deposited islands along the rows of
reconstruction occurred (Fig. 4b). The fact that the mean size of Ru
islands did not change despite an increase in the surface coverage
by a factor of 4 is characteristic of the so-called pure nucleation
regime, where additional deposition predominantly results in the
formation of new nuclei. A further increase of the coverage up to
0.5 ML (Fig. 4c) led to the transition from nucleation to growth.

This was accompanied by a considerable increase in the average
island size. Most islands were one layer high, although the growth
of a second layer was also observed with islands nucleating on top
of densely populated areas of the first layer. A further increase of
the coverage up to 0.7 ML (Fig. 4d) led to exclusively island growth
in the first layer. In the second layer, only the density of the islands
increased, but their coalescence and growth still did not occur. Thus,
the last two images (Fig. 4c,d) showed pure growth or steady-state
regime, where the island density had saturated. STM images of the
above-obtained deposits were also recorded at higher potentials, in
order to observe the changes upon oxidation of the Ru islands. Im-
ages of the deposit shown in Fig. 4c,but obtained at various electrode
potentials, are presented in Fig. 5. A break in orderliness and subse-
quent rearrangement of the Ru islands was observed at potentials
higher than 0.3 V. With a further increase of the potential up to 0.9 V,
an enlargement of the Ru islands due to their oxidation was observed
(Fig. 5d). After a potential excursion to the region of oxide forma-
tion of gold (up to 1.45 V) and back to the oxide reduction potentials,
the recorded STM image indicated a partial removal of Ru from the
surface. After about ten sweeps, the Ru had been almost completely
removed from the surface.

By following the morphological changes of the deposited Ru
islands with the electrode potential, starting from the pure metallic
phase at 0.0 V, it was found that a noticeable increase in the size
of the deposited Ru islands began at 0.6 V, which is attributed to
the formation of Ru oxide/hydroxide species. It was also found that,
on increasing the potential, the fraction of Ru oxide species on the
surface increased, leading to a significant change in the morphology
of the deposit.

The electrochemical deposition of Ru at potentials positive to
the Nernst potential, when the reconstruction of the underlying
Au(111) surface had been partly or completely lifted, is illustrated
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Figure 5. STM images (140 × 140 nm2) showing the rearrangement and oxidation
of Ru islands from Fig. 4c, with increasing the electrode potential from 0.0 V to:
(a) 0.3 V; (b) 0.6 V; (c) 0.8 V; and (d) 0.9 V. Reprinted from Ref. 12 with permission
from Elsevier.

by the STM images given in Fig. 6. For the deposition at 0.5 V, a
uniform cluster size and a random distribution of the islands were
obtained (Fig. 6a). For the deposition at 0.3 V, a nonuniform cluster
size and a random distribution of clusters with a slight decoration
of the steps were obtained (Fig. 6b). The coverage of the substrate
was slightly higher than in the previous case. For the deposition at
0.1 V, a high coverage of the substrate with Ru and a nearly homo-
geneous distribution of the islands were obtained (Fig. 6c). The Au
islands obtained after lifting of the reconstruction are clearly rec-
ognized. It should be pointed out that the coverage obtained for a
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Figure 6. STM images (120×120 nm2) of Au(111) recorded in 0.5 M H2SO4 after
Ru was deposited from 10−4 M RuCl3+0.5 M H2SO4 up to a saturation coverage at
various positive potentials: (a) E = 0.5 V, t = 30 min, image recorded at 0.0 V, cov-
erage 0.25 ML, (b) E = 0.3 V, t = 3 min, recorded at 0.3 V, coverage = 0.35 ML,
(c) E = 0.1 V, t = 1 min, recorded at 0.1 V, coverage = 0.38 ML. Reprinted from
Ref. 12 with permission from Elsevier.

deposition time of 3 min corresponded to the saturation coverage for
the given deposition potential, since the coverage did not change on
prolonging the deposition time up to half an hour.

IV. SPONTANEOUS DEPOSITION OF Ru ON Au(111)

Upon immersion of the Au(111) single crystal electrode in the
Ru-containing solution (1 mM RuCl3 in 0.5 M H2SO4), an imme-
diate increase in the OCP value from 0.38 to ca. 0.72 V was ob-
served, followed by a slow increase with increasing immersion time,
as shown in Fig. 7a.16 This shift of the open circuit potential to
higher values was most likely due to the reduction of Ru4+ an-
ions from RuO[(H2O)2]2+ to either Ru3+ or Ru0. In parallel, the
RuO[(H2O)2]2+ species were dehydrated to RuO2. These surface
reactions were followed by a catalytic disproportionate reaction, in
which RuO2 (or adsorbed RuO[(H2O)2]2+) yields Ru0 and RuO3.
The outcome was an adsorbate comprising Ru0, RuO2 and RuO3, as
confirmed by XPS measurements on platinum.28 This is in accor-
dance with the assumption that deposited Ru islands at the potential
corresponding to the OCP are partly oxidized. The assumption was
made based on the above-described in situ STM results of electro-
chemically deposited Ru on the Au(111) surface.
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Figure 7. (a) Plot of the OCP vs. time of the Au(111) surface immediately upon
immersion in the 1 mM RuCl3 + 0.5 M H2SO4 solution; (b) cyclic voltammo-
grams in 0.5 M H2SO4 of the Ru/Au(111) surface prepared by Ru deposited for
30 s (dotted line), 3 min (dashed line), and 3× 2 repetitive depositions for 3 min
each (dashed-dot-dot-dashed line). The sweep rate was 50 mV/s. Reprinted from
Ref. 16 with permission from Elsevier.
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The cyclic voltammograms of the Ru/Au(111) electrodes
obtained in sulfuric acid solution, after Ru had been spontaneously
deposited for the given deposition times, and the potential cycled
from−0.1 to 0.85 V in order to reduce the ruthenium oxide species,
are shown in Fig. 7b. The formation of an ordered sulfate adlayer
did not occur on the Au(111) surfaces covered by ruthenium, as
can be seen by the dramatic suppression of the peak at 0.8 V (see
Fig. 1a). This indicates that the formation of a ruthenium deposit ir-
reversibly disrupted the long-range order processes. The thresholds
for the oxidation of metallic ruthenium on the positive-going sweep
and for the reduction of ruthenium oxide on the negative sweep are
at around 0.3 V. As hydrogen does not adsorb readily on gold, the
hydrogen adsorption current is absent. When ruthenium is deposited
on the surface, a hydrogen evolution current was observed at an
approximately 50 mV more positive potential. However, the capac-
itive current in the potential range from ca. −0.1 to 0.12 V did not
noticeably increase on increasing the ruthenium coverage from 0.0
to approximately 0.6 ML, showing that no hydrogen was adsorbed
on metallic ruthenium deposited on gold.

The STM images of the same Ru/Au(111) surfaces, recorded
under potential control after the electrolyte had been replaced with a
0.5 M H2SO4 supporting electrolyte, are shown in Fig. 8. The STM
images revealed that Ru islands were formed preferentially along
the substrate steps. The Ru islands were also formed on the terraces,
however, to a smaller degree. This is seen even as the deposition time
was increased, i.e., the Ru islands tend to saturate the step edges.
For a deposition time of 3 min, saturation coverage of the steps was
achieved, as demonstrated in Fig. 8a, b, which shows several terraces
separated by mono-atomically high steps. Step decoration was also
observed during the electrodeposition of Ru on an Au(111) surface
in HCl solution at a low Ru concentration and at a low electrode
potential.50 The coverage of the flat terraces of the Au(111) sur-
face was ca. 5%, while the coverage of the steps appeared to be
much higher. The coverage of steps corresponds to the amount of
Ru islands contacting the edge of a step per unit step length, i.e., the
number of deposited Ru islands per unit step length multiplied by
the average island diameter. The average diameter of the mainly 2D
deposited Ru islands was 1.5 nm, similar to the size observed after
electrochemical deposition of ruthenium on Au(111).11 The satu-
ration coverage of the steps was 38% and the total coverage for a
deposition time of 3 min was ca. 20%.
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Figure 8. STM image of Ru/Au(111) recorded at 0.1 V in 0.5 M H2SO4 after Ru
had been spontaneously deposited from 1 mM RuCl3+0.5 M H2SO4 for: (a) 3-min
210×210 nm2 image of a flat surface; (b) 100×100 nm2 image of a highly stepped
area; (c) 3×3 min 450×450 nm2 image of a flat surface; (d) 320×320 nm2 image
of a highly stepped area. Reprinted from Ref. 16 with permission from Elsevier.

Once the saturation coverage of Ru on Au(111) had been
achieved, it was possible to increase it further using a multiple spon-
taneous deposition method.17 After the first deposition, the crystal
was held at 0.1 V in H2SO4 to reduce Ru oxide, then the solution
was replaced at the OCP with a ruthenium-containing solution and
the deposition was performed for another 3 min, without removal
of the deposited ruthenium from the previous deposition. STM
images obtained after three consecutive depositions of 3 min each
are shown in Fig. 8c, d.16 An increase in the number of Ru islands
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deposited on the steps, as well as an increase in the size of the
islands (5–10 nm), was observed. The total coverage obtained was
estimated at 35–40%, well above the coverage of 20% obtained by
a single 3-min deposition. Notice that these islands now consist of
two to four monolayers. Figure 8c reveals that certain areas of the
electrode had higher coverage values than others, as can be seen by
comparing the left side of the image to the right. It was noticed that
the terrace coverage increased on the lower terraces. When analyz-
ing the Ru coverage by section, the left side (lower terraces) had
coverage close to 55%, while the coverage of the right side (higher
terraces) was calculated to be 20–25%. In Fig. 8d, an image obtained
while scanning over a stepped part of the surface is given to illustrate
that the step edges were still the predominant nucleation sites.

Anions from the Ru-containing solution play a significant role
in the spontaneous deposition process, influencing the coverage as
well as the size of the deposited Ru islands. The STM images
presented in Fig. 9 of Ru/Au(111) surfaces prepared by sponta-
neous Ru deposition from a perchlorate-containing solution (1 mM
RuCl3 + 0.1 M HClO4), were obtained for deposition times of 30 s
(Fig. 9a) and 3 min (Fig. 9b, c). The Ru islands were generally larger
than those formed during deposition from a sulfate solution and
grew in size with increasing deposition time. For an exposure time
of 30 s, the island size was 4–6 nm, the step coverage was approx-
imately 25%, while the total coverage was only 15%. The islands
were predominately two layers high, although some islands consisted
of up to four monolayers. In Fig. 9b, arrays of individual and dis-
tinguished islands were observed. The islands were densely packed
along the steps, indicating that full step coverage had been achieved
after 3 min of the deposition. While the density of islands on the ter-
races did not increase significantly with deposition time, the size of
the islands was higher, namely 6–10 nm.

The step decoration obtained during spontaneous deposition of
Ru on the Au(111) surface indicates that the steps were the active
sites for the chemical reactions involving the formation of solid
RuO2 species and subsequent chemical disproportionate reaction
discussed above. This reveals that, for a particular concentration of
the solution, the density of the steps is the main factor determin-
ing the Ru coverage. A higher density of steps or active sites can
be achieved either by multiple deposition, whereby the deposited
Ru islands take over the role of active sites in the deposition (see
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Figure 9. STM images of Ru-modified Au(111) recorded at 0.1 V in 0.5 M H2SO4
after Ru had been spontaneously deposited from 1 mM RuCl3 in 0.1 M HClO4 for:
(a) 30 s (330 × 330 nm2); (b) 3 min (360 × 360 nm2); (c) 3 min (230 × 230 nm2),
obtained on a highly stepped area of the Au(111) surface. Reprinted from Ref. 16

with permission from Elsevier.

above), or by choosing an appropriate orientation of the Au sur-
face. The stepped faces vicinal to the (111) orientation exhibited
a higher activity for the spontaneous deposition of Ru than the flat
Au(111) surface, as was indicated by the decoration of the vicinal
steps which could also be found on the flat Au(111) surface, as illus-
trated in Fig. 9c.

On the smaller scale STM images (Fig. 10) the hexagonal shape
of the Ru islands and their uniformity in size are clearly resolved.
Moreover, the islands are regularly arranged one beside another
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Figure 10. Smaller scale STM images of Ru/Au(111) from Fig. 9b: (a) 65×65 nm2;
(b) 20× 20 nm2. Reprinted from Ref. 16 with permission from Elsevier.

along the steps into arrays (Fig. 10a). Also, the formation of two dis-
tinguished arrays of Ru islands is noticed on some steps. The multi-
layer nature of the Ru islands is depicted in Fig. 10b, where the larger
central island (10 nm) consists of six monolayers, while the bottom
two islands (6 nm) consist of four monolayers.16

Evidently, the STM image provides details of the crystallo-
graphic nature of the cluster growth under multiple spontaneous de-
position of ruthenium on gold. The image indicates that, with the
deposition of Ru from perchloric acid solution, not only are the is-
lands larger, but they consist of more layers. The lower saturation
coverage with respect to the step coverage obtained when the spon-
taneous deposition was performed from sulfate solution alludes to
the blocking effect of sulfate anions. It is assumed that sulfate an-
ions form a shell around Ru3+ as well as around Ru4+ in solution,
slowing down ruthenium deposition (see reactions 1 and 2).

V. SPONTANEOUS DEPOSITION OF Os ON Au(111)

Spontaneous deposition of Os on Au(111) was performed by expo-
sure of a clean Au(111) electrode for a range of deposition times and
concentrations of the Os-containing solution (0.01, 0.1, or 1 mM),
OsCl3 + 0.1 M H2SO4.21 The CVs recorded in 0.1 M H2SO4, after
the potential had been cycled several times from −0.20 to 0.50 V to
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Figure 11. Cyclic voltammograms recorded in 0.1 M H2SO4 of an Au(111) sur-
face after Os had been spontaneously deposited from 0.1 M H2SO4 containing:
(a) 0.01 mM OsCl3 for 1 min; (b) 0.1 mM OsCl3 for 1 min; (c) 1 mM OsCl3
for 5 min; (d) 1 mM OsCl3 for 30 min. Reprinted with permission from Ref. 21

Copyright 2005 American Chemical Society.

reduce the adsorbed Os species of high valence to stable, metallic Os
islands,29 are presented in Fig. 11. The CVs show a clear increase
in the area of the peaks at −40 mV and the double layer thickness
with increasing amount of the Os deposit. Comparing the CVs in
Fig. 11 with the CV of the initial Au(111) electrode (Fig. 1a), the
peak at ca. 0.3 V is suppressed by the added Os. This shows that the
electrochemically induced surface reconstruction was inhibited by
the presence of the deposited Os.16, 37

STM images of the same Os/Au(111) bimetallic surfaces
recorded in 0.1 M H2SO4 after cycling the potential from −0.2
to 0.5 V are shown in Fig. 12. During the imaging, the electrode
potential was held at −0.15 V in order to have metallic Os on the
surface.29 The STM images show that the Os coverage increased
with increasing concentration of the Os deposition solution, and also
with increasing deposition time. A slight step preference, indicative
of heterogeneous nucleation, was observed at lower Os coverage
(Fig. 12a,b). The deposition was faster and more homogeneous when
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Figure 12. STM images (80 × 80 nm2) of Os-modified Au(111) recorded in 0.1 M
H2SO4 at −0.15 V after Os had been spontaneously deposited from 0.1 M H2SO4
containing: (a) 0.01 mM OsCl3 for 1 min, coverage = 9 ± 2%; (b) 0.1 mM OsCl3
for 1 min, coverage = 17 ± 3%; (c) 1 mM OsCl3 for 5 min, coverage = 26 ± 5%;
(d) 1 mM OsCl3 for 30 min, coverage = 60± 7%. Reprinted with permission from
Ref. 21 Copyright 2005 American Chemical Society.

the more concentrated Os-containing solution was used (Fig. 12c).
The coverage was much higher after prolonged deposition, achiev-
ing saturation at 30 min (Fig. 12d).

The deposited Os islands were not uniform in size. As the
Os solution concentration and the deposition time were increased,
the widths and heights of the Os islands increased.21 The range of
island widths increased from 1 to 3 nm for 1-min deposition from
0.01 mM OsCl3 solution up to 2–6 nm for 30-min deposition
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from 1 mM OsCl3 solution. While the surface of the lowest Os
coverage (Fig. 12a) showed predominantly monolayer high islands
(about 80%), about 50% of the islands on the other three surfaces
had multiple layers (Fig. 12b–d). The three later surfaces showed
similar distributions with respect to the height of the total Os de-
posit area: 70–75% of the total Os area had one Os layer, 20–25%
had two Os layers, and more than 5% had 3–5 layers.

Once a certain coverage of high valency Os precursors from
the Os solution was attained,29 the electroreductive formation of
Os islands from the precursors resulted in a relatively constant dis-
tribution of the surface area of the islands having different height
ranges. Compared to Ru islands on Au(111) surface area (see Fig. 8),
more of the Os islands had multiple layers. The Os islands are also
very irregular compared to the flat, hexagonal shape of the Ru is-
lands. Higher resolution STM images showing the structure of the
Os islands in more detail are given below.

The cyclic voltammograms of Os/Au(111) prepared by 5-min
Os deposition from a 1 mM OsCl3 solution are presented in Fig. 13,
which show Os oxidation/reduction and the subsequent gradual dis-
solution by extending the positive potential limit. The potential win-
dow was extended positively by intervals of 100 mV and three cycles
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Figure 13. Gradual dissolution of Os from the Os/Au(111) surface shown in
Fig. 12c by extending the positive potential limit. Reprinted with permission
from Ref. 21 Copyright 2005 American Chemical Society.



94 S. Strbac and A. Wieckowski

up to each new potential were performed. The third cycle of each set
is shown. The oxidation and dissolution of Os are evidenced by the
rise in the current as the potential was swept positive by 0.5 V and
the decrease in the size of the oxidation/reduction peak couple at
−40 mV. A small peak at 0.5 V on the negative sweep indicates that
the remaining, highly oxidized Os was reduced again. Os was be-
ing removed with each set of cycles and it was almost completely
removed by sweeping to 0.9 V. The original CV of the Au(111) sur-
face was then nearly restored.

STM images showing the structure of the same Os/Au(111) sur-
face after the opening of the potential limit to various potentials are
presented in Fig. 14. The images were taken at −0.15 V after three
potential cycles from −0.2 V to the chosen positive potential limit
and back. Cycling up to −0.5 V can be repeated without changing
the island morphology.21 After cycling to higher potentials, the STM
images show the appearance of several 1–1.5 nm islands that are dis-
persed between the main island groupings (Fig. 14a). The deposit
had reorganized during the Os oxidation and reduction and/or dis-
solution and redeposition processes, although the surface coverage
remains similar at 28 ± 4%, due to the simultaneous, compensating
effects of Os dissolution and the formation of smaller, one-layer-high
islands at the expense of the taller islands. When the positive poten-
tial limit was increased to higher values, more significant structural
changes of the Os deposit occurred (Fig. 14b). The overall Os cover-
age remained about the same at 28 ±4%, but the island morphology
was different. Although most of the islands were still 1–1.5 nm wide
and one layer high, there were also several large 8–20-nm-wide is-
lands. These islands had a smooth, one-layer-high base, on top of
which were 2–4 layers high structures. The tallest spots (3–4 layers)
accounted for only about 1–3% of the surface, whereas 80–90% of
the total island area was now only one layer high due to the loss of
Os. A possible explanation for the formation of the smooth domains
is that the highly mobile Os species created by the oxidation process
form larger Os islands at the expense of smaller Os islands by an
Ostwald ripening mechanism.51 Unfortunately, it was not possible
to obtain STM images after the potential had been cycled to higher
values, most likely due to the deposition of dissolved Os on the tip,
which caused noise and decreased the tip quality.

STM images recorded on a smaller scale of 27×27 nm2, shown
in Fig. 14c, d, enabled a closer examination of the structure and
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Figure 14. STM images of Os/Au(111) surfaces from Fig. 12c, showing the
change in Os deposit morphology due to the opening of the positive poten-
tial limit. Potential was cycled from -0.2 V to: (a) 0.7 V (100 × 100 nm2); (b)
0.75 V (100×100 nm2); (c) 0.5 V (27×27 nm2); (d) 0.75 V (27×27 nm2). The
sweep rate was 50 mV/s. Reprinted with permission from Ref. 21 Copyright 2005
American Chemical Society.

distribution of the islands over the Au(111) surface before and af-
ter oxidation/reduction cycles up to 0.75 V. Before the partial disso-
lution of Os, the islands were mostly 1–4 nm wide and many were
grouped closely together. The image reveals that these Os islands
were composed of even smaller parts that were about 1 nm wide.
These Os islands were completely rearranged and partly dissolved
by the oxidation/reduction cycles up to 0.75 V, as shown in Fig. 14d.
The islands were less tightly clustered together and most of them
were smaller, 1–1.5 nm wide. Smaller parts of width of about 1 nm
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are again visible within the islands. These substructures are too large
to be single Os atoms of 0.27 nm diameter and may represent ordered
clusters of Os atoms.

VI. SPONTANEOUS DEPOSITION OF Ru ON Pt(111)

Cyclic voltammograms of the Ru/Pt(111) surfaces in 0.1 M H2SO4
solution are shown in Fig. 15. Spontaneous deposition of Ru on
Pt(111) was performed from a ruthenium-containing solution (1 mM
RuCl3 in 0.1 M HClO4) using the multiple deposition method.17

For comparison, a typical CV profile of a clean Pt(111) surface in
0.1 M H2SO4 is presented (see the solid line in Fig. 15). The CV of
Ru/Pt(111) obtained by 3-min Ru deposition is shown as the dot-
ted line and the one obtained by two sequential 3-min depositions is
shown by the dashed-dotted line. The characteristic “butterfly” fea-
ture52 is suppressed after one deposition, indicating that obtaining a
long-range ordered sulfate adlayer, demonstrated on Pt(111),53, 54 is
no longer possible on the Ru/Pt(111) surface.9, 17 Additionally, the
surface exhibited a noticeable increase in the double layer capacity.
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Figure 15. Cyclic voltammograms recorded in 0.1 M H2SO4 of the clean
Pt(111) surface (solid line), after 3 min of a single spontaneous Ru deposition
(dotted line), and after 2 × 3 min of multiple deposition (dash-dot-dashed
line). Reprinted from Ref. 9 with permission from Elsevier.
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Figure 16. In situ STM images (40 × 40 nm2) of Ru/Pt(111) surfaces recorded
at 0.1 V in 0.5 M H2SO4, obtained by the spontaneous deposition of Ru from
1 mM RuCl3 + 0.1 M HClO4 for: (a) 3 min, coverage = 0.19 ML; (b) 2 × 3 min;
(c) 2 × 3 min (recorded after a potential cycle from 0.1 to 0.7 V and back to 0.1 V),
coverage = 0.25 ML. Reprinted from Ref. 9 with permission from Elsevier.

Representative STM images of the same Ru/Pt(111) surfaces
obtained in 0.1 M H2SO4 under electrode potential control9 are
shown in Fig. 16. The in situ STM image obtained after the first
deposition at the saturation coverage of 18 ± 3% revealed that
ruthenium islands nucleate homogeneously over the Pt(111) surface
(Fig. 16a). This is in agreement with the results of previous ex situ
STM investigations of iodine-protected Pt(111)/Ru surfaces.5, 17 The
average diameter of the mainly 2D Ru islands was in the range of
1–3 nm. Most of the islands have a monolayer height (76 ±5%), but
a clearly detectable amount of multilayer growth appeared as well. In
contrast to the spontaneous deposition of ruthenium on Au(111), no
preferential deposition along the Pt(111) steps was found. It seems
therefore, that the diffusion of Ru adatoms over an Au(111) surface
is much faster than over Pt(111), enabling the adatoms to diffuse
towards and along the steps whereby the observed step decoration
morphology is obtained. The hexagonal shape of the growing islands
indicates that adatoms diffuse along atomic rows as well as along the
edges of the growing Ru islands, i.e., that there is no preferential di-
rection of diffusion.

After imaging the deposit obtained from the first deposition, the
crystal was held at −0.1 V in H2SO4 for a short time to ensure that
only metallic Ru was present. The H2SO4 solution was then replaced
by a ruthenium-containing solution (1 mM RuCl3 in 0.1 M HClO4)
at the OCP and a second deposition was performed for a further
3 min. The STM image of the resulting surface recorded at 0.1 V is



98 S. Strbac and A. Wieckowski

presented in Fig. 16b. The coverage now obtained was 22 ±3%, and
the size of the islands had increased vs. the data obtained during a
single deposition, with most islands having a width between 2 and
5 nm. However, a significant increase in the average island height
was observed. Only 50 ± 5% of the islands were now of monolayer
height, while the remaining islands consisted of two to four mono-
layers. The data show a high preference for the ruthenium islands to
predominantly form on top of the previously adsorbed islands, in-
dicating the capability of ruthenium to spontaneously deposit on a
ruthenium surface. Notice that the border sites of the formerly de-
posited Ru islands also acted as nucleation centers for the subsequent
depositions, as some increase in the island size was observed.

Using the Pt(111) electrode covered by Ru via two spontaneous
depositions, it was found that a major factor determining the size
of the ruthenium islands was the ruthenium oxidation state, as the
size depended on the electrode potential at which the STM imaging
was performed.9 An increase of the electrode potential led to an in-
crease in the island lateral size and height. These new features may
be attributed to the transformation of metallic Ru to Ru oxides.28

With a further increase of the electrode potential, disintegration
of the Ru islands into smaller islands began.9 Breaking of the Ru
islands upon their oxidation becomes even more pronounced upon
their subsequent reduction with the potential drive back to 0.1 V. On
increasing the potential to 0.7 V, the originally oxidized and partially
disintegrated islands become smaller in size and more dispersed
upon their reduction with a potential drive back to 0.1 V (Fig. 16c).
Namely, while the island width before the oxidation was 2–5 nm,
it was now reduced to 1–2 nm. Simultaneously, the island density
was higher, while the island height decreased (with 79 ± 5% of the
islands displaying only a monolayer height). As a consequence, the
Ru surface coverage increased to 25 ± 3%. It can be concluded that
a significant change in surface morphology and an increase in the is-
land dispersion were obtained after the redox sequence invoked from
0.1 to 0.7 V and back to 0.1 V.

VII. SPONTANEOUS DEPOSITION OF Os ON Pt(111)

The CV obtained after exposing a Pt(111) electrode to a 0.1 mM
OsCl3 + 0.1 M H2SO4 solution for 1 min is shown in Fig. 17. The
feature at −75 mV on going in the negative direction is attributed to
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Figure 17. Cyclic voltammograms recorded in 0.1 M H2SO4 of a clean
Pt(111) surface (solid line), and after exposure of the electrode to a
0.1 mM OsCl3 + 0.1 M H2SO4 solution for 1 min (dotted lines, four cy-
cles). Reprinted from Ref. 9 with permission from Elsevier.

the reduction of Os oxides/hydroxides obtained during spontaneous
deposition.29 After several sweeps, a stable voltammogram was ob-
tained; four cycles are shown by the dotted line in Fig. 17. The char-
acteristic “butterfly” peak at 0.24 V was only slightly suppressed by
Os deposition, although complete suppression can be obtained with
a deposition from a 1 mM Os solution for 5 min.19

A single deposition was performed for 1 min from a 0.1 mM
OsCl3 + 0.1 M H2SO4 solution at the open circuit potential, after
which the solution was changed to 0.1 M H2SO4. The potential was
cycled several times from −0.2 to 0.6 V in order to stabilize the Os
deposit, whereby a complete reduction of the osmium precursor to
metallic Os was attained. An STM image was obtained at 0.1 V, at
which potential the Os deposit is in its metallic state, as determined
by XPS29 (Fig. 18a). The total coverage obtained from the STM im-
age was 22 ± 3%.

For 1-min deposition from 0.1 mM Os solution, only 39 ± 5%
of the islands are one layer high, and there is a significant multilayer
growth even up to 5 monolayer height.19 In general, the tallest is-
lands are the widest islands as well. One layer high islands typically
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Figure 18. STM images of Os/Pt(111) recorded at 0.1 V in 0.1 M H2SO4
after Os had been spontaneously deposited from 0.1 M H2SO4 containing:
(a) 10−4 M OsCl3 solution for 1 min (150 × 150 nm2); (b) 10−3 M OsCl3 solu-
tion for 1 min (60× 60 nm2); (c) 10−3 M OsCl3 solution for 5 min (65× 65 nm2).
Reprinted with permission from Ref. 19 Copyright 2006 American Chemical
Society.

are of only 1.5–2.5 nm width, whereas islands 2–4 layers high were
2.0–3.5 nm wide. The tallest islands (5 monolayer or higher) are even
larger at 3.0–5.5 nm wide.

The image of Os/Pt(111) obtained after 1-min deposition from
1 mM Os solution is shown in Fig. 18b. Osmium covered a much
larger area of 0.60 ± 0.08 ML. After a 5-min deposition from
1 mM Os solution, the area coverage of Os increased further to
0.7±0.1 ML, as shown in Fig. 18c. The island heights and the island
widths showed little change as compared to imaging data in Fig. 18a,
while the island density had increased, thus contributing to the over-
all increase in the coverage.

The deposition of Os on Pt(111) occurred much faster than that
of Ru. Comparing the surfaces obtained under the deposition condi-
tions of 1 min from a 0.1 mM Os solution and 3 min from a 1 mM
Ru solution (see Fig. 16a), a similar Os coverage vs. the Ru cover-
age limit was attained even though the concentration of Os in the
depositing solution was ten times lower than that of Ru and the de-
position time was shorter. This was observed irrespective of the elec-
trolyte composition or upon the change from perchloric to sulfuric
acid medium.

The multilayer growth appeared more significantly with Os,
with 61 ± 5% after only 1-min deposition from a 0.1 mM Os solu-
tion vs. only 24 ± 3% multilayer growth on Ru/Pt(111) after 1-min
deposition from a 1 mM Ru solution. There was a wider distribu-
tion of the island width and height for a single deposition of Os
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vs. a single deposition of Ru on Pt(111), and the islands were, on
average, wider and taller. The islands were in fact more comparable
to those obtained from two Ru depositions. Many of the larger Os
islands were composed of smaller, rounded units of 1–2 nm width,
whereas segmented growth was not pronounced for Ru. As with the
Ru/Pt(111) surfaces, osmium was deposited homogeneously without
any preference for the steps.

VIII. APPLICATIONS OF SELECTED BIMETALLIC
SURFACES FOR THE ELECTROCATALYTIC

PURPOSES

1. CO Oxidation on Ru/Au(111) Prepared
by Electrochemical Ru Deposition

CO oxidation was studied on Ru decorated Au(111) electrodes in
order to clarify the effect caused by the substrate and the electronic
modification by nanosized Ru islands.12–14, 16 Since the Au(111) sur-
face is inactive for CO adsorption or oxidation at potentials lower
than 1.0 V,15, 55, 56 the reaction on Ru/Au(111) was limited to the
Ru nanoislands themselves. CO stripping voltammetry curves of
Ru/Au(111) surfaces prepared by electrochemical Ru deposition,
obtained after 5-min CO adsorption at −0.25 V and subsequent
purging of the solution with argon,12, 16 are presented in Fig. 19.

CO stripping curves for an approximately 10-ML-thick Ru de-
posit (Fig. 19a) for a monolayer film at the saturation coverage of
0.85 ML (Fig. 19b) and for a submonolayer deposit with Ru coverage
of 0.15 ML are shown to illustrate the effect of Ru coverage and mor-
phology on the activity of Ru/Au(111) surfaces towards CO oxida-
tion. The anodic sweeps recorded directly after CO adsorption (solid
lines) exhibit pronounced stripping currents, while the second cy-
cles (dotted lines) are, for all three deposits, the same as the baseline
CVs obtained in a CO-free solution. This verifies that the electrolyte
is free of CO and that the adsorbed CO was completely oxidized.
On the multilayer deposit, a pronounced stripping peak exhibiting
a maximum at 0.3 V was observed, which is in a very good agree-
ment with CO stripping experiments on bulk Ru,45 although a cer-
tain CO oxidation current also appeared at more positive potentials.
On the Au(111) surface covered by a monolayer Ru deposit, only a
broad current plateau was observed, while a particularly interesting
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Figure 19. CO stripping voltammograms of Ru/Au(111)
(solid line) and the baselines obtained on CO free surfaces
(dotted line) obtained in 0.1 M H2SO4 for: (a) a multilayer
deposit; (b) a saturated monolayer (0.85 ML coverage);
(c) a submonolayer deposit (0.15 ML coverage). Reprinted
from Ref. 12 with permission from Elsevier.

behavior was found for the Ru/Au(111) with a 0.15 ML Ru cover-
age, which consisted of well-separated Ru islands. In the last case
(Fig. 19c) two CO stripping peaks were resolved, which were cen-
tered at 0.38 and 0.60 V, respectively, at significantly more positive
potentials than the stripping peak on bulk Ru.

To explain the quite complex CO stripping behavior, various as-
pects have to be taken into consideration, including: the adsorption
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of oxygen species, the CO adsorption geometry, and the effect of the
Au(111) substrate. At potentials coinciding with CO oxidation, the
increase of the double layer current in the base CVs suggests that
this current is associated with O or OH adsorption,4, 57 i.e., with a
partial oxidation of the deposited Ru islands, which increased with
increasing potential28 (as described above). In addition, the process
depends strongly on the CO adsorption energy, i.e., on the CO ad-
sorption sites. The existence of different CO adsorption sites on the
Ru-decorated Au(111) surfaces is apparent from the STM images
presented above. For a submonolayer Ru coverage, the deposit con-
sisted of well-separated Ru monolayer nanoislands, which gives rise
to the two types of adsorption sites, i.e., on top of the Ru islands
and at Ru/Au edges. A stronger CO adsorption on the step sites, as
was observed for CO on the other metal surfaces,58, 59 would explain
two distinct stripping peaks in Fig. 19c. At higher coverage, the Ru
islands start to merge (see Fig. 4c), resulting in a highly defective
Ru adlayer that exhibits various other types of adsorption sites. As a
consequence, a broad plateau in the CO stripping curves appeared.
The positive shift of the CO stripping on Au(111) decorated by a
submonolayer to a monolayer of Ru nanoislands as compared to
a Ru multilayer or bulk Ru suggests a stronger binding of CO to
Ru nanoislands on the Au(111) substrate. This is similar to previ-
ous findings for CO adsorption on expanded monolayer films under
ultrahigh vacuum conditions.60 This effect was explained by strain-
induced electronic modifications of the Ru film, which resulted in an
increase of the CO adsorption energy and, consequently, in a higher
oxidation potential.

2. CO Oxidation on Ru/Au(111) Prepared
by Spontaneous Ru Deposition

The CO stripping voltammetry for Ru/Au(111) prepared by 3-min
spontaneous deposition from 1 mM RuCl3 in 0.1 M HClO4 is de-
picted in Fig. 20. The CO stripping is shown as a solid line, whereas
the second sweep, which is shown as a dotted line, indicates the
complete removal of CO from the solution and represents CV of
the Ru/Au(111) surface in 0.5 M H2SO4 (see also Fig. 1a).

The observed CO stripping currents from Ru/Au(111) surfaces
are attributed to partially oxidized Ru islands,9 as in the above-
described case of Ru/Au(111) surfaces obtained by electrochemical
deposition. Two main peaks associated with CO stripping were
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Figure 20. Cyclic voltammetry of Ru/Au(111) in 0.1 M H2SO4 after Ru
had been spontaneously deposited from 1 mM RuCl3 in 0.1 M HClO4 for
3 min (dotted line) and CO stripping voltammogram of the same surface,
obtained after 5-min CO adsorption at −0.25 V and subsequent purging of
the solution with argon (solid line). Reprinted from Ref. 9 with permission
from Elsevier.

observed at 0.37 and 0.56 V. The peak positions were significantly
more positive than the single peak at 0.30 V for CO oxidation on
bulk Ru45 or on thick electrodeposited Ru layers on Au(111).12 As
in the case of electrodeposited Ru adatoms, the shift indicates a
stronger bond between CO and Ru due to the pseudomorphic expan-
sion of the Ru lattice relative to bulk Ru. The two peaks observed
for CO oxidation on Ru/Au(111) produced by spontaneous 3-min
deposition were attributed to the presence of two different types of
Ru sites, most likely sites on top of the islands and sites on the island
edges.

3. Formaldehyde Oxidation on Ru/Au(111) Prepared
by Spontaneous Ru Deposition

It was recently reported31 that deposited Ru islands play a significant
role in promoting the electrocatalytic activity of Au(111) towards
formaldehyde oxidation in sulfuric acid media. Cyclic voltammo-
grams of the electrochemical oxidation of formaldehyde on Au(111)
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Figure 21. Oxidation of formaldehyde on Ru/Au(111) in 0.5 M H2SO4 con-
taining 0.25 M HCHO; the first sweep in the anodic direction (solid line); the
reverse sweep (dashed line); cyclic voltammetry of the Ru/Au(111) bimetal-
lic surface in 0.5 M H2SO4 (dotted line). The sweep rate was 50 mV/s.
Reprinted from Ref. 31 with permission from Elsevier.

modified by 3-min spontaneous Ru deposition from 1 mM RuCl3 +
0.1 MHClO4, recorded in 0.5 M H2SO4 solution containing 0.25 M
HCHO, are presented in Fig. 21. The anodic sweep is presented by a
solid line, while the reverse sweep is presented by a dashed line. For
comparison, the CV of the Ru/Au(111) surface in pure 0.5 M H2SO4
solution is presented by a dotted line.

There was no HCHO oxidation on the Ru/Au(111) electrode
up to a potential of 0.25 V. Starting from a potential of 0.25 V, the
reaction occurred with increasing current up to a potential of 0.55 V,
showing a peak with a maximum current density of 0.07 mA/cm2 at
a potential of 0.43 V. At higher potentials, as well as in the reverse
sweep, the HCHO oxidation occurred following the same path as
on the pure Au(111) surface, although with smaller currents, most
likely due to the inhibiting effect of the present oxidized Ru species.

For comparison, the anodic sweeps of HCHO oxidation on
Ru/Au(111) (from Fig. 21) and on pure Au(111) in the same solu-
tion are presented in Fig. 22 by a solid line and by a dotted line,
respectively.
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Figure 22. Oxidation of formaldehyde on Ru/Au(111) (solid line) and pure
Au(111) (dashed line) in 0.5 M H2SO4 containing 0.25 M HCHO; the first
sweep in the anodic direction is presented. The sweep rate was 50 mV/s.
Reprinted from Ref. 31 with permission from Elsevier.

The oxidation of HCHO on Ru/Au(111) commenced at a 0.1 V
more negative potential than on pure Au(111). The increased anodic
activity of the Ru/Au(111) surface in the potential region from 0.25
to 0.55 V is, most likely, associated with the oxidation of some ad-
sorbed intermediates assisted by the presence of Ru. In this potential
range, the Ru deposit consisted mainly of metallic Ru together
with Ru species partially oxidized to RuO2, the amount of which
increases with increasing potential.4, 28 It is assumed that the pres-
ence of chemisorbed water on metallic Ru28 facilitates the oxida-
tion of some adsorbed intermediates at lower potentials compared to
Au(111), giving rise to the prepeak at approximately 0.43 V. This in-
termediate might be CO adsorbed on the Ru/Au edge sites (as the
CO oxidation occurs in the same potential range on Ru/Au(111)
as illustrated above). At potentials higher than 0.43 V, the fraction
of metallic Ru decreased, while the fraction of RuO2 prevailed. On
increasing the potential further, the presence of Ru in higher oxi-
dation states, such as RuO2 and RuO3,28 caused a partial inhibi-
tion of HCHO oxidation. This also coincides with the inactivity of
Ru/Au(111) for CO oxidation at higher potentials.
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4. CO Oxidation on Os/Au(111) Prepared
by Spontaneous Os Deposition

CO stripping measurements on an Os/Au(111) electrode surface pre-
pared by spontaneous Os deposition for 5 min from a 1 mM OsCl3+
0.1 M H2SO4 solution22 did not show a distinct CO stripping peak,
but rather a broad stripping region from 0.05 to 0.70 V as shown in
Fig. 23. The CO stripping peak overlapped the Os stripping peak to
some extent, so the difference between the two stripping curves was
taken as the CO charge. The CO stripping charge of ca. 70 μC/cm2

corresponds to about 50% CO coverage of the Os islands, which
covered 26 ± 5% of the Au(111) substrate. From the catalytic per-
spective, the Os deposits showed very small activity to CO oxidation
and they sustained very low rates of methanol electrooxidation.

5. CO Oxidation on Ru/Pt(111) Prepared
by Spontaneous Ru Deposition

CO stripping voltammetry measurements were performed using
Ru/Pt(111), prepared by spontaneous Ru deposition. A typical CV
curve for CO stripping on Ru/Pt(111), showing a clear split in the

Figure 23. CO stripping curve for Os/Au(111) obtained by a 5-min sponta-
neous deposition from a 1 mM Os solution. Sweep 2 shows the removal of
CO by oxidation, while sweep 1 shows the CO-free surface.
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Figure 24. CO stripping from a Ru/Pt(111) surface in 0.1 M H2SO4 prepared
by a 2-min spontaneous deposition from a 1 mM RuCl3 + 0.1 M HClO4
solution, with (solid line) and without (dashed line) the stabilization of the
Ru deposit by three voltammetric cycles between −0.2 and 0.6 V before CO
dosing. The sweep rate was 50 mV/s. Reprinted from Ref. 9 with permission
from Elsevier.

CO stripping profile, is presented in Fig. 24. It is well known that the
first CO oxidation peak on Ru/Pt(111) originates from CO oxidation
on the Ru adislands.61 Indeed, previous XPS results demonstrated
that Ru showed oxide formation already at 0.12 V.28

CO is also a good probe to test the stability62, 63 of the Ru de-
posits before undergoing the electrochemical stabilization–reduction
cycles. Such a behavior is of interest in order to enhance the un-
derstanding of the spontaneous deposition reaction per se. Thus,
Ru/Pt(111) was first obtained after a single Ru spontaneous depo-
sition and successive voltammetric stabilization–reduction of the Ru
deposit.

The solid line in Fig. 24 shows the CO stripping reaction from
this surface. Subsequently, the experiment was restarted, and a new
Pt(111) surface was exposed to the Ru-containing solution, rinsed,
and transferred to the electrochemical cell. Such a freshly prepared
Ru/Au(111) electrode was exposed to CO without electrochemi-
cal stabilization of the deposit. The dashed line in Fig. 24 shows
the CO oxidation features obtained from this procedure. The data
clearly indicate that most of the freshly prepared Ru precursor was
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displaced from the electrode by CO chemisorption, similar to the
CO displacement of some underpotentially deposited, apparently
unstable metals.63, 64 This gives additional credit to the idea that
electrochemical stabilization is an essential step in the utilization
of spontaneous deposition for the preparation of stable bimetallic
Ru/Pt electrodes. In addition, assuming that CO is displacing, but
not reacting with the Ru precursors, the data showed that the amount
of metallic ruthenium in the deposit was very low, as only loosely
bound surface complexes of ruthenium4 can be displaced by CO. It
conclusively documents that the main mechanism of the formation
of the deposit precursor is the one involving chemisorption rather
than the disproportionate reaction.4

Comparison of the data of CO stripping from Ru/Au(111)
(Figs. 19 and 20) with that from Ru/Pt(111) (Fig. 24) demon-
strates an interesting feature. Namely, the CO stripping peak from
Ru/Pt(111) at 0.23 V, which was previously attributed to the oxida-
tion of CO at Ru sites and adjacent Pt sites, is negatively shifted
with respect to bulk Ru,45 by ca. 0.30 V, in contrast to the positive
shift observed for Ru/Au(111). As noted above, the Au(111) sub-
strate seems to increase the strength of the Ru–CO bond,61 whereas
modification of Ru by the Pt(111) substrate appears to weaken the
Ru–CO bond.

6. Methanol Oxidation on Pt(111) Modified
by Spontaneously Deposited Ru

The increase in the island dispersion, as it increases the ruthenium
coverage, removes platinum sites that were present on the bimetallic
surface before the experiment reported above was executed. In other
words, the number of “ensembles” of Pt sites available,65, 66 e.g., for
chemisorption on the Pt sites of the Pt(111)/Ru surface was reduced.
A typical case where this development is important is the process
of dissociative chemisorption of methanol, as it requires as many
as three adjacent sites for methanol dissociation (dehydrogenation)
to chemisorbed CO65–67 As methanol oxidation to CO2 predomi-
nantly occurs via the CO formation process,67, 68 the overall rate of
methanol oxidation may be affected by an increase in ruthenium cov-
erage at the expense of the number of collective Pt sites required for
methanol decomposition to CO.65, 66

Chronoamperometric measurements in a methanol-containing
solution (0.6 M CH3OH + 0.1 M H2SO4 solution) were performed
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Figure 25. Current–time transient curves for: (a) clean Pt(111); (b) modified
by 3 min of Ru deposition; (c) 2 × 3 min Ru deposition before methanol
oxidation; (d) 2 × 3 min Ru deposition, but the potential was increased to
0.7 V and subsequently returned to 0.1 V. The current–time transient curves
were recorded at 0.16 V in 0.6 M CH3OH + 0.1 M H2SO4. Reprinted from
Ref. 9 with permission from Elsevier.

at a constant electrode potential using several Ru/Pt(111) surfaces
prepared as described above. The electrode was immersed in the so-
lution at −0.1 V for 1 min to ensure that the Ru deposit was initially
metallic and that the decomposition of methanol was very slow.69

Current–time decays were then collected at 0.16 V, which are rep-
resentative of the kinetics of methanol oxidation at this electrode
potential.69

Four chronoamperometric methanol oxidation curves are dis-
played in Fig. 25. Curve A was obtained with clean Pt(111), i.e.,
with no ruthenium on the surface. The low current at the end of
the decay (after 30 min)68 is due to Pt site blocking by adsorbed
CO from methanol dehydrogenation.67 The Ru/Pt(111) surface ob-
tained after the first Ru deposition with 18±3% ruthenium coverage
(see Fig. 16a) exhibited a much higher methanol oxidation current
(curve B), showing the large catalytic enhancement of the Ru/Pt(111)
electrode in comparison to clean Pt(111). The current measured for
the Ru/Pt(111) surface obtained after two consecutive Ru deposi-
tions (see Fig. 16b) was 1.6 times higher than that obtained after
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the single spontaneous deposition (curve C). However, after the
surface had been perturbed by oxidizing the Ru islands at 0.70 V
and subsequently reducing them again at 0.1 V (see Fig. 16c), the
methanol oxidation current decreased to 1.3 times that measured
after the first Ru deposition, as shown in curve D. This conforms
well to the bifunctional methanol oxidation mechanism70 that opti-
mization requires an appropriate balance of the Pt and Ru sites on
the surface.65–67, 69

7. CO Oxidation on Os/Pt(111) Prepared
by Spontaneous Os Deposition

CV curve for CO stripping from Os/Pt(111) is shown in Fig. 26. As
in the case of CO stripping from Ru/Pt(111), a clear split in the CO
stripping profile was observed, although the separation was less pro-
nounced, and the threshold for CO oxidation shifted by 70 mV in the
positive potential direction. The shift in the CO oxidation threshold
is indicative of Os/Pt(111) being less active in CO oxidation and gen-
erally in the oxidation of organic molecules that proceed via a path-
way involving surface CO as an intermediate. This can be linked to
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Figure 26. CO stripping from an Os/Pt(111) surface in 0.1 M H2SO4, pre-
pared by 30-s Os deposition from 0.5 mM OsCl3 + 0.1 M HClO4. The
sweep rate was 50 mV/s. Reprinted from Ref. 9 with permission from
Elsevier.
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the difference in the oxophilicity of the two metals and their relative
ability to provide oxygen-containing species for CO oxidation.

XPS results demonstrated that Os is less oxophilic than Ru
on Pt(111): Os is entirely metallic at potentials lower than 0.31 V,
whereas Ru shows oxide formation already at 0.12 V.28 This is in
accordance with the expectation based on the work function or elec-
tronegativity difference between Os and Ru.

The oxophilicity difference between Ru and Os may also
account for the observed better performance of Ru/Pt(111) for
methanol oxidation at potentials below 0.21 V.71, 72 However, the
Os/Pt(111) system is more active for methanol oxidation than
Ru/Pt(111) at higher potentials.19

IX. CONCLUSIONS

We have presented an overview of our results that marked the
progress made in the development of model bimetallic electrocat-
alysts for a possible application in syntheses of fuel cell catalysts.
Our research effort over a decade was focused on monitoring the
processes of the nucleation and growth of a foreign metal on single
crystal substrates by means of in situ STM, during electrochemical
and spontaneous deposition. The understanding of these processes
enabled us to tailor bimetallic surfaces of desired well-defined struc-
ture and composition. This finally led us to achieving the ultimate
goal, namely to establishing a direct correlation between surface
structure and its electrocatalytic activity for the reactions relevant
for fuel cells.

We have found that the structure of bimetallic surfaces, where
foreign metal nanoislands are deposited on a single crystal substrate
at submonolayer coverage, depends on the deposition procedure.
That was particularly well illustrated on the Ru/Au(111) system for
which both electrochemical and spontaneous deposition methods
were used. It was shown that, during electrochemical Ru deposition,
metallic Ru islands were obtained at potentials lower than the Nernst
potential, while at higher potentials mixed Ru oxides were formed.
A variety of structures, including the long-range ordered Ru struc-
tures, were obtained by controlling the structure of the substrate, and
by the electrode potential. One-layer-high Ru islands were obtained
up to a full coverage of Ru on the substrate. The Ru islands were
found uniform in size in all cases examined. Since the reaction took
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place in a wide potential region, it was not possible to establish a
proper control of the reaction progress over time. On the other hand,
during spontaneous deposition, the saturation coverage for a partic-
ular concentration of the depositing species was achieved, which en-
abled the satisfactory deposition time control. Since the deposition
occurs at an open circuit potential, mixed Ru/Ru oxide islands were
formed on the Au(111) surface. Additional stabilization of the de-
posit on the surface was achieved by potential cycling. As the de-
posited Ru prevented Au(111) surface reconstruction, the structure
of the underlying Au(111) surface remained the same and indepen-
dent of the potential as long as it was kept lower than the Au(111)
oxidation potential. Step decoration was observed on Au(111) by de-
posited multilayer high Ru islands mostly uniform in size. We have
also shown that, to a certain extent, the surface structure depends on
the carrying electrolyte–ion effect. The same applies for Os spon-
taneously deposited on the Au(111), although the deposition pro-
ceeds faster and gives rise to the large variation of island sizes and to
higher number of taller islands. Spontaneous deposition method was
also explored for the deposition of Ru and Os on the Pt(111) single
crystal. Both have shown a homogeneous deposition, with no spe-
cific step decoration. The increase of the Pt(111) surface coverage by
the deposit was successfully achieved utilizing a multiple deposition
method. Compared to Ru/Pt(111), however, Os was deposited on
Pt(111) at a much higher rate and it formed predominantly multilayer
islands within only a single deposition. These structural examina-
tions contributed significantly to the understanding of the role of
deposited nanoislands in the electrocatalytic activity of bimetallic
electrodes. The exceptional activity of Ru/Pt(111) and Os/Pt(111)
electrodes for CO and methanol oxidation as well as the activity of
Ru/Au(111) for formaldehyde oxidation has been directly related to
the coverage, size and distribution of the deposited nanoislands over
the electrode surface.

In terms of the catalytic aspects of this review, we have found
that the oxidation state of the deposited nanoislands, as precisely de-
termined by separate XPS measurements and observed by in situ
STM imaging, contributed significantly to the overall activity of
examined bimetallic surfaces. For instance, it was found that Ru
nanoislands showed oxide formation at lower potentials than Os
nanoislands. Therefore, we conclude that the oxophilicity difference
between Ru and Os may account for the observed better performance
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of Ru/Pt(111) for methanol oxidation at nearly 0.2 V. Overall, we
believe that our investigations have contributed to the understanding
of the principles of reactivity at single crystal electrodes modified by
metal nanoislands, adding to the progress in heterogeneous catalysis
research.
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I. INTRODUCTION

Electrodeposition of metals, alloys, metal oxides, conductive
polymers, and their composites plays a pivotal role in fabrica-
tion processes of some recently developed electrochemical energy
devices, most particularly fuel cells, supercapacitors, and batteries.
Unique nanoscale architectures of electrocatalysts for low tem-
perature fuel cells, including proton exchange membrane fuel
cell (PEMFC) and direct methanol fuel cell (DMFC), can only
be obtained through electrodeposition processes. Promising, cost-
effective conductive/protective coatings for stainless steel intercon-
nects used in solid oxide fuel cells (SOFCs) have been achieved
employing a variety of electrodeposition techniques. In supercapac-
itors, anodic deposition of metal oxides, conductive polymers, and
their composites is a versatile technique for fabrication of electrodes
with distinctive morphology and exceptional specific capacitance.
Electrodeposition is also very recently employed for preparation of
Sn-based anodes for lithium ion batteries.
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This chapter concerns with theory and application of electrode-
position techniques used for fabrication of components for high and
low temperature fuel cells, supercapacitors, and lithium ion batter-
ies. Recent progress and possible future research directions in each
field will be discussed.

II. PROTON EXCHANGE MEMBRANE FUEL CELLS

PEMFCs, classified as low temperature fuel cells, operate at tem-
peratures normally below 80◦C and consume hydrogen as the fuel.
A single PEMFC is capable of producing voltage up to 1 V and
power densities of up to about 1 W cm−2.1 The main application
of PEMFCs is in electric vehicles. The electrolyte used in PEM-
FCs is a proton conducting, ion exchange polymer membrane.1–3

Fluorinated sulfonic acid polymers (e.g., Nafion from DuPont) are
the main electrolyte materials. Electrodes in PEMFCs are composed
of a gas porous material, i.e., carbon, and a carbon supported elec-
trocatalyst. The membrane conducts the protons only in the pres-
ence of liquid water and, therefore, the operating temperature must
not exceed 100◦C even under high operating pressures.1 Due to low
operating temperatures, use of an efficient electrocatalyst system is
indispensable to obtain an acceptable performance. Platinum is the
most promising electrocatalyst for reduction of oxygen in PEMFCs.

1. Membrane Electrode Assembly

Catalyst layers used in PEMFCs electrodes are commonly carbon
substrates (e.g., Vulcan XC-72) containing dispersed nanoscale Pt
particles.4 Porous carbon-based films are used as gas diffusion lay-
ers (GDL) on the sides of the carbon-supported catalyst layer to
transport gases.5 The electrodes, consisting of catalyst layer, GDL,
and a current collector, are assembled on each side of the polymer
membrane (e.g., Nafion) to form a membrane electrode assembly
(MEA).5 Catalytic activity of the electrodes, especially on the cath-
ode side where oxygen reduction reaction occurs, is a critical factor
determining the cell performance.4 Catalytic activity increases with
increasing of the Pt loading of the electrode resulting in high costs
of raw materials.4 Simultaneous maximizing of the catalytic activ-
ity and minimizing of the Pt loading is the focus of recent research
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on low temperature fuel cells. Increasing the effective surface area
and homogeneity of the dispersed catalyst particles can reduce the
required Pt loading by increasing its utilization.

There are two main techniques for fabrication of MEAs, powder
and nonpowder methods.6 In the traditional powder process, intro-
duced by Uchida et al.,7 the carbon supported catalyst is obtained
by means of mixing suspended carbon support particles with a plat-
inum compound and an organic solvent. Addition of reducing agents
such as hydrazine, formaldehyde, or borohydrides and increasing the
solution pH leads to chemical reduction of Pt on the surface of car-
bon particles. The obtained carbon supported catalyst is then mixed
with an organic binder and Nafion and the resulting paste is applied
on the membrane and/or GDL. It has been shown by Taylor et al.8

that the Pt particles which are in intimate contact with the active
membrane are the only ones acting as actual electrocatalysts, and,
therefore, Pt particles covered with binder do not contribute to the
electrocatalytic reactions. In nonpowder techniques for fabrication
of MEAs, Pt particles are deposited directly on the carbon supports,
eliminating the need for binders and pastes. Sputtering of Pt has
been reported as a technique for formation of Pt on the carbon sup-
ports.9 This technique, nevertheless, is costly and does not prevent
wasting of Pt. Alternatively, Pt particles can be electrochemically
deposited.8, 10–15

2. Electrodeposition of Pt Electrocatalysts for MEAs

Taylor et al.8 were the first to report an electrochemical method for
preparation of MEAs for PEMFCs. In their technique, Pt was elec-
trochemically reduced and deposited at the electrode membrane in-
terface, where it was actually utilized as an electrocatalyst. Nafion,
which is an ion exchange polymer membrane, is first coated on
a noncatalyzed carbon support. The Nafion-coated carbon support
is then immersed into a commercial acidic Pt plating solution for
electrodeposition. Application of a cathodic potential results in dif-
fusion of platinum cations through the active Nafion layer. The
migrated platinum species are reduced and form Pt particle at the
electrode/membrane interface only on the sites which are both elec-
tronically and ionically conductive. The deposition of Pt particles
merely at the electrode/membrane interface maximizes the Pt uti-
lization. The Pt particles of 2–3.5 nm and a Pt loading of less than
0.05 mg cm−2 were obtained employing this technique.8 The limi-
tation of this method is the difficulty of the diffusion of platinum
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species through the ionic channels of Nafion. Furthermore, the Pt
loading of 0.05 mg cm−2 does not provide sufficient electroactivity
for oxygen reduction.16 To overcome the aforementioned limita-
tions, alternative electrochemical techniques for direct deposition of
Pt on carbon supports, without Nafion coating, have been developed
and studied.6, 14, 17–24 Almost in all cases, pulsating current deposi-
tion technique is used.

The purpose of application of pulsating current is to achieve a
fine grained Pt deposit. As opposed to direct current (DC), pulse
plating allows the use of higher peak current densities, which result
in deposit grain refinement. The effect of high deposition current
densities on grain refinement can be explained by dependency of the
nucleation rate on the overpotential, which, in turn, depends on the
current density. According to (1), the nucleation rate increases with
increasing the overpotential:

J = K exp
(
− bsε2

zekTη

)
, (1)

where K is the rate constant, b a geometrical factor, s the area oc-
cupied by an atom on the surface of a nucleus, ε the specific edge
energy, e the electron charge, k the Boltzman constant, T the abso-
lute temperature and η is the deposition overpotential.25

For large cathodic current densities smaller than the limiting
current density, the deposition overpotential increases with increas-
ing current density and vice versa, according to the Bulter–Volmer
equation:

i = −io exp
(
−αzFη

RT

)
, (2)

where i is the current density, io the exchange current density, α

the transfer coefficient, z the number of transferred electrons, F the
Faraday constant, η the deposition overpotential, R the gas constant,
and T is the absolute temperature.25

Increasing the current density, however, increases the deposition
overpotential unless the limiting current density is reached. Beyond
the limiting current density, the controlling step changes from charge
transfer to mass transfer, and the extra current will not entirely con-
tribute to the deposition. The limiting current density depends on the
Nernst diffusion layer thickness according to (3):

iL = nFDCb

δN
, (3)
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where iL is the limiting or maximum current density contributing
to deposition, n the number of electrons involved in the reaction, D
the diffusion coefficient of ions in the electrolyte, Cb concentration
of ions in the bulk electrolyte, and δN is the Nernst diffusion layer
thickness.25

In contrast to DC plating, pulsating current deposition includes
both current on-time and off-time intervals, induced by the wave
shape. While the current is off, the reduced, consumed metal ions
at the electrode surface are replenished by those migrating from the
bulk of electrolyte. The Nernst diffusion layer, thus, breaks down
during the off-time and is rebuilt during the on-time periods.26

Formation and collapse of this layer harmonizes with the pulsating
current and a quasisteady state will be established.26 The Nernst dif-
fusion layer then splits into two inner and outer layers.25, 26 The in-
ner layer, so-called pulse diffusion layer, is located in the immediate
vicinity of the electrode surface.25, 26 The outer layer, which is lim-
ited to the bulk from one end and the inner layer from the other end,
is referred to as stationary diffusion layer.25, 26 The thickness of the
pulse diffusion layer (δp), which is much smaller than that of the
Nernst diffusion layer (δN), determines the distance for the ions to
diffuse across and reach the electrode surface. This facilitates the ion
transport and enables a higher rate of metal ion consumptions, im-
plying higher limiting current densities, at the electrode surface. Due
to higher limiting current densities in pulsating current electrodepo-
sition in comparison with DC deposition, a higher nucleation rate
and finer deposit crystallites can be obtained.

Kim et al.6, 14 have deposited Pt directly on a carbon support
surface from a chloroplatinic acid electrolyte by means of pulsat-
ing current electrodeposition. They investigated the effect of peak
current density on Pt grain refinement and performance of PEMFCs
using so obtained electrodes. It was shown that with an identical
charge density, the Pt particle size achieved with pulsating current
was smaller to a great extent in comparison with those obtained by
application of DC. The difference between Pt particle size deposited
via pulsating and direct current is clearly seen in transmission elec-
tron microscope (TEM) images shown in Fig. 1. Correspondingly,
the cell performance determined from polarization curves showed
superiority of the pulse electrodeposition technique. The polariza-
tion curves for the PEMFC utilizing electrodeposited Pt catalysts
obtained via DC and pulsating current methods are shown in Fig. 2.
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Figure 1. TEM images of Pt deposited on carbon under different electrodeposition
conditions: (a) 200 mA cm−2 of peak pulsating current; (b) 10 mA cm−2 of DC.
Reprinted from Kim et al. 6 with permission from Elsevier.

Figure 2. Polarization curves for the PEMFC using electrodeposited Pt ob-
tained via pulsating current, with various peak current densities, and DC
methods. Reprinted from Kim et al. 6 with permission from Elsevier.
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The cell performance greatly depends on the peak current density
for up to 200 mA cm−2, which is probably the limiting peak current
density. The other critical factor determining the size of Pt particles
was found to be the off-time period. The longer the duration of the
off time was, the larger Pt grains and lower cell performance were
obtained. Kim et al.6 have attributed this effect to a smaller mass
transport overpotential with longer off times that leads to a smaller
overall overpotential and, consequently, a decreased nucleation rate
according to (1). The authors also pointed out that beyond a criti-
cal charge density (8 C cm−2), the increase in charge density and Pt
loading does not enhance the cell performance to any further.

The catalytic activity of carbon supported electrodes was further
improved by replacing the conventional carbon supports like Vulcan
XC-72R with carbon nanotubes (CNTs) and carbon nanofibers
(CNFs). Carbon nanostructures including CNT and CNF have ex-
tremely higher electronic conductivity and specific surface area
in comparison with the carbon black.4 The traditional Vulcan
XC-72R exhibits an electronic conductivity of 4.0 S cm−1, while
the electronic conductivity of CNT and CNF are in the range of
103–104 S cm−1. The high electronic conductivity of CNT and
CNF ensures a reliable conductive path connecting Pt particles to
supporting electrodes and increases the Pt utilization.27

Electrodeposition of Pt on multiwall carbon nanotubes
(MWNT) has been reported by Wang et al.27 In their process, a layer
of Co was first electrodeposited on a carbon paper. The purpose of
Co film was to catalyze the growth of the subsequent MWNTs layer.
A chemical vapor deposition (CVD) technique was used to deposit
MWNTs on the Co film. Platinum was then electrodeposited on the
MWNT layer. The electrolyte used contained H2PtCl6 and H2SO4.
The electrodeposition of Pt was performed under potentiostatic con-
dition using 0 V vs. saturate calomel electrode (SCE). The particle
size achieved with this technique was approximately 25 nm that is
too large in comparison with other chemical and electrochemical
methods.

3. Electrodeposition of Carbon Monoxide Tolerant
Electrocatalysts

Application of liquid fuels in fuel cells is attracting attention
mostly for transportation and portable applications. A DMFC uses
methanol, water vapor, and air. The MEAs used in DMFCs are



124 N. Shaigan

similar to those in PEMFC. For this type of fuel cell, however,
the main technological challenges are poor kinetic of methanol de-
hydrogenation in addition to poisoning of Pt catalysts by carbon
monoxide. Carbon monoxide poisoning also affects PEMFCs if the
fuel contains even traces of CO. More active catalysts are required to
electrooxidize the adsorbed CO to CO2 gas and mitigate the CO poi-
soning issue.28 Electrodeposition of Pt particles with an extremely
small size range on carbon nanostructures is considered as a solution
to enhance the kinetic of methanol oxidation.

A three-step process for deposition of Pt nanoparticles on
single-wall carbon nanotubes (SWNTs) has been reported by Guo
et al.29 Mineral oil was mixed with SWNTs and the resulting paste
was electrochemically activated through potential cycling from+1.8
to −0.4 V vs. SCE with the scan rate of 200 mV S−1 in Na2SO4 so-
lution to form functional groups (i.e., carbonyl, carboxylate, and/or
hydroxide) on the defective sites on the surface of SWNTs. The
second step involved potential cycling in K2PtCl4 and K2SO4 from
+0.3 to 1.3 V vs. SCE. Potential cycling in this range produces
octahedral Pt(IV) complexes, but does not reduce the Pt ions to
metallic Pt. The final step included electrochemical reduction of the
octahedral complexes of Pt(IV) to metallic Pt on SWNTs. The final
Pt particle size was 4–6 nm. The catalyst so obtained showed an
excellent catalytic activity toward electrooxidation of methanol in
addition to a good stability.

Alloying of Pt with other metals has been considered as an
approach to enhance electrooxidation of CO and alleviate the CO
poisoning issue in PEMFCs and DMFCs. It has been reported that
Pt–Ru alloys have significantly greater activity toward electrooxida-
tion of methanol than pure Pt.30, 31 Two mechanisms including the
bifunctional30–32 effect and the ligand model33 have been proposed
to explain the beneficial effect of Ru addition. The bifunctional the-
ory assumes that Ru atoms react with water molecules to form Ru–
OH.30–32 The Ru–OH then reacts with poisoned Pt (i.e., Pt–CO) to
release CO2 according to the following reactions:30–32

Ru◦ + H2O→ Ru − OH+ e− + H+

Pt− CO+ Ru− OH→ CO2 + Ru◦ + Pt◦ + e− + H+

According to the ligand model, Ru atoms interact with the conduc-
tion band of Pt surface and weaken the Pt–CO bonds and, thus,
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result in an enhanced oxidation and release of CO.33 The bifunc-
tional mechanism has been reported to be four times more effectual
than the ligand model.33

Ra et al.34 have reported a process for electrodeposition of
Pt–Ru particles on Nafion(Na+)-bonded carbon layer to enhance
CO tolerance of the catalyst layers. The electrolyte for alloy de-
position was a proton-free composition containing 20 mM K2PtCl6,
10–40 mM K2RuCl5, 0.4 M ethanol, and 0.5 M NaCl. Application of
a pulsating current with peak current density of 300 mA cm−2 and
10:100 on-time:off-time intervals yielded a particle size average of
3–4 nm. A Pt:Ru atomic ratio of 1:1 was obtainable by keeping the
concentration of K2RuCl5 constant at 30 mM. CO stripping voltam-
metry showed that such a composition has highest electrochemical
surface area in comparison with various Pt:Ru ratios achievable.

Although powder routes have been successfully developed for
synthesis of catalysts used in low temperature fuel cells, electrode-
position offers the highest noble metal utilization and is preferred
over the alternative chemical methods. Electrodeposition enables the
formation of catalyst particles on specific sites where they can be es-
sentially utilized, i.e., the triple phase boundary where the membrane
(ionic conductor), electrode (electronic conductor), and reactants
meet. Powder methods do not guarantee that all catalyst particles are
in contact with both electrode and membrane materials, and there-
fore, a portion of catalyst particles may remain inactive.

III. SOLID OXIDE FUEL CELLS

In SOFCs, as the name implies, a solid, ion conducting ceramic ma-
terial is used as the electrolyte, in contrast to other types of fuel cells
that function with liquid electrolytes. An individual SOFC consists
of a solid electrolyte [e.g., yttria stabilized zirconia (YSZ)], a per-
meable cathode [e.g., lanthanum strontium manganite (LSM)], and
a porous anode (e.g., Ni/ZrO2 cermet).1, 35 Oxygen or air is fed to
the cathode where the oxygen is reduced to oxygen anions. Oxygen
anions then migrate through the solid electrolyte and reach the anode
where hydrogen or a hydrocarbon oxidizes. The operating tempera-
ture range is 600–1,000◦C, depending on cell design and materials.
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1. Ferritic Stainless Steel Interconnects for SOFCs

The maximum obtainable voltage produced by each individual
cell does not practically exceed 1 V, which is not adequate for
commercial applications. Consequently, single cells are electrically
and mechanically interconnected in series to form stacks, which will
be capable of producing the required voltage, current, and power. In
a stack, individual cells are interconnected by a component termed
the interconnect (or bipolar plate). Since the interconnect must oper-
ate in both oxidizing and reducing atmospheres at high temperatures
(i.e., 600–1,000◦C), the material selected for this purpose must
meet some stringent criteria to guarantee the expected cell stability
and performance for the target service time of 40,000 h.36 The in-
terconnect material must be impermeable to gases and ions, exhibit
sufficient chemical and physical stability, and provide adequate elec-
tronic and thermal conductivity. Furthermore, since the interconnect
is in direct contact with other ceramic cell components, the candi-
date material must also be compatible with these parts in terms of
exhibiting good thermal coefficient of expansion (CTE) match.37–41

Recent interconnect research studies have concentrated almost ex-
clusively on various grades of ferritic stainless steels due to several
advantages. The most prominent advantage of ferritic stainless steels
over other chromia forming alloys is their excellent CTE match with
other ceramic components of the SOFCs. Also, these steels are low
cost and easily fabricated into complex forms. The commercially
available grades of ferritic stainless steels, nevertheless, do not meet
all the interconnect criteria.

2. Conductive/Protective Coatings for Ferritic
Stainless Steel Interconnects

Since ferritic stainless steels are chromia forming alloys, high
temperature formation of a chromia layer under SOFC operating
conditions is unavoidable. Chromia is p-type semiconductor with
relatively poor electronic conductivity (∼0.01 S cm−1 at 800◦C).42

Therefore, the area specific resistance (ASR) of the steel intercon-
nect increases as the chromia layer grows continuously. In addition,
Cr(VI) species (e.g., CrO3) easily vaporize from chromia scales, de-
posit on cathode/electrolyte interface, and poison the electrochemi-
cal activity of the cathode.43, 44 Coatings with materials possessing
high electronic conductivity and low ionic diffusivity are considered
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as a solution to mitigate these issues. Among various coating mate-
rials studied so far, conductive spinels have proven to be the most
effective ones.

3. Spinel Coating via Electrodeposition/Heat Treatment

Although screen printing and spray coatings have been the origi-
nal application methods for spinel coating, complete coverage of the
substrate with such methods directly depends on the line of sight.
Hence, complex shapes such as corrugated metal sheets cannot be
entirely coated by employing such techniques. Spinel coatings can
also be achieved through electrodeposition of metals/alloys followed
by oxidation in air. Feasibility of coating on complex shapes is con-
sidered as a unique advantage of electrodeposition.

Cobalt–Mn and Cu–Mn spinels are the most attractive binary
spinels in terms of both electronic conductivity and CTE compat-
ibility with ferritic substrates.45 However, electrodeposition of Mn
and its alloys presents challenges due to very negative electrode
potential of Mn in aqueous solutions as well as brittleness of the
metallic Mn.46 Although at high current densities, Mn can be elec-
trodeposited; the deposits are readily soluble in the electrolytes. This
is particularly attributed to presence of impurities, from the elec-
trolyte and anode oxidation products, which may be incorporated
in the deposit and form local galvanic cells.46 The most important
contaminant is known to be iron ions, which reduce to the lower
valance and deposit iron hydroxide on the cathode surface.47 Elec-
trodeposition of Mn is conventionally performed in a two compart-
ment bath.46 The anode and cathode compartments are separated
by means of a diaphragm to avoid contamination of the electrolyte
in the cathode compartment (catholyte).46 In addition, Mn hydrox-
ide precipitates in the solution and changes the electrolyte pH and
its conductivity.47 Precipitation of Mn hydroxide can be inhibited
by addition of ammonium ions.46, 47 Ammonium ions function as
buffer at pH values ranging from 2 to 3.5 and 6 to 7, enhance the re-
duction ability of Mn, reduce the hydrogen evolution rate, and, thus,
increase the current efficiency.47, 48 It has been shown that addition
of Se and S facilitates the deposition of Mn and increases the cur-
rent efficiency.46, 47, 49 However, these elements incorporate into Mn
deposits and change the film properties.46 Also, electrodeposition
of Mn alloys requires high current densities often higher than the
second metal’s limiting current density.46 Addition of complexing
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agents will not solve the problem as complexing agents also inhibit
the deposition of Mn.46 Despite some insignificant improvements
achieved, obtaining smooth, ductile, and well adherent Mn or Mn
alloy coatings is still facing challenges.

Application of electrodeposition for spinel coatings was first
reported by Bateni et al.50 and characterized by Wei et al.51 from
the same research group. In their work, Co–Mn and Cu–Mn were
sequentially electrodeposited on AISI-SAE 430 stainless steel sub-
strates. The Mn plating bath used was a two compartment cell in
which the compartments were separated by glass frit tubes. The cath-
ode and anode compartments contained ammonium and Mn sulfates
and ammonium sulfate, respectively. Platinum was used as the an-
ode. A chloride based electrolyte was used for Co deposition, and
a Cu sulfate/sulfuric acid based bath was used for Cu plating. To
form an alloy from sequentially plated Mn–Co/Cu deposits, the coat-
ings were annealed in argon for 2 h at 800◦C. The formation of
Mn–Co/Cu spinels upon oxidation in air at 750◦C was observed.
Both Mn–Co and Mn–Cu oxidized coatings exhibited a stably low
ASR of 0.003 	 cm2 at 750◦C after 1,500 h of oxidation, while the
ASR measured for uncoated steels under identical condition was
0.189 	 cm2.51 Both coatings were highly effective in inhibiting Cr
outward diffusion during oxidation.

Electrodeposition of Mn–Co alloys using both DC and pulsat-
ing current has been investigated by Wu et al.52–54 The electrolyte
contained Co and Mn sulfates with a molar ratio of 0.02:0.2, boric
acid, gluconate, and ammonium sulfate. However, their efforts did
not entirely succeed. The standard electrode potentials for Co is
−0.277 vs. standard hydrogen electrode (SHE) while that for Mn
is −0.180 vs. SHE, and high current densities are needed to ob-
tain coatings with adequate Mn concentrations. Increasing the cur-
rent density, however, is not desirable as high current densities may
result in precipitation of Mn hydroxide and formation of powdery,
spongy deposits. Rapid depletion of Co in the electrolyte and need
for continuous monitoring and replenishing the consumed Co are
other disadvantages of this process. Using pulsating current, elec-
trodeposition did not offer any significant improvement as Mn dis-
solves instantly during the current off-time periods.53

Pure Co spinel (i.e., Co3O4) also exhibits good high temperature
electronic conductivity and CTE compatibility with ferritic steels.45

Deng et al.55 used a sulfate/chloride-based Co plating bath to coat
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Figure 3. SEM image and EDX elemental maps for electrodeposited Co oxidized
at 800◦C for 1,900 h in air. Reprinted from Deng et al. 55 with permission from
Elsevier.

AISI-SAE 430 ferritic steels with 20–40 μm-thick Co layers. The
oxidation of Co coated samples in air at 800◦C resulted in growth
of a triple layer oxide scale with a top layer of Co3O4, a midlayer of
a spinel solid solution containing Co, Cr, and Fe, and an inner layer
of a relatively thick Cr-rich oxide (∼5–7 μm). Figure 3 shows the
scanning electron microscope (SEM) images and energy dispersive
X-ray (EDX) elemental maps for Co, Cr, Fe, and O after oxidation at
800◦C for 1,900 h. The coating effectively inhibited the Cr outward
diffusion from the Cr-rich inner oxide layer. The coating exhibited
a very stable, low ASR of 0.025 	 cm2 after 1,900 h of oxidation at
800◦C in air.

(i) Drawbacks of Spinel Coatings
via Electrodeposition/oxidation

There are, however, a number of potential deficiencies asso-
ciated with the spinel coating via electrodeposition/oxidation pro-
cess that must be accounted for. During high temperature oxidation,
interdiffusion of coating and substrate elements occurs. Elements
from steel substrates (i.e., Fe, Mn, and to a lesser extent Cr) diffuse
into electrodeposited layers and change the coating composition be-
fore the entire metallic coating is transformed to oxides. Likewise,
electrodeposited metals diffuse into the substrate and result in sub-
strate compositional changes and dilution of the alloy surface region
in Cr. The latter case is extremely important for long-term high-
temperature stability. It is well known that, in order for a protective,
dense chromia layer to grow, a minimum, critical Cr concentration
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is required in the steel composition. Although at Cr concentrations
slightly lower than Cr threshold, a chromia layer may form, it be-
comes instable, relative to Fe oxides, due to lack of a sufficient Cr
supply from the alloy.56, 57 In addition, the situation worsens as the
oxidation proceeds for long periods. For long oxidation times, if the
bulk of alloy is unable to replenish the Cr consumed by the scale,
due to slow diffusion of Cr in the alloy, the surface region becomes
gradually more depleted in Cr. This results in severe instability of
chromia and its breakdown. In such circumstances, any mechani-
cal damage, as a result of thermal shocks, to chromia scale cannot
be self-repaired due to inadequate Cr concentration in the substrate
surface in contact with oxide scale.56, 57 As a result, Fe from the
steel starts to oxidize and form large, localized hematite nodules on
the surface. This phenomenon is referred to as breakaway type of ox-
idation and certainly is a drawback for long-term high-temperature
stability. The Cr threshold depends on a number of factors includ-
ing oxide scale growth rate and interdiffusion coefficient.56, 57 Using
substrate alloys with a sufficient Cr concentration and reactive el-
ements, which reduce the Cr concentration threshold, therefore,
seems necessary.

In Wei et al.’s work,51 after 7 days of oxidation at 750◦C, a
relatively thick layer (∼5–10 μm) of Cr-rich oxide formed under
the Co–Mn and Cu–Mn spinel layers. Although such thick chro-
mia scales are likely vulnerable to break down in long term or at
higher temperatures, no anomalous oxidation behavior was reported.
Similarly, in Deng et al.’s work55 from the same research group,
∼5–7-μm-thick Cr-rich oxides formed under the Co spinel layer.

Shaigan et al.58–60 have developed and studied composite
spinels obtained via composite electrodeposition/oxidation. The
metal matrix was Ni or Co and the second phase in the electrode-
posited composite was LaCrO3. The purpose of use of LaCrO3
particles was to improve the oxidation properties of coatings. Lan-
thanum (or other reactive elements like Y, Ce, Hf, etc.) containing
oxide particles have proven to dramatically reduce the oxidation
rate and increase the metal to scale adhesion.61 The coatings were
applied on AISI-SAE 430 stainless steel substrates. Coelectrode-
position of inert particles with metals can be simply conducted
by suspending the particles in the plating electrolyte and is stud-
ied and modeled in many works.62 Oxidation of the as-deposited
Ni/LaCrO3 coating resulted in growth of a double layer oxide scale
consisting of a Cr-rich subscale, with embedded LaCrO3 particles,
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Figure 4. SEM images of oxidized electrodeposited Ni/LaCrO3 [(a) and (b)] and
Ni [(c) and (d)] after 2,040 h oxidation at 800◦C in air. 58 Reprinted from Shaigan
et al. 58 with permission from Elsevier.

and an outer scale composed of Ni/Fe-rich spinel in addition to
NiO particles (Fig. 4a, b).58 It was observed that in the absence of
LaCrO3 particles, Ni-plated steels exhibited breakaway type oxi-
dation (Fig. 4c, d).58 Hematite nodules started to form and grow
after 600 h of oxidation in air at 800◦C.58 The breakaway oxidation
was attributed to dilution of the substrate surface in Cr and high
consumption rate of Cr ions in the scale in the absence of particles,
as discussed previously.58

In the case of Co/LaCrO3,60 a triple layer scale consisting of
a Cr-rich subscale, a Co–Fe spinel midlayer, and a Co3O4 spinel
top layer was observed after oxidation at 800◦C in air.60 It was de-
termined that LaCrO3 particles significantly decrease the specific
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weight gain and oxide scale thickness of Co coatings. Partial spal-
lation of the oxide scale was observed in the absence of particles
and after 1,000 h oxidation at 800◦C in air.60 Spallation occurred
at the chromia silica interface.60 Breakaway oxidation, however, did
not occur for pure Co coatings without particles as opposed to Ni
coatings.

Both Ni/LaCrO3 and Co/LaCrO3 coatings performed as reli-
able barriers against Cr outward diffusion. Low, stable ASR values
of 0.005 	 cm2 (after 400 h) and 0.02 	 cm2 (after 900 h) at 800◦C
in air were reported for Ni/LaCrO3

58 and Co/LaCrO3
60 composite

coatings, respectively.

4. Anodic Deposition of Co–Mn Spinels

Anodic deposition of oxides followed by a subsequent heat treat-
ment is an alternative route for spinel coating. Metal oxides can
be anodically deposited on the steel surfaces from aqueous so-
lutions containing metal salts and with or without complexing
agents. The oxide layers so obtained are usually nanocrystalline
or amorphous with metastable phases which transform to crys-
talline spinel structures upon a subsequent heat treatment.63–65 The
coating thickness is limited due to poor conductivity of the de-
posited oxides. Anodic deposition of Co-rich, Co–Mn oxides on a
ferritic stainless steel for the purpose of high-temperature oxida-
tion protection was first practiced by Wei et al.64 The electrolyte
was a solution of Co and Mn sulfates and ethylenediaminete-
traacetic acid (EDTA) as the complexing agent. The deposition
temperature and current density were set above 70◦C and below
∼5 mA cm−2, respectively. Deposition at lower temperatures and
higher current densities resulted in crack formation, the mecha-
nism of which was not described by Wei et al. It was found that
the composition of the coating can be easily adjusted by control-
ling the deposition temperature, the ratio of the metal salts in the
electrolyte, and the current density. The Co content of the oxide
film increased by increasing current density up to 30 mA cm−2.
The as-deposited films consisted of nanocrystals with a metastable,
defective sodium chloride structure. Changing of the deposition
condition and film composition did affect the crystal structure. As
a result of annealing at temperatures above 500◦C, the metastable
sodium chloride phase transformed to spinels of either face cen-
tered cubic (FCC) or tetragonal. Deposits with higher Co:Mn ratios



Electrodeposition for Electrochemical 133

transformed to FCC spinel while those rich in Mn yielded a tetrag-
onal spinel phase upon annealing. The protective properties and
electronic conductivity of anodically deposited Mn–Co oxides were
studied by the same investigators.66 In their work, two different
annealing atmospheres including air and forming gas (5%H2–N2)

were used for annealing. The time and temperature of annealing
(800◦C for 10 h) were identical for both annealing processes. An-
nealing in air led to spallation and cracking of the coating while
the same process in forming gas resulted in reduction of Co ox-
ide to metallic Co particles embedded in a Mn3O4 matrix. The
coatings annealed in forming gas also adhered well to the sub-
strate and slightly reduced the ASR values relative to the uncoated
substrates.

Electrodeposition is a unique technique that enables the appli-
cation of protective/conductive coatings on complex interconnect
configurations, for example, corrugated metallic sheets. In addi-
tion, the oxidation protection ability of the electrodeposited coat-
ing can be greatly improved by moving from plain metal plating to
metal/reactive element oxide composite electrodeposition. The next
research direction in the field of coatings for metallic interconnect
would be spinal coating via electrodeposition for recently developed
alloys that contain less amounts of impurities (e.g., Si, Al, S, C, etc.),
higher Cr concentrations, and smaller amounts of reactive elements
(e.g., La). Such alloys are now commercially available.

IV. ELECTROCHEMICAL SUPERCAPACITORS

Supercapacitors are energy storage devices with exceptionally high
capacitance, long cycle life, and high power density. Supercapacitors
possess higher power density but lower energy density in compari-
son with batteries.67 In general, the cycle life of the supercapaci-
tors is more than hundred times longer than that of batteries.67 The
main application of supercapacitors is in electric vehicles to boost
the power density when peak power pulses are required.67, 68

1. Faradic and Non-Faradic Supercapacitors

Supercapacitors are categorized into two classes based on their
charge storage mechanisms.67, 68 Electric charge may be stored in
a capacitor through charge separation at the electrode–electrolyte
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interface without any electron transfer. This mechanism of charge
storage is known as the non-Faradic capacitance, and the super-
capacitors based on this mechanism are classified as electric dou-
ble layer capacitor (EDLC). The alternative mechanism of electric
charge storage is based on reversible redox or electrosorption reac-
tions occurring in the electroactive electrode materials during charge
and discharge cycles. This process of charge storage is associated
with charge transfer and is known as Faradic capacitance. The su-
percapacitors based on Faradic capacitance are referred to as pseu-
docapacitors.

Electrodes in EDLCs consist of highly porous, conductive ma-
terials mounted on a metallic sheet, known as current collector.69

The electrodes are separated by means of a porous insulating sheet
impregnated with an organic or aqueous electrolyte. The porous
electrode material used in commercially available supercapacitors
is activated carbon70–76 or carbon nanostructures such as nan-
otubes69, 77–83 and aerogels.70, 79, 84–90 Instead, pseudocapacitors use
transition metal oxides,91–97 and/or conductive polymers,98–102 as
electroactive electrode materials. In both cases, the electrode mate-
rial must be sufficiently porous with a proper pore size distribution
to provide high surface area for electrolyte access. Electric double
layer supercapacitors are commercially available and are not subject
to discussion in this chapter. Pseudocapacitors, in contrast, have
been attracting a considerable attention in the recent years due to
their excellent capacitance and power density.

2. Metal Oxide Electrodes

Among various metal oxides, hydrous or anhydrous RuO2 is found
to exhibit the greatest specific capacitance (i.e., 760 F g−1) and
electronic conductivity along with the longest cycle life.103–106

Ruthenium, nonetheless, is a precious metal and its commercial
use is, hence, limited. Many studies have been conducted to find a
metal oxide capable of exhibiting capacitive properties analogous to
RuO2. Among a variety of examined metal oxides and hydroxides
of Ni,93, 94, 107–126 Co,94, 127–140 Fe,141 In,142 Sn,143–146 V,147, 148

and Mn,95–97, 149–195 hydrous MnO2 is the most attractive candidate
due to its reasonable specific capacitance (the practically attainable
capacitance range is ∼100–200 F g−1196), its low cost, and being
environmentally friendly.



Electrodeposition for Electrochemical 135

Nonetheless, MnO2-based electrodes possess lower specific
capacitance and electronic conductivity in addition to a narrower
potential window in comparison with their RuO2-based counter-
parts. Many recent research studies have concentrated on novel
synthesis methods for preparation of MnO2 with various crystal
structures, morphologies, and architectures to improve the capaci-
tive behavior.

There are two theories developed to explain the processes for
charge storage in MnO2.197 One theory suggests that proton (H+)

and alkali metal cations (C+), present in the electrolyte, can be re-
versibly intercalated into the bulk of MnO2 through a reduction re-
action and deintercalated via an oxidation reaction:198

MnO2 + H+ + e− ↔ MnOOH

MnO2 + C+ + e− ↔ MnOOC(
Mn+4 + e− ↔ Mn+3

)

The other theory is based on surface electrosorption of cations on
MnO2 according to the following reaction:199

(MnO2)surface + C+ + e− ↔ (
MnO2

−C+
)

surface(
Mn+4 + e− ↔ Mn+3

)

For both cases, a reversible redox reaction between Mn+4 and Mn+3

occurs to maintain the electroneutrality of the electrode material.

3. Electrodeposition of Manganese Oxides

Although chemical techniques, including sol gel,198–201 thermal de-
composition,199 and hydrothermal201, 202 methods, have been used
for preparation of MnO2 powders, anodic95, 97, 150, 153,157, 173, 196, 203

and less often cathodic163, 177, 185 electrodeposition of MnO2 is
the preferred route for synthesizing of MnO2-based electrodes.
The main advantage of electrodeposition is feasibility of the direct
growth of MnO2 on the surface of conductive substrates without
need for any binder or other inactive additives.

Manganese oxide can be anodically deposited on various
conductive substrates from aqueous solutions containing sim-
ple or chelated Mn salts with or without buffers and surfactants.
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Manganese ions hydrolyze under anodic potentials to deposit MnO2
according to the following reaction:

Mn2+ + 2H2O→ MnO2 + 4H+ + 2e−

The morphology, electronic conductivity, exposed specific surface
area, crystal structure, and defect chemistry (cation distribution
and oxidation states) of the manganese oxides considerably influ-
ence the performance of pseudocapacitor (capacitance, cycle life,
and charge/discharge rate).153, 156, 157, 173,180, 186, 188 All these fea-
tures may be modified by varying the deposition parameters and/or
heat treatment.

Crystal structure and defect chemistry determine the dimen-
sions of crystal tunnels, which are the transport pathways for pro-
tons and alkali metal cation intercalation.204 Wei et al.95, 196 have
studied the effect of two complexing agents including disodium
salt of ethylenediaminetetraacetic acid (EDTA) and sodium citrate
on crystal structure, defect chemistry, and electrochemical behav-
ior of the MnO2 and oxidation state of Mn in the deposited film. In
their work, anodic deposition of manganese oxide was performed in
neutral aqueous solutions containing MnSO4 with or without com-
plexing agents. The electrolyte without any complexing agent led
to deposition of loosely aggregated nanofibers of MnO2. The TEM
selected area diffraction (SAD) patterns from the film showed that
the crystal structure is hexagonal ε-MnO2 with Mn4+ cations dis-
tributed in half of the octahedral sites of the hexagonal close packed
(HCP) of the oxygen sublattice. Addition of EDTA resulted in a
slight change in the arrangement of the nanofibers. As opposed to
complexing agent free electrolyte, the deposit achieved with EDTA
was a metastable, defective sodium chloride type with an FCC oxy-
gen anion arrangement and Mn cations occupying the octahedral
interstices with a large number of cation vacancies. With use of
sodium citrate, the crystal structure obtained was a defective anti-
fluorite with Mn cations randomly occupying the eight tetrahedral
interstices in the oxygen unit cell. In this case, the film was com-
posed of small, agglomerated particles instead of fibers. The di-
ameter of the particles was determined to be ∼5 nm. Regardless
of the presence and type of the complexing agent used in elec-
trodeposition, the valance of Mn cations in the oxide was +4, de-
termined by X-ray photoelectron spectroscopy (XPS). It was con-
cluded that the use of a complexing agent in the electrolyte leads
to unique, highly defective structures. The authors pointed out that
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the other deposition parameters including solution temperature, pH,
and current density did not influence the crystal structure of the
anodically deposited MnO2 films. The specific capacitance of the
deposited films was analyzed by means of cyclic voltammetry (CV)
in 0.5 M Na2SO4. The following equation may be used to calculate
the specific capacitance from voltammograms:

Csp = Q

me ×
E
=

∫
Idt

me ×
E
=

∫
Idv

me ×
E × Sr
(F g−1), (4)

where Q is the total charge (F), me the active electrode mass (g),

E the width of the potential window (V), I the current (A), v the
potential (V), Sr the scan rate (V S−1), and

∫
Idv represents the area

under either cathodic or anodic voltammogram.
As seen in Fig. 5, defective Mn oxides including rock salt and

antifluorite structures show a higher specific capacitance than hexag-
onal ε-MnO2 for all scanning rates examined. The improvement was
attributed to the greater number of unoccupied interstices, consid-
ered as electrochemically active sites, for rapid ionic transportation
in defective structures obtained by addition of complexing agents
to the electrolyte. Regardless of the MnO2 structure, increasing the
scan rate results in a decrease in the specific capacitance.

Figure 5. Specific capacitance of MnO2 deposits derived from the cyclic
voltammograms (second cycle) at various cycling rates. Courtesy of Wei
et al. 95 Reprinted with permission from Wei et al. 95 Copyright 2008
American Chemical Society.
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4. Conductive Polymer Electrodes

The alternative materials of interest for use in supercapacitor
electrodes are conductive polymers. These materials were first in-
troduced in 1971 when Shirakawa et al.205 synthesized polyacety-
lene. Recently, conductive polymers including polyaniline (PANI),
poly[3,4-ethylenedioxythiophene] (PEDOT), and polypyrrole (PPY)
are used for their special properties including electroactivity, semi-
conductivity, conductivity, electrochromism, ion exchange ability,
and being electrochemically catalytic.206 They are used for fabrica-
tion of numerous products such as sensors, energy storage devices,
optical and electroluminescence devices, diodes, transistors, display
devices, smart windows, ion exchange membranes, and catalyzing
electrodes.206 Delocalized electrons in π conjugated system along
the polymer chains result in a high electronic conductivity.206 Con-
ductive polymers are also capable of undergoing reversible redox
reactions upon application of an external potential.207, 208 Redox re-
actions in conductive polymers are associated with diffusion of ions
in and out of the polymer (doping and undoping) to maintain the
electroneutrality.208 It has been shown that the specific capacitance
of the conductive polymers can reach somewhat close to that of
RuO2. The specific capacitances for PANI, PPY, and PEDOT have
been reported to be 815 F g−1,209 400 F g−1,210 and 250 F g−1,211

respectively. Although PANI and PPY exhibit higher specific capac-
itances than PEDOT, the cycle life of PEDOT is notably longer than
the other two polymers due to its superior chemical stability.208, 212

5. Electrodeposition of Conductive Polymers

Conductive polymers may be synthesized via either chemical or
electrochemical polymerization methods. Electrodeposition of con-
ductive polymers from electrolytes is, thus, feasible provided that
the depositing polymer is not soluble in the electrolyte.206 Conduc-
tive polymers can be deposited from the electrolytes containing the
monomers via either electrooxidation or electroreduction, based on
the monomer type used. Similar to that of metals, the electrodeposi-
tion of polymers is based on nucleation and growth. The deposition
mechanism involves oxidation of monomers adsorbed on the elec-
trode surface, diffusion of the oxidized monomers and oligomeriza-
tion, formation of clusters, and eventually film growth.213
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Aniline, pyrrole, and 3,4-ethylenedioxythiophene (EDOT) can
be electroploymerized by electrooxidation to deposit polyaniline,
polypyrrole, and PEDOT films.206 Electrodeposition of polyani-
line and polypyrrole from aqueous electrolytes is feasible.214, 215

Electrodeposition of PEDOT from aqueous electrolytes, how-
ever, presents challenges due to insolubility of thiophene and its
derivatives in water, higher oxidation potential of thiophene than
water, and formation of thienyl cation radicals that inhibit the elec-
tropolymerization.214 One approach is use of organic electrolytes
(e.g., acetonitrile-based electrolytes). Alternatively, addition of a
significant amount of anionic surfactants [i.e., sodium dodecyl sul-
fate (SDS)] increases the solubility of thiophene and lowers its
oxidation potential.214 Formation of micelles leads to dissolution
of the water insoluble compounds. In addition, a micellar media
changes the electrolyte/electrode interface, via irreversible adsorp-
tion of the surfactant, and affects the electrochemical reactions.214

Furthermore, charged radicals may be stabilized by surfactants.214

According to Sakmeche et al.,214 addition of 0.01 M SDS lowers
the oxidation potential of EDOT by 90 and 130 mV in water and
acetonitrile media, respectively. The reason behind this is believed
to be formation of a pseudocomplex between dodecyl sulfate (DS−)

and EDOT+ cation radicals.214

In spite of having high specific capacitance, conductive poly-
mers are not absolutely promising for use in supercapacitors owing
to their slow ion transport while undergoing redox reactions. The
sluggish ion transfer adversely affects the charge/discharge rate and
power density of the supercapacitor.208 Shortening of the ionic diffu-
sion distances in conductive polymers by exploiting nanostructures,
in particular nanotubules, has been considered as a solution to over-
come this issue.216 Nanostructures can be electrodeposited using
templates (hard templates), pseudotemplates (soft templates includ-
ing polymer and surfactants), or template free methods.216 Template
electrosynthesis is the most often used technique for deposition of
nanostructures. This method is based on electrodeposition within
the ordered channels (or pores) of a membrane. Sputter or evapo-
ration coatings of metals, commonly gold, are applied on one side
of the nonconductive templates which will be in contact with the
electrode. The purpose of this step is to provide conductive sites for
electrodeposition to initiate from the bottom of the template’s chan-
nels. Depending on the electrodeposition conditions, either hollow
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nanotubules or solid nanofibrils can be deposited within the chan-
nels of a membrane.217 Anodized aluminum oxide (AAO) and track
etched polycarbonate are the most commonly used template mate-
rials for template electrosynthesis.217 AAO membranes consist of
thin wall, normal to the surface channels arranged in a hexagonal
manner. The thickness of the membrane and diameter of the chan-
nels may be straightforwardly controlled by adjusting the anodiz-
ing parameters. Furthermore, easy dissolution of AAO in hydroxide
solutions to release the nanowires is another benefit of using AAO
membranes.

Template synthesis of nanotubular structures of conductive
polymers were first introduced by Martin’s group.217 It was discov-
ered that by using a track-etched polycarbonate membrane in short
polymerization times, thin wall tubules of polymers grow preferen-
tially on the walls of the membrane channels. Thick wall tubules
or solid fibrils (in the case of PPY), however, were obtained by
increasing the polymerization time.217 According to Martin et al.’s
hypothesis, preferential growth of polymer on the walls of pores
is, in part, due to existence of a “solvophobic” effect stemming
from insolubility of polycationic forms of the polymer. Additionally,
electrostatic forces between the negatively charged wall of the pores
and cationic polymers result in adsorption of the polymer preferen-
tially on the wall surfaces. This effect is referred to as “molecular
anchor.”217 The conductivity of polymers obtained through template
synthesis was greatly improved and was attributed to a high de-
gree of polymer chain alignment on the outer surface of tubules or
fibrils.217 Following the Martin’s discovery, many research endeav-
ors were devoted to improve the capacitive behavior of conductive
polymers by modifying the morphology of the polymer deposits.

Cho et al. were the first to electrosynthesize nanotubular PE-
DOT using alumina templates for application in electrochromic de-
vices and supercapacitors.216 In their study, a mechanism based
on competition between diffusion rate of monomer into the pore
and polymerization reaction rate was proposed for tubule forma-
tion within the walls of the template pores. The effect of monomer
concentration (10–100 mM) and applied potential (1.0–1.8 V vs.
Ag/AgCl) on inner morphologies of PEDOT structures was inves-
tigated. The electrolyte used was acetonitrile with 0.1 M LiClO4.
The tubular portion of the polymer wires (R = tubular length/total
wire length) as a function of applied potential at given monomer
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Figure 6. Tubular portion of PEDOT nanostructures vs. applied potential for var-
ious monomer concentrations. Monomer concentration does not affect the tubular
portion at very low oxidation potentials. Courtesy of Il Cho et al. Reprinted with
permission from Il Cho and Lee. 216 Copyright 2008 American Chemical Society.

concentration was measured (Fig. 6). As seen in Fig. 6, at high ap-
plied potentials, greater than 1.4 V, the tubular portion increases with
increasing potential and decreases with increasing monomer con-
centration. This effect was attributed to the slow deposition rate and
long time required for diffusion of monomers into the bottom of the
pores so that there is no concentration gradient of monomers along
the pore length, which may result in a preferential growth on the wall
surfaces. In the case of high potential and low monomer concentra-
tion, the deposition rate is so fast that there is a deficit of monomer at
the bottom of the pores due to insufficient monomer diffusion. This
results in faster growth of polymer on the wall surfaces, where con-
centration of monomer is high enough, as opposed to the bottom of
the pores. Under this condition, hollow tubes form within channels
of the membrane. The effect of potential and monomer concentra-
tion for the applied potentials above 1.4 V for two extreme cases of
monomer concentration is schematically presented in Fig. 7. For the
applied potentials below 1.4 V, however, the tubular portion is almost
independent of the monomer concentration. This effect cannot be ex-
plained by the mechanism previously described and is attributed to
the presence of annular gold active sites at the bottom of the pores
as the result of gold sputtering intrusions inside the walls. Use of flat
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Figure 7. Schematic representation of growth mechanism of PEDOT nanostructures
for high oxidation potential (1.4 V): (a) slow reaction rate at high monomer concen-
tration and (b) fast reaction rate at low monomer concentration. Courtesy of Il Cho
et al. Reprinted with permission from Il Cho and Lee. 216 Copyright 2008 American
Chemical Society.

top template, obtained with further electrodeposition of gold, at low
applied potential of 1.2 V produces solid wires instead of tubules.
This supports effect of annular active sites at the bottom of the pores.
The schematic SEM and TEM images of PEDOT electrodeposited
under low potentials are depicted in Fig. 8.

The capacitive properties of nanotubes obtained with Cho et al.’s
method have been studied by Liu et al. from the same research
group.208 Tubular structures were obtained with electrodeposition
in acetonitrile solution containing 20 mM EDOT under potentio-
static condition at 1.6 V vs. Ag/AgCl while nanofibers were syn-
thesized in 100 mM EDOT and at 1.4 V applied potential. Thin
wall nanotubes of PEDOT exhibited a stable specific capacitance of
140 Fg−1, while the specific capacitance for the solid nanofibers was
50 Fg−1, under the identical test conditions. Figure 9 compares the
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Templatea b Template

Gold GoldPEDOT PEDOT

Figure 8. At low anodic potentials (<1.4 V), the electrochemically active sites
on sharp electrode edges determine the growth mechanism and morphology of
PEDOTs. Part (a) shows the PEDOT deposited on annular and (b) for flat top
templates. SEM images show the morphologies and TEM images show a PEDOT
nanostructure obtained in each case. Courtesy of Il Cho et al. Reprinted with per-
mission from Il Cho and Lee. 216 Copyright 2008 American Chemical Society.

cyclic voltammograms of solid nanofibers and nanotubes of PEDOT
obtained with identical deposition charge density and deposit mass.
A notably smaller capacitive current is observed for solid nanofibers
than that for nanotubes under the same scan rate. Furthermore, non-
ideal, potential-dependent capacitive behavior is realized from the
highly distorted rectangular voltammogram of the nanofibers. The
specific capacitance and capacitive behavior of electrodeposited PE-
DOT is, therefore, highly related to the morphology and the length
of diffusion paths for doping/undoping of counter ions.



144 N. Shaigan

Figure 9. Cyclic voltammograms for shielded (dashed line) and unshielded
(solid line) nanowires. The charge density was 500 mC cm−2, scan rate was
100 mV s−1, and the potential was cycled between 0 and 1.2 V. Reprinted
from Liu et al. 208 with permission from IOP Publishing Ltd.

6. Composite Electrodeposition of Metal Oxides/Polymers

Nanocomposites of metal oxides/polymers in a shell/core config-
uration have been recently developed and studied for application
in supercapacitors. Although PEDOT possesses a high electronic
conductivity, stability, and mechanical flexibility,218, 219 it suffers
from low electrochemical energy density.220 Manganese oxide, on
the other hand, provides high energy density, but exhibits low elec-
tronic conductivity.220 A composite of MnO2 and PEDOT with
MnO2 as the core and PEDOT as the shell can facilitate electronic
and ionic transport into the core MnO2 and improve its structural
stability to avoid mechanical breakdown of the composite nanostruc-
tures.220 Liu and Lee220 have developed a method for electrocode-
position of MnO2 and PEDOT in a coaxial nanowire configuration
using alumina membrane. The electrolyte used contained 80 mM
EDOT and 10 mM manganese acetate. The anodic deposition poten-
tial was constant and selected in the range between 0.6 and 0.85 V
vs. Ag/AgCl for the codeposition of both PEDOT and MnO2 to be
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Figure 10. SEM image of MnO2/PEDOT nanowires deposited at 0.75 V (a), TEM
image of a nanowire (b), EDS elemental maps for S and Mn [(c) and (d)], and
PEDOT shell thickness variations as a function of potential (e) (Scale bar: 50 nm).
Courtesy of Liu et al. Reprinted with permission from Liu and Lee. 220 Copyright
2008 American Chemical Society.

possible. Deposition potential determines the PEDOT shell thick-
ness and MnO2 core diameter. The effect of depositing potential on
microstructure of the wires and the PEDOT shell thickness is shown
in Fig. 10. Superior specific capacitance and stability of capacitance
with current density was achieved with the coaxial nanowires in
comparison with either of the individual materials. The specific ca-
pacitance for MnO2 nanowires, PEDOT nanowires, MnO2 thin film,
and MnO2/PEDOT coaxial nanowires as a function of current den-
sity is shown in Fig. 11.
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Figure 11. Specific capacitance as a function of charge/discharge current density for
MnO2 nanowires (solid squares), PEDOT nanowires (hollow circles), MnO2 thin
film (hollow squares), and MnO2/PEDOT nanowires (solid circles). Courtesy of Liu
et al. Reprinted with permission from Liu and Lee. 220 Copyright 2008 American
Chemical Society.

Despite the limited improvements in material development for
supercapacitor electrodes, the specific capacitance and life cycle of
the newly developed materials cannot be compared with those of
RuO2.

Electrodeposition is a unique, versatile technique for fabrication
of metal oxide, polymer, and composite electrodes for electrochemi-
cal supercapacitors. Composition, crystal structure, and morphology
of the deposits can be easily manipulated by adjusting the electrode-
position parameters to achieve improved capacitive behavior. Cur-
rent progress, however, is far from the commercial expectations for
electrochemical supercapacitors.

V. LITHIUM ION BATTERIES

Rechargeable lithium ion batteries are of great importance at
the present time due to their superiority in terms of volumet-
ric and gravimetric energy density and cycle life, in comparison
with their traditional counterparts including value regulated lead
acid (VRLA), nickel cadmium (Ni–Cd), and nickel metal hybrid
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(Ni–MH) secondary cells.221 In addition to their conventional use
in mobile electronics, telecommunications, and computing, lithium
ion batteries have gained a significant consideration for application
in hybrid and electric vehicles.221, 222 A single cell of lithium ion
battery is composed of an electrolyte, anode (negative electrode) and
a cathode (positive electrode). The electrolyte is conventionally an
ion conducting solid polymer with a negligible electronic conductiv-
ity [e.g., crystalline complexes of poly(ethylene oxide) and LiXF6
(X = P, As, Sb)].222 The anode is either Li metal or a compound
which acts as a host for Li via undergoing highly reversible inser-
tion (e.g., LiC6, LiAl, Li3As, Li2Si5, Li2Sn5, etc.) or conversion
reactions (e.g., CoO, CuO, NiO, Co3O4, etc.).222 The cathode is
also a lithium accepting material, but with a greater positive redox
potential (e.g., TiS2, MnO2, LiMn2O4, LiCoO2, etc.).222 In lithium
insertion reactions, Li+ is incorporated into the electrode material;
while in conversion reactions, the metal oxide is fully reduced to
metallic nanoparticles by Li+ ions, which form a layer of Li2O
surrounding the reduced metal particles. The followings are the
examples of insertion and conversion overall cell reactions during
charge/discharge:

Insertion: LiCoO2 + C
charge→
← discharge

Lix C+ Li1−x CoO2

Conversion: Co3O4 + 8Li
charge→
← discharge

3Co+ 4Li2O

1. Tin-Oxide-Based Anodes

Among various anode materials capable of lithium insertion, Sn-
based materials offer marked advantages particularly in terms
of specific capacity and energy density. Lithium can be inserted
into Sn to form Li22Sn5 with a theoretical specific capacity of
992 A h kg−1 which is noticeably higher than that of graphite
(372 A h kg−1).223, 224 In 1997, the first Sn-based lithium ion battery
was introduced by Fuji Photo Film Celtech Co. (Japan) under the
trademark of Stalion�.225–227 The anode material used in Stalion�
was an amorphous Sn-based composite oxide (abbreviated as TCO).
This composite also contained Al2O3, B2O3, and Sn phosphate, as
a glassy, inactive matrix.228 Initial, irreversible reaction of tin oxide
with Li results in reduction of SnO to Sn, as metallic nanoparticles,
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and formation of Li2O.228 This step irreversibly consumes Li and
leads to a capacity loss during the first conversion cycle. The metal-
lic nanoparticles of Sn, in the second step, can accept Li+ ions up
to Li22Sn5.228 The following reactions correspond to the first and
second steps:

SnOx + 2xLi+ + 2xe− → xLi2O+ Sn (first step: irreversible)

xLi2O+ Sn+ yLi+ ↔ xLi2O+ LiySn (second step: cycling)

Formation of the electrochemically reduced nanoscale Sn particles
is the main purpose of using tin oxide instead of metallic Sn. The
nanoscale Sn particles facilitate insertion/deinsertion of lithium ions
by shortening of the diffusion paths for lithium ions.

Nevertheless, in addition to the irreversible capacity loss dur-
ing the first discharge cycle, Sn-based anodes suffer from poor cy-
cle life. Li insertion/deinsertion in anode material is associated with
volume variations. Huge changes in volume upon cycling induce
severe mechanical stresses which, in turn, lead to damaging of the
brittle, ionic electrode material.229 Such a mechanical damage sig-
nificantly affects the cycle life. This issue not only affects Sn-based
anodes but also all other intermetallic anode materials and is con-
sidered as the main drawback of such materials in comparison with
graphite which only exhibits 10% volume change during cycling.222

Although the volume change problem can be alleviated by addition
of inactive materials acting as buffer to accommodate the strains,
the energy density of the battery will be adversely affected due to a
load of additional inactive materials. One potential solution to the
volume variation issue is to move from flat, thin films to special
micro/nanoarchitectures that are capable of providing free spaces
to accommodate the strains. The active materials can be synthe-
sized using template or template-free methods. Cathodic deposi-
tion of Sn followed by a subsequent oxidation in air230 or anodic
deposition of tin oxides231 have been very recently developed and
studied.

Ortiz et al. have developed and studied a nanocomposite of
SnO in a TiO2 nanotube network using a two-step electrochemi-
cal synthesis method.230 The TiO2 matrix was fabricated via elec-
trochemical oxidation of a Ti substrate. The TiO2 matrix provides
a reasonably conductive substrate for the subsequent electrodepo-
sition of Sn. The conductivity of TiO2 can be further improved



Electrodeposition for Electrochemical 149

by Li insertion. Tin was electrodeposited from a nitrate containing
chloride-based bath using Pt as the anode. The current density was
5 mA cm−2 and the deposition time was 6 min. The total thickness
of the film was 1.6 μm. The electrodeposited Sn/TiO2 composite
film was subsequently annealed in air at 350◦C for 3 h to oxidize
Sn to SnO. The capacity per unit area of SnO/TiO2 and Sn/TiO2
(as deposited) films was measured as a function of cycle number for
up to 50 cycles. Both films showed reasonably stable capacity dur-
ing cycling, but a superior capacity was observed for the annealed
(SnO/TiO2) anode (Fig. 12). The large drop in capacity after the
first discharge was attributed to the irreversible consumption of Li
as Li2O as well formation of an ionically conductive, passivating re-
action layer on the electrode surface, conventionally referred to as
solid electrolyte interface (SEI). Although a 53% drop in capacity
was observed after the second discharge cycle, these composites ex-
hibited a relatively stable cycling behavior.

Figure 12. Specific capacity of the SnO/TiO2 and Sn/TiO2 films as a function of
cycle number. Hollow and solid symbols represent the charge and discharge, re-
spectively. The current density for both charge and discharge was 100 μA cm−2.
Courtesy of Ortiz et al. 230 Reproduced by permission of ECS – The Electrochemi-
cal Society.
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Chou et al. were the first to report a template-free, one-step
method for synthesizing SnO2 mesoscale tubes via an anodic de-
position process.231 The anodic deposition of SnO2 was conducted
in a nitrate containing, chloride-based Sn bath with Pt as both cath-
ode and anode substrate. The electrodeposition was performed under
potentiostatic condition.

The following reactions were suggested to be involved in this
anodic deposition process at potentials greater than 1.6 V vs. SCE
(the redox potential for oxygen):

Sn2+ + 4H2O→ Sn(OH)4 + 2e− + 4H+

2Sn(OH)4→ Sn2O(OH)6 + H2O→ SnO2 + 4H2O

2H2O→ O2 + 4H+ + 4e−

2Sn+ + O2 + 6H2O↔ 2Sn(OH)4 + 4H+

2Sn(OH)4→ Sn2O(OH)6 + H2O→ SnO2 + 4H2O

Anodic deposition of SnO2 at potentials greater than 1.6 V vs. SCE
is associated with evolution of oxygen bubbles, which act as pseu-
dotemplates to manipulate the SnO2 morphology. The deposition
potential that determines the rate of oxygen liberation is a key pa-
rameter controlling the morphology of the film. At low potentials,
insufficient for oxygen evolution, no significant nanoscale morphol-
ogy was observed. Conversely, application of a high potential (i.e.,
2.0 V vs. SCE) well above that for oxygen generation resulted in
a bowl-like morphology. The optimal potential to obtain uniform
mesoscale tubes was determined to be 1.8 V vs. SCE. The deposition
time influenced the length of mesoscale tubes. For short deposition
times (e.g., initial 5 min), spherical/half-spherical morphology was
obtained. For longer deposition times (e.g., 15 min), hollow spheres
grew to a tubular structure. Excessively long deposition times (e.g.,
10 h), however, resulted in 10-μm long tubes, which collapsed due
to their mechanical instability. The deposit morphology obtained at
1.8 V for 60 min is represented in Fig. 13.

It was observed that mesoscale tubes show superior specific ca-
pacity and Coulombic efficiency in comparison with the microbowls
of SnO2. The specific capacity and Coulombic efficiency at 2-C
(C = 790 mA g−1) charge/discharge rate for mesoscale tubes were
1,164 mA h g−1, 35.3% for the first cycle and 462 mA h g−1, 98.9%
after 150 cycles, respectively. These values for microbowls were
909 mA h g−1, 25.0% for the first cycle and 261 mA h g−1, 98.0%
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Figure 13. SEM image of the surface (a), the underside of the peeled film (b), the
X-ray diffraction pattern (XRD) (c), and TEM images of the as-deposited SnO2
[(d)–(f)]. The tube walls are composed of ∼4-nm SnO2 particles. Courtesy of Chou
et al. Reprinted from Chou et al. 231 with permission from Elsevier.

after 150 cycles, respectively. The improvement achieved was at-
tributed to the shorting of diffusion paths and lower activation energy
for Li insertion/deinsertion in mesoscale structure in comparison
with microbowl morphology of the SnO2 film.

2. Tin and Tin Intermetallic Anodes

Since metallic Sn has a high capacity for reversible Li insertion, pure
Sn as well as its intermetallic compounds have been considered as
promising anode materials in lithium ion batteries. In intermetallic
compounds of Sn, the second metal is normally electrochemically
inactive and cannot be alloyed with Li. Such an inactive metal per-
forms as a buffer to accommodate volume variations during Li
insertion/deinsertion in Sn.224 Among various Sn intermetallic com-
pounds, Ni3Sn4

232–235 and Cu6Sn5
236, 237 are the most commonly

studied materials. Intermetallic compounds of Sn with Ni and Cu
can be electrochemically deposited. Templates are conventionally
used to improve the morphological properties and, thus, the electro-
chemical behavior of the electrodeposited Sn and Sn intermetallic
compounds. Copper nanopillars can be electrodeposited within alu-
mina templates on a Cu foil to provide a unique template for the
subsequent electrodeposition of Sn or its intermetallic compounds.
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Figure 14. A Cu template consisting of electrode-
posited Cu nanopillars on a Cu foil. Courtesy of
Bazin et al. Reprinted from Bazin et al. 239 with
permission from Elsevier.

These nanopillars not only provide free space for volume variations
but also act as a promising current collector. Synthesis of such Cu
templates was first introduced by Taberna et al. for use as the sub-
strate/current collector for electrodeposition of Fe3O4, as a conver-
sion type anode material.238 A typical structure of a Cu template is
illustrated in Fig. 14.

Bazin et al. developed and studied a process for electrodepo-
sition of pure Sn onto Cu templates.239 The electrodeposition was
performed from a solution containing SnCl2, methane sulfonic acid,
and β-naphthol and gelatin as additives. The deposition time was ad-
justed to 5 min to inhibit extra deposition, which led to filling of the
gaps among the Cu pillars and formed a planar surface. It was hy-
pothesized that Sn alloys with Cu form a thin Cu6Sn5 intermetallic
layer on the surface of Cu pillars. This further assists the accom-
modation of the volume variations during discharge process. It was
observed that the thick Sn films on planar Cu (electrodeposited for
5 min) show rapid capacity degradation over cycling, while Sn cov-
ered Cu nanopillars show a good cycling behavior (Fig. 15a). Very
thin films of Sn on planar Cu (electrodeposited for 5 min), how-
ever, exhibited a similar cycle stability to the Sn covered nanopil-
lars (Fig. 15b). Nevertheless, the specific capacity of Sn on planar
Cu was five times smaller than that for Sn covered nanopillars. The
improved stability of Sn thin films on planar Cu was attributed to a
better accommodation of strains, while the higher capacity of the Sn
covered nanopillars was ascribed to a greater surface area.
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Figure 15. Specific capacity of Sn covered Cu nanopillars and thick planar Cu
(a) and (b) Sn covered Cu thin film as a function of cycle number. Courtesy of
Bazin et al. Reprinted from Bazin et al. 239 with permission from Elsevier.

Electrodeposition of Ni3Sn4 onto a Cu nanopillar template has
been recently reported by Hassoun et al.240 The deposition bath
contained NiCl2 (0.075 M), SnCl2 (0.175 M), K2P2O7, glycine, and
NH4OH, and the anode used was Pt. The authors of this work studied
the effect of morphology on electrochemical behavior of the Ni3Sn4
deposits by comparing two specimens both deposited onto Cu tem-
plate but with varying deposition times. Long deposition times for
one sample resulted in filling of the spaces among the pillars, while
short deposition time for the sample almost retained the original
morphology of the Cu pillars. The initial specific capacity of the
flat samples was 400 mA h g−1 (40% of the theoretical value), but
a severe decay after 50th cycle was observed. The specific capacity
for Ni3Sn4 on the sample with pillar morphology was 500 mA h g−1,
and no indication of decay was observed for more than 200 cycles.
The SEM images of the Ni3Sn4 samples deposited on the planar
surface and pillar morphology after 200 cycles are represented in
Fig. 16a, b, respectively. Structural damage is evidently seen for the
sample deposited on a planar surface, while the sample with pillar
morphology retained its pristine shape to some extents.

To achieve a stably high specific capacity, the anode material’s
intrinsic properties and the morphology of film and its ability to
accommodate the volume variations during charge/discharge pro-
cesses are equally important. Electrodeposition is a practical tech-
nique for synthesizing promising structure capable of providing long
cycle life for anodes used in lithium ion batteries. Recent research
and the direction for the future developments have concentrated on
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Figure 16. SEM images of electrodeposited Ni3Sn4 after 200 cycles on Cu template
(a) flat surface and (b) nanopillar morphology. Courtesy of Hassoun et al. Reprinted
from Hassoun et al. 240 Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.

manipulating material morphology to improve the cycle life for the
future generation of lithium ion batteries. Electrodeposition of al-
loys, in particular Sn intermetallic compounds, plays a critical role
to achieve this goal.

VI. CONCLUSIONS

Novel electrochemical devices require components with special ar-
chitectures to enhance the performance and reduce the manufactur-
ing costs. Although such unique structures can be achieved through
a variety of techniques, electrodeposition offers distinct advantages
of being straightforward yet versatile and cost effective. In low tem-
perature fuel cells, electrodeposition of Pt and its alloys, in com-
parison with alternative chemical techniques, significantly increases
the Pt utilization, lowers the raw material costs, and enhances the
performance of membrane electrode assemblies. Highly conduc-
tive/protective coatings for stainless steel interconnects used in high
temperature SOFCs can only be applied on complex configurations
by means of electrodeposition. For supercapacitor electrodes, com-
posites of metal oxide/polymer with unique, core/shell structures;
high capacitance; charge/discharge rate; and long cycle life have
been attained using electrodeposition with or without use of tem-
plates. In rechargeable lithium ion batteries with Sn-based anodes,
the issue of volume variations and premature anode degradation can
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be mitigated using an electrodeposited Cu template, which provides
free spaces to accommodate volume changes. The current research is
advancing toward manipulation of materials’ morphology and struc-
ture to enhance mass and charge transfer. In this way, electrodeposi-
tion plays a key role.
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I. INTRODUCTION

The noble metals or their oxides are the most convenient substrates
for most electrochemical reactions taking place in fuel cells or in
industrial electrolysis, for example. Because of this, the “activated”
electrodes are introduced, consisting of a conducting, inert sup-
port coated with a thin layer of electrocatalyst. In this way, not
only the chemical nature of the electrode can be modified but also
its morphology and structure in dependence on the procedure of
preparation.1

The transformation of the properties of an electrode surface
from those of an inexpensive inert substrate to those of an active one
with a small quantity of an expensive active metal is one of the most
important problems of electrocatalysis today. Numerous papers
substantiate that different catalyst for different electrochemical
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reactions have been developed by placing appropriate active
nanoparticles, usually of noble metals, on a carbon support, for
example, for the electrochemical oxidation of methanol,2 the elec-
trochemical reduction of oxygen,3 the electrochemical oxidation
of oxalic acid,4 etc. Naturally, the catalyst can also be placed on
metal or carbon substrate by electrodeposition. Formerly, metallic
supports were the only substrates used in cathodic formation of
electrodeposits. Nowadays, various exotic conductive materials are
also experimented.5

According to Bockris et al.,6 the cell voltage of a self-driving
cell, Us, is given by

Us = Ue −
U (1)

and the cell voltage of a driven cell, Ud, by

Ud = Ue +
U. (2)

The power Ps, which can be obtained from self-driving cells,
like batteries and fuel cells, is

Ps = (Ue −
U)I (3)

and the power Pd, required for driving the cells in, for example, elec-
trowining of metals, is

Pd = (Ue +
U)I, (4)

where

U = ηa + ηc + IR (5)

and Ue is the equilibrium cell potential, ηa and ηc the absolute values
of overpotentials of both electrodes, and I and R are the cell current
and cell Ohmic resistance, respectively.

The overpotential η in mixed activation–diffusion control is
given by

η = ηac + ηd, (6)

where ηac and ηd are the activation and diffusion overpotential, re-
spectively. It follows from (3) to (6) that 
U , Ps, and Pd depend on
both activation and diffusion overpotentials and on Ohmic voltage
drop in the cell.

The activation overpotential mainly depends on the kinetic pa-
rameters of processes under consideration on the given substrate
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and on the actual current density. The diffusion overpotential mainly
depends on the actual current density to the limiting current density
ratio, and the Ohmic voltage drop depends on the current in the cell,
the composition of the solution, and geometry of the system.

Obviously, 
U represents the losses of energy, and making U
near Ue, or 
U as low as possible, is the crucial problem of the
applied electrochemistry.

There are two basic problems in activation of inert substrates
by electrodeposition: first, the effect of the structure of the active
surface film on the transformation of electrode from inert to active
one7 and second, effect of the surface morphology on the polariza-
tion characteristics of activated electrodes.8, 9 Obviously, in the last
case, the nature of the initial substrate is not important. The analysis
of both of them is the aim of this chapter. It will be performed for
the cathodic reactions. Obviously, the corresponding analysis for the
anodic processes can be performed in the similar way.

Metallic electrodeposits allow surfaces with a variety of mor-
phological characteristics to be obtained. The granular electrode-
posits represent the model of the partially covered inert substrate.7

Deposits with a high roughness factor and good mechanical resis-
tance are of particular interest. These two important aspects are usu-
ally mutually exclusive, as high values of the roughness factor are
mainly obtained through growth of dendrites that have low mechan-
ical resistance.10 Hence, such coverings are unsuitable as electrocat-
alysts. On the other hand, the dendritic deposits are the best-known
form of the disperse deposits,11–13 being the most suitable for the-
oretical analysis. The dendrites are used here as an example of the
disperse deposit characterized with large roughness factor during the
analysis of the polarization behavior of activated electrodes. This is
because this chapter is written in order to explain the polarization
behavior of activated electrodes, not to give some concrete technical
solutions.

II. MICRO- AND MACROELECTRODES

In all actual electrochemical converters, the electrodes are three-
dimensional, porous structures, the pores of which contain the cata-
lyst material to and from which electric charge transfer occurs.14

The electrodic catalyst consists of active nanoparticles. The dis-
tribution of the active material on the surface inside the pores is very



166 K.I. Popov et al.

important for obtaining the necessary activity of the solid phase.
This is because the activity of a porous structure depends on both
mass transfer through it and on the electrochemical properties of the
surface.7

Mass transfer in a porous structure strongly depends on macro-
geometric parameters, but the electrochemical properties of the
surface of the solid phase depend on the mutual relation of the ac-
tive particles on it, being independent of the macrogeometry of the
system.

In spite of some specific characteristics of nanoparticles, this
can also be treated as the case of an inert substrate modified with
active grains in general. Naturally, for the sake of simplicity, this
analysis can be performed for planar electrodes.

According to Scharifker and Hills,15 in systems where the
charge transfer is fast, the rates of growth of nuclei are well de-
scribed in terms of control by mass transfer of the electrodepositing
ions to the growth centers.

During this stage of the growth of the deposit, the nuclei develop
diffusion zones around themselves, and as these zones overlap, the
hemispherical mass transfer gives way to linear mass transfer to an
effectively planar surface. The current then falls, and the transient
approaches that corresponding to the total electrode surface.

Similarly, it was shown by Gilleadi16 that the development of
a diffusion field near the surface of an ensemble of microelectrodes
occurs in the four successive steps, assuming total diffusion con-
trol of the process. The ensemble of microelectrodes consists of mi-
croelectrodes placed on the inert surface at distances between their
centers larger than their diameter. The first, planar diffusion to the
microelectrodes; the second, spherical diffusion with no overlap; the
third, spherical diffusion with substantial overlap; and finally, total
overlap, equivalent to planar diffusion to the whole surface.

Stonehart and Wheeler17 and Popov et al.7 correlated the
current densities on the microelectrodes, taking into account the
change of concentration around them, with the current density on
the macroelectrode. This is because the charge transfer occurs on the
microelectrodes, while the mass-transfer limitations are related to
the diffusion layer of the macroelectrode. In this chapter, the model
of the surface of Popov et al.7 will be used to describe the polar-
ization behavior of previously activated inert macroelectrode with
active microelectrodes.
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The cathodic polarization curve equation for flat or large
spherical electrode is given by

j = j0( fc − fa)

1+ j0 fc

jL

, (7)

where j , j0, and jL are the current density, exchange current density,
and limiting diffusion current density, respectively, and

fc = 10
η
bc , (8)

fa = 10−
η
ba , (9)

where bc and ba are the cathodic and anodic Tafel slopes and η is the
overpotential. Equation (7) is modified for use in electrodeposition
of metals by taking cathodic current density and overpotential as
positive. Derivation of (7) is performed under assumption that the
concentration dependence of j0 can be neglected.12, 18, 19

It is known12 that electrochemical processes on microelectrodes
in bulk solution can be under activation control at overpotentials,
which correspond to the limiting diffusion current density plateau of
the macroelectrode. The cathodic limiting diffusion current density,
jL,Sp, for steady-state spherical diffusion is given by:

jL,Sp = nFDC0

r
(10)

and for steady-state linear diffusion, jL, by:

jL = nFDC0

δ
, (11)

where n is the number of transferred electrons, F the Faraday con-
stant, D and C0 the diffusion coefficient and bulk concentration of
the depositing ion, respectively, r the radius of the spherical micro-
electrode, and δ is the diffusion layer thickness of the macroelec-
trode. It follows from (10) and (11) that:

jL,Sp

jL
= δ

r
. (12)
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An electrode around which the hydrodynamic diffusion layer
can be established, being considerably lower than dimensions of
it, could be considered as a macroelectrode. An electrode, mainly
spherical, whose diffusion layer is equal to the radius of it, satisfying

δ 	 r (13)

can be considered as a microelectrode.11

According to (7) for

fc 	 fa and
j0 fc

jL
	 1, (14)

the cathodic process on the macroelectrode enters full diffusion con-
trol, i.e.,

j ∼= jL. (15)

Simultaneously, the cathodic current density on the hemispher-
ical microelectrode, jSp, is given by:

jSp = j0( fc − fa)

1+ j0 fc

jL,Sp

(16)

or, because of (12)

jSp = j0( fc − fa)

1+
(

j0
jL

) (r

δ

)
fc

(17)

and, if condition (14) is also valid, but

r

δ
→ 0. (18)

Equation (17) can be rewritten in the form

j = j0 fc. (19)

This means that the process on the microelectrode in the bulk
solution can be under complete activation control at the same
overpotential at which the same process on the macroelectrode
is simultaneously under full diffusion control.
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Figure 1. Model of a paraboloidal surface protrusion; h is
the height of the protrusion relative to the flat portion of the
surface, hs is the corresponding local side elongation, r is the
radius of the protrusion tip, R is the radius of the protrusion
base, δ is the thickness of the diffusion layer and δ 	 h.
Reprinted from ref. 7 with permission of Elsevier.

Naturally, the microelectrodes can be placed on the macroelec-
trodes inside their diffusion layers. Let us consider the model of
surface irregularities shown in Fig. 1. The electrode surface irregu-
larities are buried deep in the diffusion layer, which is characterized
by a steady linear diffusion to the flat portion of the surface.7, 20

At the side of an irregularity, the limiting diffusion current den-
sity, jL,S, is given as:

jL,S = nFDC0

δ − hs
= jL

δ

δ − hs
. (20)

Obviously, this is valid if the protrusion height does not affect
the outer limit of the diffusion layer, and that a possible lateral dif-
fusion flux supplying the reacting ions can be neglected. At the tip
of an irregularity, the lateral flux cannot be neglected and the situa-
tion can be approximated by assuming a spherical diffusion current
density, jL,tip, given by:20

jL,tip = nFDC∗

r
(21)
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where C∗ is the concentration of the diffusing species at a distance r
from the tip, assuming that around the tip a spherical diffusion layer
having a thickness equal to the radius of the protrusion tip is formed.
If deposition to the macroelectrode is under full diffusion control,
the distribution of the concentration C inside the linear diffusion
layer is given by:12

C = C0
h

δ
, (22)

where 0 ≤ h ≤ δ. Hence,

C∗ = C0
h + r

δ
(23)

and

jL,tip = jL

(
1+ h

r

)
(24)

because of (11), (21), and (23).
The tip radius of the paraboloidal protrusion is given by11–13

r = R2

2h
(25)

and substitution of r from (25) in (24) gives

jL,tip = jL

(
1+ 2h2

R2

)
(26)

or
jL,tip = jL(1+ 2k2), (27)

where

k = h

R
. (28)

If h = R, k = 1, hence for a hemispherical protrusion,

jL,tip = 3 jL (29)

If h � R, k → 0,
jL,tip→ jL (30)

and if R � h, k →∞ and

jL,tip→∞. (31)
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Substitution of jL,tip from (27) instead of jL in (7) and further
rearranging give:

jtip = j0( fc − fa)

1+
(

j0
jL
· 1

1+ 2k2
fc

) . (32)

The current density on the tip of a protrusion, jtip, is determined by
k, hence by the shape of the protrusion. If k → 0, jtip→ j (see (7))
and if k → ∞, jtip → j0( fc − fa) 	 j . The electrochemical pro-
cess on the tip of a sharp needle-like protrusion can be under pure
activation control outside the diffusion layer of the macroelectrode.
Inside it, the process on the tip of a protrusion is under mixed con-
trol, regardless it is under complete diffusion control on the flat part
of the electrode for k → 0. If k = 1, hence for hemispherical protru-
sion, jtip will be somewhat larger than j , but the kind of control will
not be changed. It is important to note that the current density to the
tip of hemispherical protrusion does not depend on the size of it if
k = 1. This makes a substantional difference between spherical mi-
croelectrodes in bulk solution and microelectrodes inside diffusion
layer of the macroelectrode.16 In the first case, the limiting diffusion
current density depends strongly on the radius of the microelectrode.

Taking into account that the exchange current density depends
on the concentration of reacting ion, it follows that the growth of
dendrites12, 21, 22 inside the diffusion layer of the macroelectrode is
in fact under mixed activation–diffusion control. Hence, it can be
expected that the process on the microelectrodes placed on the sur-
face of the inert macroelectrode can be under mixed control. This
is because the charge transfer occurs on the microelectrodes, while
the mass-transfer limitations are related to the diffusion layer of the
macroelectrode.

III. INERT MACROELECTRODE PARTIALLY
COVERED WITH HEMISPHERICAL ACTIVE

MICROELECTRODES

1. Mathematical Model

The use of microelectrodes is impractical, but the use of ensembles
of microelectrodes can be a real option. The ensemble of microelec-
trodes consists of microelectrodes placed on the inert surface at dis-
tances between their centers larger than their diameter.
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Figure 2. A schematic presentation of the top view of the surface of
an inert macroelectrode modified with microelectrodes of catalyst.
Reprinted from ref. 7 with permission of Elsevier.

Assuming homogeneously distributed, equal to each other,
hemispherical grains of the catalyst on an inert substrate, in a way
similar to that used by Gileadi16 to describe an ensemble of micro-
electrodes, the surface of the macroelectrode can be presented by an
idealized model, as in Fig. 2, and the number of grains per square
centimeter is given by:

N = 1

a2 . (33)

It is obvious from Fig. 2 that the edge size, a, of a square of the
surface of the inert macroelectrode belonging to one such particle is
equal to the distance between the centers of the closest particles. If

a = x · 2rm, (34)

where rm is the radius of the microelectrode and x is the ratio of the
distance between the centers of the particles and the particle diame-
ter, and (33) can be rewritten in the form

N = 1
4r2

m · x2 . (35)
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The surface of each hemispherical microelectrode, Sm, is

Sm = 2r2
m · π , (36)

and the working surface of catalyst per square centimeter of macro-
electrode, Sw, is then

Sw = N · Sm = π

2x2 (37)

or

Sw = 2r2
mπ

a2 (38)

if (34) is taken into account, being dependent on the ratio rm/a.
A schematic presentation of the cross section of the diffusion

layer of an inert macroelectrode partially covered with small active
hemispherical particles is shown in Fig. 3, taking into account that
δ 	 rm.

Figure 3. Schematic presentation of the cross section of the diffu-
sion layer of a partially covered inert electrode with hemispherical
active particles, where rm is the radius of the microelectrodes, δ is
the diffusion layer thickness of the macroelectrode, C0 and CS are
the bulk and the surface concentrations of reacting ions, respectively,
x is the ratio of the distance between the centers of neighboring par-
ticles and the particle diameter, and δ 	 r . Reprinted from ref. 7

with permission of Elsevier.
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A mathematical model can be derived under the assumption
that the electrochemical process on the microelectrodes inside the
diffusion layer of a partially covered inert macroelectrode is under
activation control, despite the overall rate being controlled by the
diffusion layer of the macroelectrode. The process on the micro-
electrodes decreases the concentration of the electrochemically ac-
tive ions on the surfaces of the microelectrodes inside the diffusion
layer of the macroelectrode, and the zones of decreased concentra-
tion around them overlap, giving way to linear mass transfer to an ef-
fectively planar surface.15 Assuming that the surface concentration
is the same on the total area of the electrode surface, under steady-
state conditions, the current density on the whole electrode surface,
j , is given by:

j = nFD(C0 − CS)

δ
, (39)

where n is the number of transferred electrons, F the Faraday con-
stant, and D is the diffusion coefficient of the reacting ion. Obvi-
ously, the current density from (39) is due to the difference in the
bulk, C0, and surface concentration, CS, of the reactive ion. The
concentration dependence of the exchange current density22 is ex-
pressed as

j0,S =
(

CS

C0

)γ

j0, (40)

where

γ = d log j0
d log C0

(41)

and j0 is the exchange current density for a surface concentration C0
equal to that in the bulk, and j0,S is the exchange current density for
a surface concentration CS.

The current density on the macroelectrode can also be
written as:

j = Sw j0

(
CS

C0

)γ

( fc − fa) (42)

assuming a reversible activation controlled electrode process on the
hemispherical active microelectrodes on an inert substrate, where Sw
is the active surface per square centimeter of the macroelectrode and
j0 is the exchange current density on the massive active electrode,
standardized to the apparent electrode surface.
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The current densities given by (39) and (42) are mutually equal
and substitution of CS/C0 from (39) into (42), taking also into ac-
count (11) gives:

j = Sw j0

(
1− j

jL

)γ

( fc − fa) (43)

or, for γ = 1, after rearranging

j = Sw j0( fc − fa)

1+ Sw j0( fc − fa)

jL

, (44)

where jL is the limiting diffusion current density on the macroelec-
trode, standardized to the apparent electrode surface.

It is necessary to note that (44) is an approximation, because the
value of γ is lower than unity. This approximation is widely used in
qualitative discussions, because it permits the simple mathematical
treatment of electrochemical processes with relatively small errors
and with clear physical meaning. If γ = 1 is included in the deriva-
tion of the general polarization curve equation, simple analytical so-
lutions are not available and numerical solutions are required.

It is obvious that
j0,eff = Sw j0 (45)

is the effective value of the exchange current density relative to the
total surface of a partially covered electrode. It was shown23 that
the activity of a gold electrode modified with platinum 3D islands
with 72% active Pt sites on the electrode is approximately 25%
smaller than with pure platinum. This result is in excellent agree-
ment with (45).

As stated earlier, (44) with γ = 1 is more suitable for discus-
sion, but the calculation will be performed using (43) and the value
of γ = 0.5 for the one-electron transfer process.7

Equation (44) is the polarization curve equation for a modified
inert electrode for γ = 1. It is valid for inert substrates modified
by active microparticles or nanoparticles as well as by 2D and 3D
islands of active metal.

If

fc 	 fa and
Sw j0 fc

jL
� 1. (46)
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Equation (44) becomes:

j = Sw j0 fc (47)

and for

fc 	 fa and
Sw j0 fc

jL
	 1. (48)

Equation (44) becomes:

j ∼= jL (15)

meaning that jL does not depend on Sw.
If

fc > fa and
Sw j0( fc − fa)

jL
	 1. (49)

Equation (15) is also valid, meaning that the process is under com-
plete diffusion control at all overpotentials when j0→∞ if jL > 0
and Sw > 0.

An important conclusion can be drawn from the above deriva-
tions. If (46) and (47) are valid, only a part of the surface covered
with catalyst is active, with an exchange current density correspond-
ing to the massive catalyst which makes all the electrode surface
active but with a proportionally lower exchange current density.

If (48) and (15) are valid, the process enters complete diffusion
control, and overpotential required increases with a decrease of Sw.

If (49) and (15) are valid, even for small Sw and overpotentials,
all the surface behaves as an active one if j0/jL → ∞. This means
that the application of a partially covered inert substrate with active
micro and nanoparticles will be more effective for the cases of fast
electrochemical reactions. It is obvious that the above reasoning is
valid not only for an inert substrate covered with microparticles, but
also for any kind of partially covered electrode.

2. Polarization Curves

(i) Calculated Polarization Curves Without Included Ohmic
Potential Drop

The real situation can be estimated by digital simulation.7, 24 It
will be performed for example for one-electron transfer process and
β = 0.5 and γ = 0.5.7 In all cases, the apparent current density is
standardized to the apparent surface of modified electrode.
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Figure 4. Dependences j/jL − η calculated from (43), using j0/jL = 100,

1 and 0.01, Sw = 0.05, 0.1, 0.25, 0.5, 0.75 and 1, and fc = 10
η

120 ,

fa = 10−
η

120 , and γ = 0.5 (Reprinted from ref. 7 with permission from
Elsevier).

Using (43) with γ = 0.5 and j0/jL = 100, 1, and 0.01, Sw =
0.05, 0.1, 0.25, 0.5, 0.75, and 1, and fc = 10η/120 and fa =
10−η/120, the diagrams presented in Fig. 4 are obtained. The current
density–overpotential dependence above each set of polarization
curves corresponds to Sw = 1. It follows from Fig. 4. that for large
values of j0,eff/jL, electrochemical polarization can probably be
neglected and that complete Ohmic control of the deposition process
can be expected, for j0,eff/jL ≥ 100 up to a current density about
0.95 jL and for j0,eff/jL = 0.5 for current densities lower than 0.3 jL.

As told earlier, the shape of polarization curves does not depend
strongly on Sw at large j0/jL ratios. At lower ones, the important
effect arises.

In Fig. 5, polarization curves for j0/jL = 100, 1, and 0.01 and
Sw = 1 (other parameters as in the caption of Fig. 4) were calculated
using (43) and (44).

It can be seen from Fig. 5 that the approximation of (43) by (44)
is acceptable at all overpotentials and ratios j0/jL, being completely
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Figure 5. The same as in Fig. 4 but for j0/jL = 100, 1 and 0.01, Sw = 1, us-
ing (43) and γ = 0.5 as well as (44). Reprinted from ref. 7 with permission
from Elsevier.

correct at low overpotentials for low exchange current densities (the
Tafel region) and at large values of j0/jL at all overpotentials.

Finally, (7) and (44) should be compared with each other. Taking
j0/jL = 100, 10, 1, 0.1, and 0.01, Sw = 1, and fc = 10η/120 and
fa = 10−η/120, the diagrams presented in Fig. 6 are obtained. It can
be seen that for j0/jL ≤ 1 diagrams computed using (7) and (44) are
the same. This can be explained in the following way.

Equation (7) is valid for the complete active electrode surface.
On the other hand, if the inert substrate is partially covered with
the same active material, the polarization curve equation is given
by (44).7

Using the recently derived equation (44), it was possible to
elucidate the Ohmic-controlled electrodeposition of metals by the
consideration of silver electrodeposition on the graphite electrode,
where each microelectrode was independent relative to the other
ones.

At larger values of j0/jL ratio, the polarization curves calculated
by (7) exhibit complete diffusion control being practically the same
as follows from (7) when j0/jL → ∞, for fc > fa. On the other
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Figure 6. The comparison of polarization curves calculated using (7) and
(44). From left to right side of diagram j0/jL ratio corresponds to 100, 10,

1, 0.1 and 0.01, respectively; fc = 10
η

120 , fa = 10−
η

120 , and Sw = 1.
Reprinted from ref. 8 with permission of Elsevier.

hand, polarization curves calculated using (44) under the same con-
ditions become

j ∼= jL. (15)

The current densities on the massive electrode of the active ma-
terial and on the inert electrode activated with microelectrodes of the
same material become equal at

Sw = 1

1+ j0
jL

fa

(50)

as follows from (7) and (44), being strongly dependent on the j0/jL
ratio.8 Obviously, for electrochemical processes characterized with
j0/jL 	 1, the inert electrode will behave as a massive active one
even at low coverage. On the other hand, if j0/jL � 1, it follows
from (50) that inert electrode will behave as activated one at Sw = 1.

Naturally, during deposition on the same substrate, it can be ex-
pected that only small part of the electrode surface will be active
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and that for j0/jL → ∞ (44) is valid on both the inert and the
same active substrate. It can be seen from Fig. 6 that the increase of
the value of j0/jL ratio leads to the decrease of the electrochemical
overpotential. The activation part of overpotential is lost at j0/jL val-
ues larger than 10, while both activation and diffusion overpotential
vanish at j0/jL values larger than 100 (Fig. 6). In the second case,
the Ohmic-controlled electrochemical reaction can occur.

The Ohmic potential drop is not included in the polarization
curves depicted in Figs. 4–6.

The increase of the value of the j0/jL ratio produces large sav-
ing of energy.

(ii) Calculated Polarization Curves With Included Ohmic
Potential Drop

The polarization curves for the electrodeposition process, which
include the Ohmic voltage drop, can be obtained as follows, assum-
ing Sw = 1 in all cases.7, 9, 24 This will be performed for a one-
electron transfer process and β = 0.5, meaning γ = 0.5.7

Using (43) with γ = 0.5 and j0/jL = 100, 10, 1, and 0.01,
fc = 10η/120 and fa = 10−η/120, and jL = 50 and 10 mA cm−2,
the dependences presented by the dashed line in Figs. 7–10 are ob-
tained. The Ohmic potential drop is not included in the calculated
polarization curves depicted in Figs. 7–10 by the dashed line. It fol-
lows from Figs. 7–10 that for large values of j0/jL, electrochemical
polarization can probably be neglected but mass-transfer limitations
are present in all cases, which can also be shown by differentiation
of (7).

On the other hand, the measured value of overpotential, ηm, is
given by:

ηm = η + j
L

κ
(51)

due to the IR error,25 where L is the length of the electrolyte column
between the tip of a liquid capillary and the electrode and κ is the
specific conductivity of the electrolyte.

For a 1 M solution of a typical fully dissociated electrolyte, the
value of κ is around 0.1 S cm−1, L can be taken as 0.2 cm, and jL =
50 mA cm−2 and 10 mA cm−2. Using these given values, as well as
κ = 0.033 S cm−1, (51), and the diagrams presented in Figs. 7–10
by the dashed line, polarization curves including the Ohmic potential
drop can be obtained, as shown in Figs. 7–10 by the solid line.
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Figure 7. The dependence j − η calculated using (43), j0/jL = 100,

fc = 10
η

120 , fa = 10−
η

120 , γ = 0.5, Sw = 1 and jL = 50 mA cm−2,
and one modified using (51), L = 0.2 cm, κ = 0.1 s cm−1. Reprinted from
ref. 9 with permission from Elsevier.

Naturally, the condition of Ohmic-controlled electrochemical
process can be derived from (51) as:

η � j
L

κ
(52)

or

η ≤ 0.01 j
L

κ
. (53)

In the case under consideration, complete Ohmic control of the
deposition process can be expected for j0/jL ≥ 100 up to a current
density about 0.95 jL (Fig. 7) and for j0/jL = 10 up to 0.6 jL (Fig. 9).
It is obvious from Figs. 7–10 that, regardless of the shape of the po-
larization curve, which depends on the j0/jL ratio and κ , a limiting
diffusion current density plateau is present in all cases.
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Figure 8. The dependences j−η calculated using (43), j0/jL = 1 and 0.01,

fc = 10
η

120 , fa = 10−
η

120 , γ = 0.5, Sw = 1 and jL = 50 mA cm−2,
and ones modified using (51), L = 0.2 cm, κ = 0.1 s cm−1. Reprinted from
ref. 9 with permission from Elsevier.

Obviously, increasing the concentration of the reacting ion and
decreasing the concentration of the supporting electrolyte in a simple
salt solution stimulates Ohmic control of the deposition process, but
a large value of the exchange current density seems to be the most
important for it (Figs. 9 and 10).

It can be noted that before the increase of the current density,
over the value of the limiting diffusion one, the first part of the po-
larization curve for silver deposition from nitrate solution7 has prac-
tically the same shape as that from Fig. 7 and that those from Fig. 8
are very similar to the ones for Cd and Cu deposition.26 The value
of j0 for Ag deposition is very large.27 In the cases of both Cd28

and Cu29 deposition, j0 is considerably lower than in the case of Ag
deposition.
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Figure 9. The dependences j − η calculated using (43), j0/jL = 10,

fc = 10
η

120 , fa = 10−
η

120 , γ = 0.5, Sw = 1 and jL = 50 mA cm−2,
and ones modified using (51), L = 0.2 cm, κ = 0.1 and 0.033 S cm−1.
Reprinted from ref. 9 with permission from Elsevier.

The increase in the current density over the limiting diffusion
current in the absence of some other electrochemical process indi-
cates a decrease of the mass transport limitations, due to initiation
of growth of dendrites and further dendritic growth.

3. Experimental Verification

The polarization characteristic of a partially covered inert macro-
electrode is easy to determine, but it is very difficult or even impos-
sible to do the same for microelectrodes placed on it. On the other
hand,30 the morphology of metal electrodeposits indicates the con-
ditions of deposition. Hence, the type of process control on the mi-
croelectrodes can be derived from their morphology and correlated
with the polarization curve for the partially covered macroelectrode.
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Figure 10. The dependences j/jL − η calculated using (43), j0/jL = 10,

fc = 10
η

120 , fa = 10−
η

120 , γ = 0.5, Sw = 1, jL = 10 mA cm−2

and jL = 50 mA cm−2, and ones modified using (51), L = 0.2 cm,
κ = 0.033 S cm−1. Reprinted from ref. 9 with permission from Elsevier.

There are two conditions under which the particles of active
metal placed on the surface of a macroelectrode can represent mi-
croelectrodes. The first condition is that the substrate is conducting
but inert relative to the process under consideration. The second one
is that the grains are sufficiently small to permit activation control
of the electrochemical process on them, making thus, mixed over-
all control, as in the case of the tips of growing dendrites,11, 12, 31 or
during the induction time of the formation of spongy deposits.32–34

As already stated, the nuclei behave as microelectrodes in the
initial stage of electrodeposition of metals onto inert substrates.33 If
nucleation exclusion zones around nuclei are formed,35, 36 an inert
substrate can be partially covered even at long deposition times, due
to the nucleation exclusion zones overlapping, which results in the
formation of granular electrodeposits.37, 38 In this way, a granular
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silver deposit on a platinum or graphite electrode can represent the
ideal physical model of an inert substrate covered by nanoparticles.

It was shown earlier32, 33 that the mechanism of spongy deposit
formation can be successfully illustrated by a physical model and
that the calculations derived for the real system can be applied for the
model and vice versa. The formation of nucleation exclusion zones
is illustrated by the physical model35 as well as by the effect of the
exchange current density of the deposition process on the radii of
them36, 39 with fair agreement with the experimental data. In addi-
tion, the physical simulation40, 41 of the periodicity in the surface
structure of a polycrystalline electrolytic deposit42 is also possible.
As nucleation rings appear due to the supersaturation zones,40 the
mutual effect of the nuclei at the moment of their formation confirms
directly that the process on the nanoscale can also be elucidated by
an appropriate physical model. Besides, even the electrochemical
treatment of tumors in human tissue can be simulated by the elec-
trochemical model.43 Hence, it can be expected that physical mod-
eling will also be useful in the consideration of mass transfer on
an inert electrode partially covered with small particles of an active
metal. The kind of a process control on the microelectrodes inside
the diffusion layer of a partially covered inert electrode could be esti-
mated, and a mathematical model of the overall process on a partially
covered electrode proposed.

The electrolyte solutions used in further experiments were:
0.5 M AgNO3 in 0.2 M HNO3 (nitrate bath) and 0.1 M AgNO3
in 0.5 M (NH4)2SO4 (ammonium bath). The overpotential was in-
creased from initial to the final value and held for 30 s before mea-
surement in all cases during the polarization measurements.

The polarization curves for silver electrodeposition are pre-
sented in Fig. 11.

It is obvious from Fig. 11 that the polarization curves for deposi-
tion on the compact silver layer and on the uncovered graphite elec-
trode are practically the same. In both cases, the Ohmic-controlled
deposition is obvious. This can mean that the deposition on the
graphite electrode coated with silver also initiates by nucleation.
Besides, the grain of silver can be seen from Fig. 12a. In both cases,
an overpotential of 120 mV belongs to the region in which a slight
decline in the slope of the polarization curve indicates an increased
degree of diffusion control. At overpotentials larger than 140 mV, a
strong increase in the current density with increasing overpotential
occurs because of the initiation of dendritic growth.11, 12
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Figure 11. Polarization curves for silver electrodeposition from the nitrate
solution on: (a) a graphite electrode previously plated with silver from
the ammonium solution; (b) on an uncovered graphite electrode. Reprinted
from ref. 7 with permission from Elsevier.

Figure 12. The physical model of a partially covered inert electrode with active
grains and a completely covered inert electrode: (a) a graphite electrode completely
covered by deposition from the ammonium bath; current density on the electrode
completely covered with silver was 62.5 mA cm−2 at an overpotential of 120 mV
in the nitrate solution; magnification 500×; (b) the silver deposit on the graphite
electrode after the polarization measurements ended at an overpotential of 120 mV
in the nitrate solution; magnification 500×; current density on such electrode was
59.4 mA cm−2 at the same overpotential in the nitrate solution. Reprinted from ref. 7

with permission of Elsevier.

The polarization curves on platinum electrodes were very simi-
lar to those obtained on graphite ones.7

An SEM microphotograph of the silver deposit obtained after
polarization measurement up to an overpotential of 120 mV on an
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uncovered graphite electrode is shown in Fig. 12b. The electrode
surface is partially covered because of the overlapping of the nu-
cleation exclusion zones, being, as already told, the ideal physical
model of a partially covered inert electrode.

The surface of completely covered graphite electrode by depo-
sition from ammonium bath is shown in Fig. 12a. The regular crystal
form of the grains in Fig. 12b confirms that the deposition on the mi-
croelectrodes is not under diffusion control,44, 45 despite the overall
deposition rate being determined by diffusion to the macroelectrode.

The current density on the electrode from Fig. 12b, with a cover-
age of about 20%, is practically the same as on a completely covered
graphite electrode, as can be seen from Fig. 11 at an overpotential of
120 mV. This is because the exchange current density for the silver
electrodeposition process from nitrate baths is extremely large.27, 46

A similar situation appears in silver electrodeposition on
platinum.7

The surface layers of silver obtained by electrodeposition from
an ammonium bath on a graphite electrode are shown in Fig. 13.

The Sw in Fig. 13a is about 20% and the current density at
30 mV is about 40% of the current density on a completely covered

Figure 13. The silver layer on a graphite electrode obtained by electrodeposition
from the ammonium solution at an overpotential of 100 mV for: (a) 2.5 s. The
current density on this electrode in the ammonium solution at an overpotential
of 30 mV was 0.5 mA cm−2. Magnification 3,500×; (b) 60 s. The current den-
sity on this electrode in the ammonium solution at an overpotential of 30 mV was
1.0 mA cm−2. The current density on a completely covered graphite electrode af-
ter a pulse of an overpotential of 150 mV for 3 s and deposition at an overpoten-
tial of 100 mV for 10 min was 1.25 mA cm−2 at the same potential. Magnification
1,000×. Reprinted from ref. 7 with permission from Elsevier.
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inert substrate in ammonium solution. In Fig. 13b, the Sw is more
than 90% and current density is 80% of the current density on a com-
pletely covered electrode. This is in accordance with (44) and (47),
because the exchange current density for the silver electrodeposi-
tion process from ammonium solutions is considerably lower than
the corresponding limiting diffusion current density.47

The above facts are a fair illustration of the concluding remarks
in the previous section. It is necessary to note that the uncovered part
of the inert substrate after nucleation at larger potentials negative to
the reference electrode remains inert at lower ones.

4. The Required Quantity of Active Substance

Finally, the required quantity of catalyst for the activation of an inert
substrate can now be estimated as follows. The volume of hemi-
spherical microelectrode, Vm, is given by

Vm = 2
3

r3
m · π (54)

and the mass of such a grain is then

mm = ρ · Vm = 2
3

r3
m · π · ρ (55)

where ρ is the density of catalyst, and the mass of catalyst per square
centimeter of the inert electrode, m, is

m = N ·mm = rm · π · ρ
6x2

(56)

or, taking into account (37) and (50)

m = rm · ρ
3

Sw = rm · ρ
3
· 1

1+ j0
jL

fa

. (57)

Equation (57) is valid for the cathodic processes. In similar way,
the corresponding equation for the anodic ones can be derived.

It is obvious from (57) that the quantity of catalyst in the form
of small hemispherical grain required to transform an inert electrode
into an active one decreases rapidly with decrease in size of the par-
ticles, for one and the same Sw, as well as with the increase of the
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j0/jL value for the process taking place on it. Hence, (57) can be
considered as fundamental one for electrocatalysis by active parti-
cles on inert electrodes.

The current density on the graphite electrode partially covered
with silver grains obtained from the nitrate solution by a pulse of an
overpotential of 100 mV for 20 ms and by further growth at an over-
potential of 40 mV for 30 s (Fig. 14a) is practically the same as the
current density on a massive silver electrode at an overpotential of
40 mV. The same occurs with a graphite electrode covered with sil-
ver grains by a pulse of an overpotential of 500 mV for 5 ms and by
further growth at an overpotential of 40 mV for 5 s (Fig. 14b). It can
be seen that the deposits depicted in Fig. 14a and this in Fig. 14b,

Figure 14. Silver electrodeposits on a graphite electrode obtained from the nitrate
solution: (a) pulse of an overpotential of 100 mV for 20 ms and further growth at an
overpotential of 40 mV for 30 s. Magnification 750×; (b) pulse of an overpotential
of 500 mV for 5 ms and further growth at an overpotential of 40 mV for 5 s; magnifi-
cation 750×; (c) the same as in (b), but under a magnification of 4,500×. Reprinted
from ref. 7 with permission of Elsevier.
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under the same magnification, are very different. In Fig. 14c, the
deposit from Fig. 14b, but under a considerably larger magnification,
is shown, being very similar to that depicted in Fig. 14a.

It seems to be practically identical with the deposit shown in
Fig. 14a, which can also be concluded from calculated x/2rm val-
ues, being 2.5 for the deposit shown in Fig. 14a and 2.9 for that
shown in Fig. 14b. It is obvious that despite the grains being many
times smaller, their mutual relations are similar to those shown in
Fig. 14a, producing the same activity with a many times lower quan-
tity of electrodeposited metal, which is in the accordance with (37)
and (38).

In both cases, the current density on the partially covered elec-
trode was 21 mA cm−2. The current density on a completely covered
graphite electrode in the nitrate solution was 22 mA cm−2 at an over-
potential of 40 mV.

The electrodeposition of metals on inert substrates by fast elec-
trochemical reactions permits the physical modeling of processes on
partially covered inert substrates due to formation of nucleation ex-
clusion zones around the growing grains. Regardless of the continu-
ous change of the size of the microelectrodes during the deposition
process, the current density and morphology can be correlated to
each other after any deposition time. It is also the only way of deter-
mining the type of process control on the microelectrodes.

Hence, the procedure described above could be unavoidable for
the elucidation of the polarization behavior of an inert electrode
partially covered with small active grains, probably with nanopar-
ticles, too.

IV. INERT ELECTRODES ACTIVATED WITH DENDRITES

1. Large Level of Coarseness

From the electrochemical point of view, a dendrite can be defined as
an electrode surface protrusion that grows under activation or mixed
control, while deposition to the flat part of the electrode surface is
under complete diffusion control.11–13, 48

Considering the model of surface irregularities shown in Fig. 1,
the surface irregularities are buried deep in the diffusion layer, which
is characterized by a steady linear diffusion to the flat portion of
completely active surface.
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If the protrusion does not affect the outer limit of the diffusion
layer, i.e., if δ 	 h, the limiting diffusion current density to the tip
of the protrusion from Fig. 1, jL,tip, is given by20

jL,tip = jL

(
1+ h

r

)
. (24)

Substitution of jL,tip from (24) into (7) produces for h/r	 1:

jtip = j0,tip( fc– fa), (58)

where j0,tip is the exchange current density at the tip of a protrusion.
Obviously, deposition to the tip of such protrusion inside the

diffusion layer is activation controlled relative to the surrounding
electrolyte, but it is under mixed activation–diffusion control relative
to the bulk solution.

If deposition to the flat part of electrode is a diffusion-controlled
process and assuming a linear concentration distribution inside the
diffusion layer, the concentration C at the tip of a protrusion can be
given by (22).12

C = C0
h

δ
. (22)

According to Newman,22 the exchange current density at the tip of
a protrusion is given by

j0,tip = j0

(
C

C0

)γ

(59)

or

j0,tip = j0

(
h

δ

)γ

(60)

because of (22).
Taking into account (58), the current density to the tip of a pro-

trusion is then given by

jtip = j0

(
h

δ

)γ

( fc − fa), (61)

being under mixed control due to the (h/δ)γ term, which takes into
account the concentration dependence of j0,tip, expressing in this
way a mixed-controlled electrodeposition process.
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Outside the diffusion layer h ≥ δ, and (61) becomes:

jtip = j0( fc − fa) (62)

indicating pure activation control, as the (h/δ)γ term is absent.
On the other hand, according to Wranglen,49 a dendrite is a

skeleton of a monocrystal and consists of a stalk and branches,
thereby resembling a tree.

Dendritic growth occurs selectively at three types of growth
sites: at screw dislocations12 on the indestructible reentrant groove
formed in the twinning process50 and, in the case of a hexagonal
close-packed lattice, growth leading to the formation of low index
planes.51 Deposition to the tip of a screw dislocation can be theo-
retically considered as diffusion to a point and in other two cases
as diffusion to a line. In any case, the conditions requested for
activation-controlled deposition are fulfilled.12, 52–54

The current density to the tip of a protrusion formed on the
flat part of the electrode surface growing inside the diffusion layer
should be larger than the corresponding limiting diffusion current
density.21 Hence, if δ 	 h and

jL < jtip, (63)

the protrusion grows as a dendrite.
In accordance with (63), instantaneous dendrite growth is pos-

sible at overpotentials larger than some critical value, ηcr, which can
be derived from (61) as shown by Popov et al.55

ηcr = bc

2.3
ln

jL
j0

(
δ

h

)γ

(64)

for fc 	 fa, where h and δ are the protrusion height and the dif-
fusion layer thickness, respectively. For very fast processes, when
j0/jL 	 1, i.e., if fc ≈ fa but fc > fa, (61) becomes:

ηcr = RT

nF

jL
j0

(
δ

h

)γ

(65)

meaning that in the case of Ohmic-controlled reactions, dendritic
growth can be expected at very low overpotentials, or better to say,
if j0→∞, instantaneous dendritic growth is possible at all overpo-
tentials if only mass-transfer limitations are taken into consideration.
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In fact, dendrite propagation under such conditions is under
diffusion and surface energy control and ηcr is then given by:11, 21

ηcr = 8σ V

nFh
, (66)

where σ is the metal surface energy and V is the molar volume of
the metal.

Hence, a critical overpotential for initiation dendritic growth is
also expected in such cases, being of the order of few millivolts.21, 56

The initiation of dendritic growth is followed by an increase of
the deposition current density, and the overall current density will be
larger than the limiting diffusion current on a flat active electrode.
Based on the above discussion, the polarization curve equation in
the Ohmic-controlled electrodeposition of metals can be determined
now by:9

j = κη

L
for 0 ≤ η < jL

L

κ
, (67a)

j = jL for jL
L

κ
≤ η < ηcr + jL

L

κ
, (67b)

j = jLθ + (1− θ) j0
( fc − fa)

N

i=N∑
i=1

(
hi

δ

)γ

for ηcr ≤ η, (67c)

where N = N(t) is the number of dendrites and θ = θ(t) ≤ 1,
where θ is the coverage of the electrode surface with dendrites.

Equation (67a) describes the linear part of the polarization
curves for tin,57 silver,7 and lead58 deposition and (67b) foresees the
inflection point in the cases when ηcr is low and the resistance of the
electrolyte large. Finally, (67c) describes the part of the polarization
curve after initiation of dendrite growth.

It is interesting to note that (67c) describes qualitatively the
increase of the apparent current density over the value of the lim-
iting diffusion current density after initiation of dendritic growth,
since the quantitative treatment of the polarization characteristics in
the presence of dendrite growth is simply impossible. This is be-
cause dendrites can have a variety of unpredictable structures. In this
way, the results of Ibl and Schadegg,59 Diggle et al.,12 and Popov
et al.,21 as well as the Ohmic-controlled deposition of tin,57 silver,7

and lead,58 could be explained qualitatively.
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Thus, instead of a limiting diffusion current density plateau, a
curve inflection point or a short inclined plateau can be expected
on the polarization curve in Ohmic-controlled electrodeposition of
metals, as observed in the case of silver electrodeposition from ni-
trate solutions. The exchange current density of the silver reaction in
nitrate electrolytes is sufficiently large to permit Ohmic-controlled
deposition as well as dendritic growth at low overpotentials.27 After
a linear increase of the deposition current density with increasing
overpotential, an exponential increase after the inflection point ap-
pears, meaning the elimination of mass-transfer limitations due to
the initiation of dendritic growth.

The polarization curve for silver electrodeposition from nitrate
solution, 0.5 M AgNO3 in 0.2 M HNO3, onto a graphite electrode is
shown in Fig. 15. As shown earlier,7 the polarization curves for sil-
ver deposition from nitrate solution onto a graphite electrode and on
graphite covered with a nonporous surface film of silver (hence, on
a massive silver electrode) are practically the same. The polarization
curve in Fig. 15 is very similar to that in Fig. 7, which means that
mass-transfer limitations were decreased or even eliminated. The
SEM photomicrographs of the deposit corresponding to the points
from Fig. 15 are shown in Fig. 16.

Figure 15. The polarization curve for silver electrodeposition from ni-
trate solution on a graphite electrode. Reprinted from ref. 9 with permis-
sion from Elsevier.
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Figure 16. The SEM photomicrographs of the silver deposit obtained on a graphite
electrode obtained after the recording of the current at different overpotentials
in polarization measurements: (a) 100; (b) 125; (c) 150; (d) 175; (e) 200; and
(f) 225 mV. Reprinted from ref. 9 with permission from Elsevier.

It can be seen from Figs. 15 and 16a that at an overpotential of
100 mV, only grains9 can be seen, which means that the deposition
was not under diffusion control. It follows from Figs. 15 and 16b
that deposition at an overpotential of 125 mV is still out of diffu-
sion control. At 150 mV, the current density is somewhat lower than
that which could be expected from the linear dependence of current
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on overpotential. This indicates not only the initiation of diffusion
control of the deposition process but also the initiation of dendrite
growth, which compensates the mass-transfer limitations, as can be
seen from Figs. 15 and 16c. The point corresponding to an overpo-
tential of 150 mV can be considered as the inflection point of the
polarization curve in Fig. 15.

At overpotentials larger than 175 mV, the current density is con-
siderably larger than the one expected from the linear dependence
of current on overpotential. The formation of dendritic deposits
(Fig. 16d–f) confirms that the deposition was dominantly under acti-
vation control. Thus, the elimination of mass transport limitations in
the Ohmic-controlled electrodeposition of metals is due to the ini-
tiation of dendritic growth at overpotentials close to that at which
complete diffusion control of the process on the flat part of the elec-
trode surface occurs.

It is necessary to note that the silver deposits shown in
Fig. 16d–f are not similar to ideal silver dendrites,49 but they be-
have as dendritic ones in regard to their electrochemical properties.
Hence, they can be considered as degenerate dendritic deposits.

Occasionally, the needle-like dendrites can also be formed.
On the other hand, due to the overlapping of the nucleation

exclusion zones,7, 35, 36 deposition on the partially covered graphite
electrode is an excellent illustration of the above discussion. Namely,
the diffusion layer on the inert electrode partially covered with grains
of active metal can be formed and diffusion control established in the
same way as on an electrode of massive active metal if the deposition
process is characterized by a large j0/jL.7 If dendrites are formed on
the grains, their tips enter the bulk solution and overall control of the
deposition process becomes activation or mixed controlled.

Naturally, the same effect can be expected if some very fast elec-
trochemical process, other than electrodeposition, occurs on the inert
electrode partially covered by dendrites of active catalyst, especially
if concentration of reacting ion is low.60 This could be of great im-
portance for the activation of inert substrates for catalytic purposes.

It is clear that mass-transfer limitation can be avoided if the de-
position process is carried out on dendritic electrodes. In order to
illustrate this, the electrode shown in Fig. 17 was used. This is a den-
drite electrode. It was obtained by deposition of copper on the tip
of a copper wire at an overpotential of 650 mV during 20 min from
0.15 M CuSO4 in 0.50 M H2SO4.
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Figure 17. (a) The agglomerate of dendrites obtained by deposition of copper on
the tip of a copper wire electrode at 650 mV for 20 min; (b) the outer limit of the
dendritic electrode. Reprinted from ref. 9 with permission from Elsevier.

Figure 18. The polarization curve for copper deposition on the
electrode from Fig. 17. Reprinted from ref. 9 with permission from
Elsevier.

The polarization curve obtained on it from the same solution is
shown in Fig. 18.

The shape of polarization curve in Fig. 18 clearly indicates that
after the inflection point, activation control becomes dominant.

It also seems that the only way to obtain an ensemble of mi-
croelectrodes16 working independently under activation control is
to form an agglomerate of dendrites, the tips of which represent
microelectrodes working in the bulk solution outside any diffusion
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layer as well as outside the bulk of the agglomerated dendrites. This
could be of great importance in the activation of an inert electrode
surface by partial covering with dendrites of an active catalyst.

In practice, deposits with high roughness factor and good me-
chanical resistance are of particular interest. Dendrites have low me-
chanical resistance and they are unsuitable as electrocatalysts, but
the elucidation of the Ohmic-controlled electrodeposition of metals
due to the dendritic growth is of a great theoretical importance.

2. Low Level of Coarseness

Any solid metal surface that represents a substrate for electrochem-
ical reactions possesses a certain roughness. The roughness factor
is determined as the ratio of atomic scale real area to the geomet-
rically measured apparent one.61 In addition, it may appear coarse
or smooth, and this is not necessarily related to the roughness. It is
the level of coarseness that determines the appearance of the metal
surface, while even with considerable roughness, if below the visual
level, the surface may appear smooth. It is convenient to define the
surface coarseness as the difference in thickness of the metal at the
highest and lowest point above a reference plane facing the solution.
Figure 19 show cases of surfaces with (a) equal roughness and pro-
foundly different coarseness and (b) vice versa.62

The apparent surface of polycrystals, measured geometrically,
is often two to three times smaller than the real area, because the
latter is relatively rough – even if its hills and valleys are invisible
to unaided sight. Because various metals and different samples of
the same metal may have different roughness factor and because the
velocity of an electrode reaction has to be standardized to the real
area, the roughness factor has to be determined.61, 62

Figure 19. Models of surfaces with: (a) equal surface roughness with
different coarseness and (b) vice versa. Reprinted from ref. 8 with
permission of Elsevier.
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The standardized values of velocity of electrochemical reac-
tions, expressed by the values of exchange current density
standardized to real area, can be compared with each other.

Since both the exchange current density and the limiting diffu-
sion current density are included in the general cathodic polariza-
tion curve equation given by (7), it is necessary to standardize them
in the same way, hence, to the apparent surface area. In that case,
the exchange current density has some effective value, j0,eff, given
by (68)

j0,eff = fr j0, (68)

where fr is the roughness factor and j0 is the value of the exchange
current density standardized to the ideally smooth electrode surface.
In similar way, the j0,eff was defined earlier for the partially covered
inert electrode with active catalyst7 and j on porous electrodes.63

Electrocatalysts are produced in different ways, on different
substrates, and for different purposes,10, 64–72 but almost in all cases
the electrochemical characterization was performed by using the
cyclic voltammetry observations. In this way, it was not possible
to analyze the effects of the mass-transfer limitations on the polar-
ization characteristics of electrochemical processes. As shown re-
cently,7, 9 the influence of both kinetic parameters and mass-transfer
limitations can be taken into account using the exchange current
density to the limiting diffusion current density ratio, j0/jL, for the
process under consideration. Increased value of this ratio leads to
the decrease of the overpotential at one and the same current density
and, hence, to the energy savings.

The basic idea of this section lies in the following facts. In the
general polarization curve equation,61 both exchange and limiting
diffusion current densities are standardized to the apparent electrode
surface area. Hence, if the electrode surface roughness is increased,
the effective value of exchange current density for process under
consideration, standardized to the apparent electrode surface area, is
also increased. At the same time, if the level of the electrode sur-
face coarseness remains low, the change of the limiting diffusion
current density can be neglected. In this way, the value of j0/jL ratio
is increased, what can produce the decrease of overpotential at fixed
current density.

At significantly low level of coarseness, the limiting diffu-
sion current does not depend on it, being the same as on the flat
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electrode surface. On the contrary, even at significantly low level of
coarseness, the surface roughness can be considerably increased as
well as the value of the effective exchange current density.

Then, (7) modified with (68) can be used for calculation of the
polarization curves for the same electrochemical process at different
values of electrode surface roughness at low level of coarseness.

Using (7) and (68), and fc = 10η/120 and fa = 10−η/40,
j0/jL = 0.01 and 0.1, and fr = 1, 2, 5, and 10, the dependences
presented in Fig. 20 are obtained, being valid for copper electrode-
position reaction. The strong decrease of overpotential at the same
current densities with increase of the roughness factor of the elec-
trode surface can be seen.

The Ohmic drop is not included in the polarization curve from
Fig. 20. The dependences of overpotential at fixed current density on
fr are derived from the diagrams in Fig. 20 and presented in Fig. 21.
It can be seen from Fig. 21 that the values of overpotential strongly
decrease with increase of fr.

There are three possibilities for the increase of both the sur-
face roughness and coarseness during electrodeposition of metals. In
the activation-controlled electrodeposition the regular crystal grains

Figure 20. Dependences of j/jL − η calculated from (7) and (68)
using j0/jL = 0.1 and 0.01, fr = 1, 2, 5, 10 and fc = 10η/120 and
fa = 10−η/40. Reprinted from ref. 8 with permission of Elsevier.
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Figure 21. Dependences of overpotential on roughness factor for
j/jL = 0.5 and different j0/jL ratios. Data derived from Fig. 20.
Reprinted from ref. 8 with permission of Elsevier.

grow, in the region of mixed activation–diffusion control there is a
nondendritic surface coarseness amplifications, and in the complete
diffusion control dendritic deposition appears.30, 48

It is obvious that in the first case the situation like that from
Fig. 19a can be expected, leading to the increase of surface coarse-
ness, i.e., the size of crystal grains, but without considerable change
of the surface roughness. In the region of the mixed control, as well
as of the diffusion control at overpotentials lower than the overpo-
tential required for dendritic growth initiation, the cauliflower-like
forms are mainly formed, and they can be approximated by hemi-
spherical protrusions. Finally, at overpotentials higher than the one
required for dendritic growth initiation, dendrites are formed, and
they can be approximated by cones. It is easy to show that for
δ 	 r , the surface roughness does not depend on the radius of the
cauliflower-like particle.30 A schematic presentation of the top view
of the flat surface covered with homogeneously distributed equal
hemispherical protrusions and corresponding cross section is pre-
sented in Fig. 22.

It is easy to show that roughness factor fr,h in this case is
given as

fr,h = 1+ π

4
, (69)

being independent on the radius of hemispherical protrusions.
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Figure 22. A schematic representation of the top view of
the electrode surface modified with equal spherical pro-
trusions and of corresponding cross-section. Reprinted
from ref. 8 with permission of Elsevier.

If instead of hemispherical protrusions, the conic ones are used,
characterized by radius of base r and the height h, the roughness
factor fr,c is given as

fr,c = 1− π

4
+ π

2r
(h2 + r2)

1
2 , (70)

being strongly dependant on the h/r ratio. Corresponding schematic
presentation is given in Fig. 23.

Although the above illustration is a qualitative one, it can be
concluded by the analysis of (69) and (70) that the roughness factor
during nondendritic surface roughness amplification can be enlarged
about two times. On the other hand, during dendritic growth, ampli-
fication can be many times larger than in the nondendritic one.

Hence, the activation overpotential can be considerably de-
creased by appropriate preparation of electrode surface morphology,
especially by formation of disperse deposits at low level of coarse-
ness. Obviously, the roughness factor can be increased many times
in real situations. It is well known that the surface morphology exerts
a marked influence on the electrocatalytic activity of an electrode.73

At a microscopic level, the existence of pores, crevices, microcav-
ities, etc. favors the increase of the electrodic surface area, though
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Figure 23. A schematic representation of the top view of
the electrode surface modified with equal conical protru-
sions and of corresponding cross-section. Reprinted from
ref. 8 with permission of Elsevier.

mass transfer, Ohmic, and bubble overvoltages prevent the rates of
electrochemical reactions from increasing proportionally.10 An ex-
ample is the Raney-Nickel electrode used as cathodic material for
the hydrogen evolution reaction, for which it has been found that
in certain cases only 1.5% of the available area is used.74 In order
to avoid the discrepancy between the overall electrode surface and
the part of it at which the electrochemical process occurs in pro-
longed electrolysis, the procedure of the determination of the effec-
tive value of roughness factor has been developed.75 This is done by
determining the exchange current densities from stationary polar-
ization curves. The roughness factors were determined as ratios of
the values of exchange current densities on different substrates and
on the reference one. In this way, the differences in surface areas
taking place in determination of roughness factor and in prolonged
electrolysis process are avoided.

The copper deposit obtained by electrodeposition at an overpo-
tential of 300 mV during 2 min at copper cylindrical electrode from
0.15 M CuSO4 in 0.50 M H2SO4 is shown in Fig. 24a. Copper de-
posits electrodeposited at overpotentials of 550 and 650 mV on the
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Figure 24. (a) The copper deposit electrodeposited at an overpotential of 300 mV
during 2 min on the cylindrical copper electrode; and copper deposits electrode-
posited with 5.0 mA h cm−2 on the copper substrate from (a) at overpotentials of:
(b) 550 mV and (c) 650 mV; (d) the top of copper dendrite electrodeposited at an
overpotential of 650 mV with a deposition time of 32 min. Reprinted from ref. 8

with permission of Elsevier.

copper electrode presented in Fig. 24a with a quantity of electricity
of 5.0 mA h cm−2 are shown in Fig. 24b and c, respectively.

The polarization curves recorded on the cylindrical platinum
electrodes treated in the same way as the cylindrical copper elec-
trodes in Fig. 24 are shown in Fig. 25. There is not any difference
between polarization curves obtained on the copper and platinum
substrates.

The mutual position of the polarization curves from Fig. 25
indicates that the exchange current density corresponding to the sub-
strate from Fig. 24c is considerably larger than other ones. The con-
clusion can be derived by the comparison of Figs. 20 and 25, because
the Ohmic voltage drop in the polarization curves from Fig. 25 does
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Figure 25. Polarization curves for copper electrodeposition on the cylin-
drical platinum electrodes treated by copper electrodeposition under the
same conditions shown in Fig. 24a–c. Reprinted from ref. 8 with per-
mission of Elsevier.

not affect the mutual position of polarization curves in which the
Ohmic voltage drop is not included.9

On the other hand, as was shown recently,75 the value of j0 can
be estimated using jL value extracted from the polarization curve
and known value of the cathodic Tafel slope bc by (71)

j0 = jL

10
η1/2
bc

(71)

if the Ohmic voltage drop can be neglected, where η1/2 is the value
of overpotential corresponding to the half of limiting diffusion cur-
rent density value. For electrode surfaces presented in Fig. 24a–c,
using bc = 120 mV dec−1 and jL from polarization curves pre-
sented in Fig. 25, exchange current density values can be estimated
as j0 = 0.14, 0.27, and 1.8 mA cm−2, respectively. This method can
be applied here because the Ohmic voltage drop can be neglected
for the electrode whose surface is presented in Fig. 24a. Increasing
surface roughness decreases the overpotential at fixed value of ap-
parent current density and the contribution of Ohmic voltage drop
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to the measured overpotential increases. Because of this, the value
of j0 calculated by (71) can become lower than the real value, and,
hence, it can be used in this qualitative discussion.

Equation (68) can be rewritten in the form

fr = j0,eff

j0
. (72)

Assuming that j0 corresponds to the substrate from Fig. 24a and
that exchange current density values corresponding to the other sub-
strates are the effective values, roughness factors of 1.9 and 13 for
substrates shown in Fig. 24b, c, respectively, are obtained. The cop-
per deposit formed by the nondendritic surface coarseness ampli-
fication at an overpotential of 550 mV (Fig. 24b) is well described
by Fig. 22, and calculated value of 1.9 is close to the one predicted
by (69). The copper deposit obtained at an overpotential of 650 mV
(Fig. 24c) represents the precursors of dendrites which can be de-
scribed, more or less successfully, by cones from Fig. 23. It is nec-
essary to note that different forms on such surface are formed, from
the dendritic precursor to completely formed dendrite. Also, it can
be clearly seen from Fig. 24d that the top of the dendrite formed at an
overpotential of 650 mV was like a cone. Anyway, inhomogeneous
surface with different levels of coarseness was obtained, regardless
of the limiting diffusion current density value, which was not consid-
erably increased. The roughness factor for this electrode, calculated
by (72), is fr = 13, being considerably larger than the previous one.

The formation of the smaller (and less different to each other)
dendrites could be obtained by the increase of deposition over-
potential. Unfortunately, the increased overpotential produces the
hydrogen evolution in this system and the formation of degenerate
dendrites and honeycomb-like deposits.76, 77 Nevertheless, the den-
dritic growth in this system at larger overpotentials is possible by the
application of appropriate square-wave pulsating overpotential (PO)
regime. For example, the well-developed dendrites were formed with
amplitude overpotential of 1,000 mV, deposition pulse of 10 ms, and
pause of 100 ms (the pause to pulse ratio: 10) (Fig. 26a). They can be
well approximated by the cones shown in Fig. 23. Also, superficial
holes due to attached hydrogen bubbles were formed between these
dendrites, as can be seen from ref. 78

The precursors of dendrites, like a cone, were also formed by
the square-wave PO with the same amplitude overpotential and the
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Figure 26. (a) The copper dendrites formed by the pulsating overpotential (PO)
regime: deposition pulse of 10 ms, pause duration of 100 ms; deposition time:
18 min; (b) The precursor of copper dendrite obtained by PO regime: deposition
pulse of 1 ms, pause duration of 10 ms; deposition time: 24 min. In both cases am-
plitude overpotential used was 1,000 mV. Reprinted from ref. 8 with permission of
Elsevier.

pause to pulse ratio of 10, but by applying deposition pulse of 1 ms
and pause of 10 ms (Fig. 26b). In this square-wave PO, hydrogen
evolution was avoided.79

The polarization curves for copper deposition on the elec-
trodes whose surfaces are shown in Fig. 24a and 26a are given
in Fig. 27. It is obvious that the noticeable increase of the ex-
change current density attained by the application of the PO regime
( j0,eff = 3.3 mA cm−2; fr = 23.5) is followed by the minimal
increase of limiting diffusion current density, relative to the one
corresponding to the substrate from Fig. 24a.

The same polarization characteristics exhibit the platinum elec-
trode modified with copper dendrites formed by the use of the PO
regime described in caption of Fig. 26a. It can be seen from Fig. 27
that the process on the electrode with increased surface rough-
ness takes place at considerably lower overpotential than on the
smoother one.
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Figure 27. Polarization curves for copper electrodeposition on the
substrates from Figs. 24a and 26a. Reprinted from ref. 8 with permis-
sion of Elsevier.

V. APPLIED ASPECTS

The discussion presented in this chapter is new, and it is difficult
to relate it to some current applications. However, some impor-
tant conclusions and recommendations can be suggested from this
chapter.

First, it is possible to produce the copper dendrites by the PO
deposition at the overpotential amplitude at which in a constant cur-
rent regime the honeycomb-like deposits are formed. The dendrites
produced by the PO regime were very small but well developed, in-
creasing considerably the electrode surface roughness even at low
level of coarseness. In other words, the apparent exchange current
density of the electrochemical process occurring on such electrode
can be increased for more than 20 times in comparison with one
occurring at the smooth electrode surface. This result suggests that
important saving in energy can be achieved. A nondendritic surface
roughening does not produce significant increase in the exchange
current density.

Second, as it was recently shown,2, 9 the ratio of the exchange
current density and the limiting diffusion current density, j0/jL,
determines the polarization characteristics of an electrochemical
processes. Increased value of this ratio leads to a decrease of the
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activation overpotential at the same applied current density. If
j0/jL ≥ 100, the process becomes Ohmic controlled. In this sit-
uation, not only the activation overpotential is lost, but also the
diffusion overpotential at current densities lower than the limiting
diffusion is lost. This means that the electrochemical process on the
smooth electrode surface characterized by the value of j0/jL < 5
can be transformed to Ohmic-controlled one on the electrode surface
from Fig. 26a.

As already shown, for selected set of operating conditions, the
j0,eff/jL value can be only altered by a change of the electrode sur-
face roughness. The j0/jL ratio for the electrode whose surface is
presented in Fig. 24a is 0.018 and for that presented in Fig. 26a is
0.40. It can be seen from Fig. 27 that at same current densities, be-
longing to the operating region of current density, about 70% of
overpotential, hence energy, can be saved by using electrode with
larger surface roughness at approximately the same surface coarse-
ness. As explained earlier, the Ohmic voltage drop is neglected in
this case.

Copper shows a high activity for nitrate ion reduction80, 81 as
well as for a reaction in which nitrate is reduced to ammonia with
a high yield from aqueous acidic perchlorate and sulphate solu-
tions.82 In the future, the comparison of the polarization character-
istics of the mentioned reactions on a smooth electrode surface and
on the rough one at low level of coarseness should be investigated in
detail.

The electrode surface roughness at low level of coarseness can
be increased in some different ways other than dendrites (spongy-
like deposit,33 honeycomb-like structure,76, 77 pyramid-like de-
posit,83 etc.) on the microscale. The properties of electrodeposits on
nanoscale should be also taken into consideration.84, 85 Further in-
vestigation will show which one of them is the best for this purpose.
This chapter is written in order to initiate it.

VI. CONCLUSIONS

A completely new approach to the analysis of experimental data is
introduced by the use of the complete polarization curve equation
and by the method of digital simulation. It was possible in this way
to elucidate the polarization behavior of the partially covered inert
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electrodes, the essence of the Ohmic-controlled electrodeposition of
metals, and the electrocatalytic properties of disperse electrodeposits
formed at low level of the electrode coarseness.

Doubtless, the main contribution of this chapter is (57), which
correlates the quantity of catalyst required for complete activa-
tion of inert electrode with size and density of hemispherical ac-
tive grain and parameters of electrochemical process taking place
on them.
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16 (1986) 771.
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62A. R. Despić and K. I. Popov, “Transport controlled Deposition and Dissolution of

Metals”, in Ed. by B. E. Conway and J. O’M. Bockris, Modern Aspects of Electro-
chemistry, Vol. 7, Plenum, New York (1972) Chapter 4, 204.

63Yu. Chizmadzhev and Yu. G. Chirkov, “Porous Electrodes”, in Ed. by E. Yeager,
J. O’M. Bockris, B. E. Conway, and S. Sarangapani, Comprehensive Treatise of
Electrochemistry, Vol. 6, Plenum, New York and London (1983) Chapter , 317.

64M. V. Ananth, V. V. Giridhar, and K. Renuga, Int. J. Hydrogen Energ. 34 (2009) 658.
65C. A. Marozzi and A. C. Chialvo, Electrochim. Acta 46 (2001) 861.
66L. Zhou, Y. F. Cheng, and M. Amrein, J. Power Sources 177 (2008) 50.
67M. Imamura, T. Haruyama, E. Kobatake, Y. Ikariyama, and M. Aizawa, Sens. Actu-

ators B 24–25 (1995) 113.
68H. -K. Seo, D. -J. Park, and J. -Y. Park, Thin Solid Films 516 (2008) 5227.
69I. G. Casella, Electrochim. Acta 54 (2009) 3866.



The Effect of Morphology of Activated Electrodes 213

70S. A. S. Machado, J. Tiengo, P. de Lima Neto, and L. A. Avaca, Electrochim. Acta
39 (1994) 1757.

71L. Li, F. Ye, L. Chen, T. Wang, J. Li, and Z. Wang, J. Power Sources 186 (2009) 320.
72V. Diaz, S. Real, E. Teliz, C. F. Zinola, and M. E. Martins, Int. J. Hydrogen Energ.

34 (2009) 3519.
73D. Pletcher, J. Appl. Electrochem. 14 (1984) 403.
74K. Lohrberg and P. Kohl, Electrochim. Acta 29 (1984) 1557.
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I. INTRODUCTION

At a time when natural recourses are getting scarce and the impact
of human civilization on the environment is increasing, the cost and
abundance of raw materials have to be considered in every industry.
Since the discovery of the electrolytic production of aluminum in
the late nineteenth century, Al has been employed for manufactur-
ing a variety of products ranging from household appliances to air-
planes. The electrometallurgical production of Al consumes a large
amount of electrical energy and is associated with hazardous emis-
sions. Nevertheless, Al remains widely used in industry due to its
abundance on our planet, durability, and useful electrical, gravimet-
ric, thermal, and mechanical properties.

The durability of Al is due to the thin surface layer of aluminum
oxide, which is formed when Al is exposed to air. Thick Al2O3 lay-
ers may be produced by anodization, which results in either porous
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Al2O3 or a dense oxide layer, called barrier Al2O3.1–4 The former
oxide may be grown under conditions, which result in two unique
features: regularly hexagonal and straight-through arrangement of
pores.1–4 The characteristic interpore distance can be varied from
10 to 500 nm, with the lower limit being smaller than the dimensions
of features obtained from traditional photolithographic techniques.
This peculiarity of the pore arrangement, combined with a possibil-
ity to control the pore diameter, has resulted in the employment of
porous Al2O3 as a template for synthesis. All of these techniques
could be considered as the bottom-up approach for the fabrication
of nanostructures.

The emphasis in this chapter, however, is given exclusively to
the top-down approach for the fabrication of microstructures by
using a combination of photolithography and subsequent porous-
type anodization of either Al films or Al substrates that could be
a few hundred microns thick. In the top-down approach, the an-
odization mask is placed on the Al surface and Al is locally an-
odized by porous-type anodization. As a result, microstructures are
fabricated with alternating regions of Al and porous Al2O3. Next,
either porous Al2O3 or non-anodized Al can be selectively etched,
which allows for the fabrication of either metallic or ceramic 3D fea-
tures. This chapter will focus on electrochemical micromachining
(EMM)5 based on localized porous-type anodization and selective
etching, technological issues associated with these processes, and
applications of EMM of Al for the fabrication of 3D metallic and
ceramic microstructures.

This chapter is not intended to be a comprehensive review of
literature. For example, micromachining based on porous-type an-
odization of the entire Al substrate, subsequent lithography, and
selective and anisotropic etching of unprotected regions of porous
Al2O3 will not be covered in this chapter. This technique has been
described in other publications.6–11 This chapter represents our
attempt to draw attention to the unique capability of localized
porous-type anodization of Al for the fabrication of Al or Al2O3
microstructures and to demonstrate some examples of fabricated or
feasible devices. In addition, this chapter is intended to summarize
advances made in this area from the 1970s to the present time.
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II. ELECTROCHEMICAL MICROMACHINING
AND LOCALIZED ANODIZATION

1. Electrochemical Methods for 3D Microstructure
Fabrication: Additive Plating and Wet Subtractive Etching

3D Metallic microstructures can be fabricated by subtractive etching
and additive plating.12–22 While subtractive etching is based upon
metal removal from unmasked areas, additive plating results in
the deposition of metals in the areas defined by photolithographic
masks. Plating methods are used for the fabrication of fine features
with a narrow line width and small pitch. In contrast, as a category
of subtractive etching, wet (chemical and electrochemical) etching
is typically employed for the fabrication of wide metallic features.
The technological limitation of wet etching is imposed by the mostly
isotropic nature of the metal removal, which results in undercutting.
In this case, removal of metal in unprotected areas produces trape-
zoidal features, whose shape is dictated by the ratio of the verti-
cal and lateral dissolution rates. Thus, this phenomenon reshapes
metallic features and has to be taken into account during manufac-
turing. Undercutting is characterized by the etch factor (EF), which
is defined as the ratio of the amount of straight-through etch and the
amount of undercut.13, 17

Aluminum and other valve metals are typically microstructured
by subtractive etching techniques because their formal potentials
are too negative to allow for electrodeposition from aqueous
solutions.12–22 Microstructuring of Al films can be performed by
either wet chemical etching (as an example, in a mixture of H3PO4/

HNO3/H2O)23 or chlorine-based plasma etching.24, 25 While wet
chemical etching of patterned Al films was used previously in in-
dustry, reactive ion etching (RIE) is now the preferred method
for the etching of patterned Al substrates. This choice is due to
a high EF, which is obtained with RIE. Wet (chemical and elec-
trochemical) etching results in the narrowing of Al features due
to metal removal under the etching mask. At the same time, wet
etching still remains a cost-effective alternative to RIE for ap-
plications, in which economical benefits overcome technological
limitations.
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2. Fabrication of 3D Metallic and 3D Ceramic
Microstructures Based on Electrochemical

Micromachining of Al

In addition to wet chemical etching, EMM of Al films can be
performed by using porous-type anodization.7, 26–32 Under condi-
tions of anodic polarization in acidic electrolytes (e.g., sulfuric,
phosphoric, and oxalic acid), this process results in the material
known as porous Al2O3, which is characterized by the hexagonal
and straight-through pore arrangement.1–4 As shown in Fig. 1, EMM
by porous-type anodization combines photolithography (Step 1),
porous-type anodization (Step 2), and chemical etching of porous
Al2O3 (Step 3a). The last step is selective toward porous Al2O3 over
Al preserved under the anodization mask. This fabrication proce-
dure results in the Al microstructures that comprise (as an example)
metallic pillars, which are formed in the areas protected by the an-
odization mask. As an alternative to metallic microstructures, ce-
ramic microstructures composed of porous Al2O3 can be fabricated
by substituting the selective dissolution of porous Al2O3 with selec-
tive dissolution of Al, as illustrated in Fig. 1 (Step 3b). Consequently,

Labels:

aluminum

porous Al2O3

mask

substrate

1

2

3a 3b

Figure 1. Process flow: (1) photolithography (may include an optional step
of negative mask transfer by barrier-type anodization), (2) porous-type
anodization, (3) chemical etching of either (3a) porous Al2O3 or (3b) Al.
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porous-type anodization of patterned Al films can be used for the
fabrication of either metallic or ceramic microstructures with their
dimensions being defined by the design of anodization masks (pitch
and width) and EF.

3. Undermask Anodization During Localized Anodization
of Al and Fidelity of the Mask Transfer

Models have been developed to explain the conversion of Al to
porous Al2O3, which takes place under conditions of anodic po-
larization of Al in acidic electrolytes.33–36 The anodized films are
structured with three distinct layers: the base Al film, an interme-
diate and scalloped layer of barrier Al2O3, and a relatively thick
layer of porous Al2O3. While the thickness of barrier Al2O3 is
linearly proportional to the anodization voltage, the thickness of
porous Al2O3 is proportional to the anodization time. The steady-
state current during porous-type anodization is established when
the rate of field-enhanced dissolution of Al2O3 at the bottom of
pores is equal to the rate of Al2O3 formation at the Al/barrier
Al2O3 interface. These two processes are controlled by the electrical
field (108–109 V/m) distributed at the scalloped layer of barrier
Al2O3.33–36 Due to the hemispherical nature of pore bases, the dis-
tribution of electrical field has been shown to be inhomogeneous
in two directions: laterally along the sample surface and vertically
along the thickness of barrier Al2O3.34 During porous-type anodiza-
tion of patterned Al films, the distribution of electrical field in the
barrier Al2O3 has the direct effect on the vertical pore growth in the
unmasked areas and tilted/lateral pore growth under the anodization
mask.

The conversion of Al to porous Al2O3 proceeds in the direc-
tion normal to the equipotential surfaces.34 Thus, at the vertical
interface between Al preserved under the anodization mask and
porous Al2O3, pores propagate under the anodization mask.27, 30–32

The fidelity of the mask transfer during porous-type anodization
of patterned Al substrates (which is called localized anodization)
is compromised by the pore curvature as schematically shown in
Fig. 2.32 The metallic pillars, which are revealed after chemical etch-
ing of porous Al2O3, are trapezoidal and narrower than the width of
the anodization mask. Figure 2 represents two microstructures ob-
tained after (a) localized anodization of Al and (b) chemical etching
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Figure 2. Cross-sectional schematics of microstructures: (a) features of Al and
porous Al2O3 obtained after localized porous-type anodization, (b) trapezoidal
features of Al obtained after chemical etching of porous Al2O3. Reproduced from
Ref. 32 with permission from IOP Publishing Ltd.

of porous Al2O3. The undermask anodization (Fig. 2a) is analogous
to undercutting, which is typically observed during wet chemical
etching of patterned metallic substrates. Due to this similarity, EF
is defined as the ratio of microgrooves’ depth (D) to undercut (U )
and calculated according to (1). U is equal to half of the difference
between the width of the anodization mask (Wmask) and the width of
metallic pillars (Wpillar).

EF = D/U = D/(0.5× (Wmask −Wpillar)) (1)

Figure 3 shows trapezoidal metallic features embedded in the re-
gions of porous Al2O3 (Fig. 3a), which are obtained after localized
anodization, and metallic pillars, which are obtained after chemical
etching of porous Al2O3 (Fig. 3b). Being qualitative, Figs. 2 and 3
provide a framework for the analysis of the technological issues as-
sociated with localized anodization of Al films.
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Figure 3. Cross-sectional micrographs: (a) microstructures with alternative regions
of Al and porous Al2O3 obtained after localized porous-type anodization, (b) trape-
zoidal metallic features obtained after chemical etching of porous Al2O3. Two white
arrows show the depth of microgrooves (D) and undercut (U ).

4. Technological Limitations and Economical Benefits
of Electrochemical Micromachining of Al

Si is micromachined for the fabrication of 3D structures and
microelectromechanical systems (MEMS).5, 12–22 EMM of Cu and
Ti is used in aerospace, medical, and microelectronic industries. In
a similar way, EMM of patterned Al and Al-based alloys can be
utilized in a wide number of applications, including energy storage
devices, microanalytical systems, microfluidic, optical, and micro-
electronic devices. Regardless of the limitation imposed by a limited
EF, this technique may constitute an economical and scalable to
large geometric areas platform for microstructuring of Al substrates.
Metallic or ceramic features can be fabricated with dimensions de-
fined by the mask design and EF. The following sections will focus
on technological issues associated with localized anodization of Al
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films and past, current, and potential future applications of EMM of
Al and Al alloys, including fabrication of 3D metallic and ceramic
microstructures.

III. TECHNOLOGICAL ASPECTS OF LOCALIZED
ANODIZATION OF ALUMINUM SUBSTRATES

1. Mask Reliability During Localized Anodization

As discussed in Sect. II, EMM of patterned Al substrates by porous-
type anodization involves three processing steps: photolithography
to define the anodization mask, porous-type anodization, and chemi-
cal etching of porous Al2O3, which is formed in the unmasked areas.
To guarantee the fidelity of the mask transfer during localized an-
odization, it is critically important that the anodization mask remains
adhesive to the Al surface during severely oxidative conditions in the
anodization bath. In addition, the anodization mask has to accommo-
date the volumetric expansion, which typically takes place when Al
is converted to porous Al2O3. Although the volumetric expansion
can be minimized by choosing the electrolyte temperature and acid-
ity, the strain is still generated at the anodization mask/Al interface,
which may result in the anodization mask delamination. These two
requirements limit the choice of the appropriate material, which can
function as the anodization mask.

The adhesion of photoresist to the Al surface during anodization
may be modified by the kind of photoresist, its thickness, and the
baking conditions. However, it is still problematic that photoresist
stays adhesive to the Al surface especially during localized anodiza-
tion of thick Al substrates. Consequently, other anodization masks
have been developed and implemented. They can be divided into
three groups: (1) silica,26 (2) barrier metals (e.g., Ti, Ta, Nb)27–29

and their oxides, and (3) barrier Al2O3.26, 31, 32 For the first and sec-
ond groups, the fabrication process has to include additional pro-
cessing steps: deposition of a blanket film on Al, photolithography,
and either wet or dry etching of the blanket film. Then, the etched
layer can be used as the anodization mask for localized anodization.
Although additional deposition and etching steps have technologi-
cal merits and ensure the mask reliability, this process flow is in-
herently costly and technologically complex. Consequently, barrier
Al2O3 meets both technological and economical requirements.
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Barrier Al2O3 is generated in neutral solutions (e.g., borates,
phosphates) under conditions of anodic polarization.3, 4 Barrier-type
anodization is a self-limited process and the thickness of barrier
Al2O3 is linearly proportional to the anodization voltage with the co-
efficient of 1.2–1.4 nm/V. In order to use barrier Al2O3 as the mask
for porous-type anodization, the fabrication procedure is extended
to include three steps: barrier-type anodization of Al substrates pat-
terned with photoresist, photoresist stripping, and porous-type an-
odization in the areas initially covered with photoresist. The negative
pattern transfer was reported for EMM by porous-type anodization
of patterned Ti18, 19 and Al26, 31, 32 substrates. This procedure elim-
inates requirements for photoresist to be chemically stable and stay
adhesive to the substrate for a long period of time under oxidative
conditions during porous-type anodization. It is important to men-
tion that barrier-type anodization may undercut photoresist and ex-
tend the masked areas. However, this process is short (60–120 s) and
can be taken into account during manufacturing. Thus, barrier Al2O3
is likely to remain the most reliable and economical mask for local-
ized anodization of Al substrates because of its properties (superb
adhesion to Al and high corrosion resistance).

The utility of barrier Al2O3 as the anodization mask is demon-
strated in Fig. 4, which shows two trapezoidal regions of the metallic
phase alternating with regions of porous Al2O3.32 These micro-
graphs were obtained upon completion of porous-type anodization
of 3-μm-thick Al–0.5%Cu films. Due to the volumetric expan-
sion, cracks (inset, Fig. 4) are formed at the interface between the
Al–0.5%Cu phase and porous Al2O3. However, pores do not initi-
ate from the top of the substrate due to the protective character of
the anodization mask, under which the metallic phase is preserved.
The reliability of barrier Al2O3 as the anodization mask is further
illustrated in Fig. 5. The mask of ∼120-nm-thick barrier Al2O3
effectively blocks the formation of porous Al2O3 in the protected
areas and does not delaminate from the substrate regardless of the
volumetric expansion, as observed on each side of the trapezoidal
metallic feature. Both Figs. 4 and 5 confirm that the choice of the
anodization mask is critical for the reliable mask transfer during
localized anodization.
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Figure 4. Regions of Al–0.5%Cu alternating with regions of porous Al2O3 ob-
tained upon completion of localized porous-type anodization of ∼3-μm-thick
Al–0.5%Cu films. The inset is a magnified image of the interface between
Al–0.5%Cu and porous Al2O3. Reproduced from Ref. 32 with permission from IOP
Publishing Ltd.

2. Etch Factor as a Function of Process Conditions

A high EF is typically needed in manufacturing in order to obtain
features with controlled dimensions and a high aspect ratio.5, 13, 17

The quantitative analysis of metallic features obtained with EMM
by localized anodization allows one to evaluate how EF defined by
(1) depends on the process conditions. As discussed in Sect. II,
at the vertical interface between the metallic phase and porous
Al2O3, pores propagate under the anodization mask, which results
in the trapezoidal shape of metallic features. The pore curvature may
depend on the voltage of porous-type anodization, electrolyte com-
position and temperature, the depth of porous-type anodization, the
presence of alloying elements in Al (e.g., Cu, Si), and the dimensions
of features, which undergo porous-type anodization.

Under potentiostatic conditions, the applied voltage dictates the
rate of porous Al2O3 formation. Thus, the ratio of the vertical and
lateral anodization rates may vary with voltage. Figures 6 and 7
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Figure 5. TEM micrograph showing the Al–Cu phase preserved under the anodiza-
tion mask of barrier Al2O3. The magnified interface between Al–0.5%Cu and
porous Al2O3 is shown as inset. Reproduced from Ref. 32 with permission from
IOP Publishing Ltd.

show pillars of Al–0.5%Cu phase with concave slopes obtained by
EMM of ∼3-μm-thick Al–0.5%Cu films.32 While Fig. 6 shows pil-
lars fabricated with the porous-type anodization voltage of 20 V,
Fig. 7 shows pillars fabricated with voltage of 60 V. Indicated with
arrows on high magnification micrographs (the lower part of each
figure) are two critical dimensions: D and U , which are developed
on one side of anodization mask and calculated according to (1).

The analysis of Figs. 6 and 7 suggests that U decreases and, as
a result, EF increases (from 2.6 to 4.3) as the voltage of porous-
type anodization is increased. These observations imply that, in con-
trast to isotropic wet chemical etching,5, 13, 17 localized anodization
of Al–0.5%Cu films has some directionality. Similar observations
were reported by Lazarouk et al. and were supplemented with mod-
eling of the electrical field distribution during localized anodiza-
tion.27 As discussed in Sect. II, the theoretical model of porous
Al2O3 growth suggests an inhomogeneous distribution of electrical
field in the scalloped layer of barrier Al2O3, which is formed at the
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Figure 6. Cross-sectional SEM micrographs showing metallic pillars of ∼3-μm-
thick Al–0.5%Cu preserved under the anodization mask of barrier Al2O3. Porous–
type anodization voltage is 20 V. Reproduced from Ref. 32 with permission from
IOP Publishing Ltd.

interface between porous Al2O3 and the underlying Al substrate.34

The voltage dependence of EF indicates that the inhomogeneous dis-
tribution of electrical field is amplified when the voltage of porous-
type anodization is increased. Consequently, pores preferentially
grow in the vertical direction, thus minimizing the undermask an-
odization. It is important to note that these results were obtained
with Al–0.5%Cu films. Porous-type anodization of Al films with a
few % Cu is known to result in the Cu enrichment underneath the
scalloped layer of barrier Al2O3.37–39 This enrichment may influ-
ence undercutting and EF. The effect of alloying element(s) on the
anisotropy of localized anodization has not been extensively studied
and may need additional investigation.

In addition to voltage, the rate of porous-type anodization
depends on the electrolyte composition, acidity, and temperature.
These variables affect the rate of Al2O3 dissolution at the pore
bottoms in the isotropic way and are not expected to increase EF.
Another variable to consider is the depth of porous-type anodization.
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Figure 7. Cross-sectional SEM micrographs showing metallic pillars of ∼3-μm-
thick Al–0.5%Cu preserved under the anodization mask of barrier Al2O3. Porous–
type anodization voltage is 60 V. Reproduced from Ref. 32 with permission from
IOP Publishing Ltd.

Cosse et al. showed that EF decreases as the thickness of anodized
Al–0.5%Cu films increases from 3 to 10 μm.32 Kikuchi et al. re-
ported that EMM of Al specimens resulted in the hemispherical
20-μm-deep microgrooves.40 In this case, porous-type anodization
of patterned Al substrates was isotropic. These results suggest that
localized anodization becomes isotropic as the anodization process
proceeds. These conclusions are consistent with those obtained with
other EMM methods, which indicate that EF decreases as the depth
of metal removal increases.13, 17

In order to evaluate EF, one has to consider the dimensions of
features undergoing porous-type anodization, which are typically
1–100 μm wide. Data reported in literature suggest that EF de-
creases when the width of unmasked areas decreases. For example,
Renshaw showed the hemispherical cavities of porous Al2O3 formed
by porous-type anodization through defects in the nonporous sur-
face oxide films.41 Brevnov et al. reported the radial propagation
of pores initiated at the anodization mask defects, which results in
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the hemispherical shape of the anodized features. In both cases, the
defects were less than 1 μm wide.31 Thus, localized anodization be-
comes isotropic as the width of unmasked areas undergoing porous-
type anodization decreases.

In conclusion, the requirement to obtain a high aspect ratio fea-
tures dictates a necessity to increase EF. As discussed in this sec-
tion, the anisotropy of localized anodization depends on the process
conditions, such as anodization voltage, electrolyte composition and
temperature, the depth of porous-type anodization, the presence of
alloying elements in Al, and the dimensions of features, which un-
dergo porous-type anodization. As shown, voltage is the primary
variable, which allows one to increase EF. At the same time, lo-
calized anodization of patterned Al substrates became isotropic as
the depth of porous Al2O3 formation increases and the width of an-
odized features decreases. These trends have to be taken into account
while utilizing porous-type anodization for EMM of Al substrates.

3. Current Density Distribution at the Pattern Scale
During Localized Anodization

Porous-type anodization of patterned Al substrates may proceed
with the nonuniform current density distribution along the surface.
The current density distribution can be considered on three different
scales: the work piece, pattern, and feature scales.42–45 The pattern
scale nonuniformity results from the uneven coverage of patterned
features from one area of the substrate to another. The pattern scale
nonuniformity was thoroughly investigated in the area of electrode-
position.42 Areas with high and low photoresist coverage may attract
uneven current densities and, consequently, develop uneven deposit
thicknesses from one zone to another. In a similar way, the pattern
scale nonuniformity was observed for localized anodization of Al
films.46, 47 For example, the pattern scale nonuniformity was re-
ported during anodic processing of Al films for the fabrication of Al
interconnection patterns.46 An uneven coverage of the anodization
mask results in a variable thickness of porous Al2O3 between regions
with high and low coverages. Upon etching of porous Al2O3, this
variability is duplicated in the depths of microgrooves and affects
the shape of metallic pillars. In a manufacturing environment, EMM
is most often applied to substrates, which have an uneven coverage of
patterned features. Consequently, it is important to understand how
the anodization mask coverage controls the uniformity of current
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density distribution at the pattern scale and to establish a relationship
between the anodization mask coverage and dimensions of etched
features. In this section, the current density distribution at the pat-
tern scale will be discussed in some detail.

The pattern scale nonuniformity during anodic processing of
Al substrates may be treated in the same theoretical framework as
electrodeposition.42 Taking into account the rate-limiting process,
electrodeposition typically proceeds under either ohmic or kinetic
control. Similarly, the rate of porous-type anodization may be lim-
ited by either the ohmic resistance or the resistance of ion migration
in the scalloped layer of barrier Al2O3 (kinetic control). It is helpful
to use the Wagner number, Wa, defined as the ratio of anodic polar-
ization resistance to the ohmic resistance of electrolyte.42, 48 When
the former dominates (Wa > 10), the current density in the anodiza-
tion bath is secondary. Thus, for high Wa, the distribution of sec-
ondary current density has to be rationalized in order to explain the
nonuniformity observed at the pattern scale.

In order to illustrate how the anodization mask coverage af-
fects the distribution of secondary current density and the shape of
metallic features, as an example, one may consider the mask design
including areas with variable anodization mask coverage (features
with the same width and different pitches).47 Figures 8 and 9 demon-
strate regions of Al–0.5%Cu phase, which alternate with regions of
porous Al2O3 and are separated by 15 and 60 μm pitches, respec-
tively. While the upper part of each figure is a low magnification im-
age, the lower part is a magnified image showing either two (Fig. 8)
or one (Fig. 9) region of Al–0.5%Cu phase. The trapezoidal metallic
pillars revealed after chemical etching of porous Al2O3 are shown in
Fig. 10. Under chosen process conditions for porous-type anodiza-
tion (3% w/v oxalic acid, 30◦C, and 35 V), Wa was larger than 100.
The areas with a high coverage of anodization mask of barrier Al2O3
attract a low current density and, consequently, develop thin layers
of porous Al2O3. Chemical etching of porous Al2O3 reveals that mi-
crogrooves formed in the areas with the high coverage of anodiza-
tion mask of barrier Al2O3 (pitch of 15 μm) are shallower than the
ones formed in the areas with the low coverage of anodization mask
(pitch of 60 μm). Consequently, the distribution of secondary cur-
rent density is nonuniform and the current is converged to the ar-
eas with a low coverage and partially excluded from areas with a
high coverage. Similar to electrodeposition on patterned substrates
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Figure 8. Regions of ∼9.5-μm-thick Al–0.5%Cu phase alternating with regions
of porous Al2O3 obtained upon completion of porous-type anodization. Pitch is
15 μm. Porous-type anodization time is 80 min. Reproduced from Ref. 47 with per-
mission from ECS – The Electrochemical Society.

with variable mask coverage, the rate-limiting ionic current during
porous-type anodization of patterned Al films follows the pathway
of least resistance, as defined the anodization mask coverage.

The nonuniform distribution of secondary current density dur-
ing localized anodization of Al with variable mask coverage may
result in a loss of electrical connection and prevent some areas from
complete conversion of Al to porous Al2O3. For example, areas with
a low coverage of the anodization mask (Fig. 10c) are anodized faster
than areas with a high coverage of the anodization mask (Fig. 10a).
Thus, if the former areas are surrounded by the latter areas, the elec-
trical connection is lost before the complete anodization of the for-
mer areas. In contrast, when the design of anodization mask has a
single pitch and width, deep trenches are formed in the unmasked
areas as demonstrated in Fig. 11. The problem with a loss of the
electrical connection was solved by using a conductive underlayer
between the Al film and Si substrate.46 A possibility of wet chemi-
cal etching may also be considered. In summary, the distribution of
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Figure 9. Regions of ∼9.5-μm-thick Al–0.5%Cu phase alternating with regions
of porous Al2O3 obtained upon completion of porous-type anodization. Pitch is
60 μm. Porous-type anodization time is 80 min. Reproduced from Ref. 47 with per-
mission from ECS – The Electrochemical Society.

current density during localized anodization of substrates with vari-
able mask coverage has to be considered in order to rationalize the
rate of porous-type anodization and the shape of metallic features.
The distribution of current density is primarily effected by mask di-
mensions and the rate-limiting step (e.g., Wa).

IV. LOCALIZED ANODIZATION AND
ELECTROCHEMICAL MICROMACHINING:

APPLICATIONS AND DEVICES

This section will review selected applications and devices produced
by using localized porous-type anodization and, optionally, selec-
tive etching of either porous Al2O3 or Al. The fabrication of these
devices shares the common technological issues and challenges dis-
cussed in Sect. III: the choice of a reliable mask material, the fidelity
of the mask transfer, the trapezoidal profile of metallic features, the
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Figure 10. Cross-sectional SEM micrographs showing multiple pillars of the
∼9.5-μm-thick Al–0.5%Cu. Porous-type anodization time is 80 min. Pitch is 15 μm
(a), 20 μm (b), and 60 μm (c). Reproduced from Ref. 47 with permission from ECS –
The Electrochemical Society.

effect of the mask design on the rate of porous-type anodization and
on the completion of anodization of the entire thickness of Al with-
out traces of Al islands (which could be responsible for the lateral
conduction between individual electrodes/interconnects), and volu-
metric expansion of porous Al2O3 during anodization.

1. Metallization Applications in the Microelectronics
and Solar Cells Industry, and Fabrication

of Passive Components

Prior to the introduction of Cu electroplating, the primary method
used to form a multilevel structure of interconnections in integrated
circuit applications was Al and Al-alloy metallization.49 Localized
porous-type anodization was developed in the 1970s to obtain pla-
nar interconnection metallization for multilevel large-scale integra-
tion (LSI).26, 46, 50 For example, Schwartz and Platter showed that
the subtractive etching for Al interconnects could be substituted
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Figure 11. Cross-sectional SEM micrographs showing pillars of ∼9.5-μm-thick
Al–0.5%Cu obtained after localized porous-type anodization and chemical etching
of porous Al2O3.

by the anodic conversion of unwanted Al to an insulating film of
Al2O3.26 Figure 12 schematically shows the two-level metalliza-
tion structure with the anodic oxide formed by localized porous-
type anodization. For integrated circuit applications, Al is often
doped with small amounts of Si and/or Cu to control Al spiking,
electromigration, and to improve resistance to hillock formation.49

Consequently, Schwartz and Platter reported anodic processing of
Al alloys.26 In parallel to the development of anodic processing
at IBM,26, 46 similar approaches were developed and reported in
other publications.28, 29, 51–53 For example, Labunov et al. disclosed
a process for making multilevel interconnects by using localized
porous anodization.51 The reliability of multilevel Al metallization
was investigated with porous Al2O3 as an interlayer insulator.28, 29

The dielectric constant of porous Al2O3 was lowered by using the
pore widening procedure.28, 29 Localized porous-type anodization
was utilized to fabricate multilevel interconnects from 1- to 3-μm-
thick Al films with a Ta underlayer deposited on some substrates.53
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Figure 12. Schematic of two-level interconnection metallization formed by anodic
processing. Reproduced from Ref. 26 with permission from ECS – The Electro-
chemical Society.

Experimental conditions for porous-type anodization were identi-
fied, which favor the formation of almost rectangular features with
the pattern transfer accuracy of 15%.53

Back-side point contact monocrystalline Si solar cells demon-
strate high energy conversion efficiencies. In order to achieve these
efficiencies for large area solar cells, metallization approaches that
minimize the series resistance are required. Two-level metallization
schemes were shown to be superior to the use of interdigitated metal-
lic fingers.54, 55 Al deposition, SiO2 deposition, photolithography,
and double-localized anodization were reported for the fabrication
of the two-level metallization for high-efficiency Si solar cells.54, 55

Currently, Cu electroplating is used for the metallization of high-
efficiency back-side point contact Si solar cells.

In addition to the multilevel metallization and formation of
interconnects, anodic processing of Al was employed for the fab-
rication of integrated passive components: thin film capacitors and
inductors.56, 57 For example, localized porous-type anodization of Al
films was used to convert 20-μm-thick Al to the dielectric layer of
porous Al2O3 and to define metal–dielectric–metal structures.56 The
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employment of porous Al2O3 as a dielectric layer reduced the pro-
cess complexity in comparison to the use of chemical vapor depo-
sition methods for the fabrication of dielectric layers. Fabrication of
passive components was shown to be compatible with the multilevel
Al metallization, thus allowing for further integration.56, 57

2. Surface Microstructuring

In addition to the anodic processing of Al films, localized porous-
type anodization, combined with selective etching of either Al or
porous Al2O3, can be used for the surface microstructuring of
thick Al substrates.7, 30, 58 As an example, Fig. 13 demonstrates
a schematic presentation of processing steps. Photolithography
(Step 1) was used to define 25-μm-diameter circular features sep-
arated by 37.5 μm pitch. Time and conditions of localized porous-
type anodization (Step 2) were chosen such that U exceeded half of
the pitch. Consequently, under chosen process conditions and feature
dimensions, any three adjacent anodized areas overlapped. Finally,

Figure 13. Process flow for surface microstructuring with undercut exceeding half
of the pitch. (1) photolithography, (1a) top view and (1b) cross-section view;
(2) porous-type anodization; (3) selective etching of Al; and (4) selective etching
of porous Al2O3. Lower panel: SEM images of the microstructured Al surface: top
view (left), tilted view (middle), and a single Al tip at high magnification (right).
Images reproduced from Ref. 30 with permission from ASME.
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the microstructured surface was obtained by selective etching of Al
(Step 3) or porous Al2O3 (Step 4).7, 30

When all photolithographic features have the same dimensions
(width and pitch) and the mask reliability is not compromised, the
microstructured Al surface is uniform, as illustrated in the lower part
of Fig. 13. The trigonal tips were generated at intersections of three
boundaries between adjacent anodized areas (Fig. 13, the right im-
age). The apex of these tips could be as sharp as 60◦,7, 30 which indi-
cates an EF of 1.7. By using patterns with different symmetry, shape,
dimensions, and periodicity, the final surface may have a wide range
of structures. For example, by employing a mask with parallel lines,
Zhao et al. demonstrated a ridge-like Al strip pattern after removing
the porous Al2O3 layer.58

When photolithographic features have different dimensions,
one has to consider the effect of the mask design on the distribution
of the current density during localized porous-type anodization,
as described in Sect. III. When the current density distribution is
secondary, heavily masked areas develop thinner layers of porous
Al2O3 than lighter masked areas. The same conclusions were ob-
tained for localized porous-type anodization of thick Al substrates,
with empirical dependencies developed between the feature di-
mension and porous Al2O3 thickness.7, 30 Moreover, it was shown
that the variability of porous Al2O3 thickness could be advanta-
geous because it might allow for multilevel microstructuring in the
Z -direction.30

Bulk Al or Al foil can be anodized to a significant depth. There-
fore, selective etching of non-anodized Al becomes possible, re-
vealing the freestanding porous Al2O3 film. The bottom topography
of this film is opposite to that created in the Al substrate (Fig. 13,
Step 4). Mechanical robustness of the Al2O3 film can be enhanced,
if necessary, by applying a protective layer on the top after porous-
type anodization. For example, porous Al2O3 can be covered with
an epoxy or a similar polymer film. Figure 14 shows an example
of the microstructured Al2O3 surface. This patterned structure with
the pitch of 37.5 μm is an exact 3D negative replica of the Al sur-
face presented in the lower part of Fig. 13. The top view micro-
graphs (Fig. 14) show the symmetry, the hexagonal shape (defined
by the photolithographic mask), and the high quality of boundaries
between adjacent anodized areas. These observations confirm that,
if localized porous-type anodization is carried out for a sufficient
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Figure 14. SEM images of microstructured surface of freestanding porous Al2O3
after Al etching (Fig. 13, Step 3) at different magnifications. Top (top) and tilted
(bottom) views. Images reproduced from Ref. 30 with permission from ASME.

time, the complete overlap of boundaries between adjacent anodized
areas may take place. The necessary time is determined by the
mask design, feature dimensions, the rate of porous-type anodiza-
tion, and EF.

The unique property of the microstructured porous Al2O3 sub-
strate derives from the nature of a layer of barrier Al2O3 located at
the pore bottoms. This layer consists of dense, amorphous Al2O3
without any porosity or grain boundaries and, as such, exhibits a
high degree of impermeability to hydrogen, nitrogen, and salt so-
lutions.59, 60 Thus, despite the overall porosity, the microstructured
porous Al2O3 substrate may be impermeable – even for gases – if
the boundaries between features are completely closed. This prop-
erty is important for the incorporation of the microstructured porous
Al2O3 substrate into functional devices as described in the following
sections.

Figure 15 illustrates another example of surface microstructur-
ing. In this case, the process conditions and porous-type anodiza-
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Figure 15. Process flow for surface microstructuring with undercut being less than
half of the pitch. (1) photolithography, (1a) top view and (1b) cross-section view;
(2) porous-type anodization; (3) application of an epoxy on the top and selective
etching of Al from the back; and (4) selective etching of porous Al2O3. SEM images
of microstructured Al surface after Step 4, tilted samples with different shapes of
anodized/etched features (left and middle) and separated features of porous Al2O3
on the epoxy film, after Step 3 (right). Images reproduced from Ref. 30 with per-
mission from ASME.

tion time were chosen such that U did not exceed half of the pitch.
Anodization was stopped before adjacent anodized areas overlapped
due to the lateral pore propagation (Step 2). After porous Al2O3
etching (Step 4), the Al surface maintained its initial flatness on
the top and contained an array of identical cavities, as defined by
the photolithographic mask.30 Their depths are controlled by the
conditions of anodization and the mask design, as discussed above.
Tilted SEM micrographs show square (25 × 25 μm) and circular
(25 μm diameter) cavities arranged in square and triangular lattices,
respectively. Both types of cavities were anodized to a depth of ap-
proximately 6 μm. In this case, selective etching of Al was possible
only if a protective and supporting layer of epoxy was deposited on
porous Al2O3 (Step 3). The bottom-right SEM micrograph shows
the porous Al2O3 features on the epoxy surface, which confirm
their uniformity and smoothness. In conclusion, Figs. 13–15 show
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selected examples of microstructured surfaces composed from ei-
ther Al or porous Al2O3.

3. Freestanding Porous Al2O3 Substrates and Devices

As shown in the previous section, localized porous-type anodiza-
tion and selective etching of Al can be used for the fabrication
of complex microstructures composed from freestanding porous
Al2O3. As an example, Fig. 16a and b demonstrates SEM and op-
tical images of microstructured porous Al2O3 substrates, which are
utilized for sensor applications (Fig. 16c, d). The lateral dimensions
of freestanding ceramic substrates were controlled by the mask
design and process conditions. The thickness was controlled by
the current density and duration of anodization (2 min anodization

Figure 16. (a) SEM of gas microsensor substrate prepared by localized porous–
type anodization of Al. (b, c) Optical images of gas microsensor substrate without
and with electrodes. (d) Packaged humidity sensor with microheater. Images repro-
duced from Ref. 7 with permission from ECS – The Electrochemical Society and
from Ref. 69 with permission from ASME.
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at 15 mA/cm2, or 1.8 C/cm2, yields 1-μm-thick porous Al2O3).
The thickness of workable freestanding porous Al2O3 substrates
may vary from ∼30 to ∼300 μm.4, 8 Thicker than ∼300 μm sub-
strates may be obtained while using double-sided anodization.61

Porous Al2O3 substrates prepared under certain conditions are op-
tically transparent (Fig. 16b), which may expand their potential
applications.

In addition to the most straightforward technique (Al selective
etching), the freestanding porous Al2O3 substrates may be obtained
by the electrochemical detachment of porous Al2O3 without Al etch-
ing.62, 63 This approach includes an additional electrochemical step,
in which one or several short voltage pulses, slightly exceeding
the anodization voltage, are applied. The electrolyte (a mixture of
perchloric acid, HClO4 with acetic anhydride, (CH3CO)2O, and hy-
drochloric acid, HCl) is chosen in such a way that the electric field-
assisted Al2O3 dissolution rate exceeds its formation rate. A number
of other electrolytes have been studied and their efficiencies for
the Al2O3 detachment have been investigated (including the volt-
age excess and pulse duration).64, 65 Electrochemical detachment of
freestanding Al2O3 is accompanied by the pore opening from the
barrier layer side.62–65 Thus, the detachment introduces the through-
out porosity and transforms the impermeable alumina into a ceramic
membrane with a controllable pore diameter.

In addition to the throughout porosity and to be utilized in a
number of applications, micromachined anodic alumina ceramic is
required to have the following properties: high thermal stability (at
least up to 1,000◦C), a high surface area, and flatness. However, as-
prepared anodic alumina is amorphous, has the surface area of a
few m2/g, and cannot be used at temperatures higher than 600◦C.
Furthermore, if heated above 700◦C, severe buckling and cracking
occurs for the oxide prepared in any electrolyte. The thermal in-
stability, which is due to phase transitions, limits the applicability
of as-prepared anodic alumina. These crystalline phase transitions
in amorphous anodic alumina prepared in phosphoric acid,66 ox-
alic acid,59 or sulfuric acid67, 68 and annealed at temperatures up
to 1,200◦C were characterized by XRD, TGA, BET, IR, and other
techniques. Between 800 and 900◦C, all these oxides undergo rapid
and significant changes in the composition and concentration of im-
purities, specific surface area, mechanical properties, coordination
number of Al3+, and chemical stability. The temperature, at which
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this transition takes place, depends on the nature of the electrolyte
and anodization conditions. Significant transformation of the oxy-
gen sublattice occurs during the amorphous oxide to polycrystalline
oxide phase transition. This phase transition is accompanied by a
dramatic increase in the alumina surface area, from a few m2/g to
almost 100 m2/g, due to the appearance of new nanopores in the ini-
tially dense portion of anodic alumina.59 Less significant changes
take place at temperatures around 1,150◦C, during the formation of
alpha-alumina when the cubic lattice transforms into the hexagonal
close-packed lattice.

To overcome the thermal instability of as-prepared anodic alu-
mina during the crystallization process (buckling and cracking), a
method was proposed to anneal the amorphous anodic alumina at
temperatures up to 1,200◦C without the aforementioned destruc-
tion.62 The freestanding amorphous alumina is placed between two
ceramic plates held together with sufficient pressure, and gradu-
ally heated up to and beyond the temperature of the amorphous to
crystalline phase transition. The heating rate at temperatures, which
results in oxide crystallization, should be around 2◦C/min. This
method enables the fabrication of high temperature stable, flat an-
odic alumina substrates with the surface area as high as 100 m2/g.
Because of its robustness at very high temperatures, excellent mi-
croheaters can be made from such micromachined ceramics. By
using a Pt thin film as the resistive element, a microheater was fabri-
cated with the following specifications: temperatures up to 1,200◦C,
power consumption as low as 50 μW/◦C, fast response, and sta-
bility after 100,000 cycles from room temperature to 500◦C in
air.8, 69, 70 Microheaters with these specifications are attractive for a
variety of applications, especially for gas microsensors and sensors
arrays. A combination of the microheater and a sensing element,
formed by the deposition of different materials inside the porous
ceramics, creates a platform for resistive, capacitive, and catalytic
microsensors.69, 71–73

Figure 16c and d shows a low temperature humidity microsen-
sor with a three-electrode design. This sensor operates over a wide
range of humidity if anodic alumina porosity and pore size are
properly tuned. By using the integrated microheater, the operat-
ing temperature of such sensors is lowered to −60◦C.69, 74 Peri-
odic temperature pulsations of the sensing element to the level of
complete H2O desorption and even some OH-groups desorption
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(∼600◦C) completely refresh and reactivate the alumina surface. As
a result, the sensor has the maximum sensitivity to a low humidity
level every time humidity is measured. With the integrated micro-
heater, the sensitivity limit was shown to be less than 1 ppm.69, 74

The micromachined ceramics platform was also used for the
fabrication of oxygen and combustible catalytic sensors.69 Similar to
the design of the humidity sensor, the three-electrode configuration,
microheater, and sensing electrode were used in both cases. Titanium
oxide was employed as a sensing material for oxygen. These mi-
crosensors demonstrated excellent sensitivity to oxygen at temper-
atures as low as 650◦C. The response time was in the low tens of
millisecond range. The main performance advantages were the low
power consumption of the microheater, high sensitivity, and negligi-
ble cross-sensitivity to CO and NOx . The catalytic combustible gas
microsensor was fabricated by depositing a Pd-based catalyst (wet
impregnation and sintering) on the sensing surface. This area was
maintained at operational temperatures of 450–550◦C. In the pres-
ence of a gas combustible on the catalyst surface, additional heat
was generated. The heat increased the temperature of the sensing
element, which increased the microheater resistance, thus providing
a measurable signal.

The presented examples show that the electrochemically micro-
machined anodic alumina is advantageous for the fabrication of sen-
sors and sensor arrays because of its thermal stability, controllable
porosity, and a variety of options for the deposition of sensing mate-
rials. The fabricated and tested sensors have demonstrated high sen-
sitivity and selectivity, long-term stability, low power consumption,
as well as the reactivation function in the pulse mode.

4. Multilevel Alumina Ceramics and Its Applications

This section will describe applications of freestanding anodic
alumina ceramics, developed by Grigorishin and co-workers for
vacuum microelectronics.70, 75–82 Electrostatic75, 81 and thermoac-
tivated switching devices,82 LC high-frequency oscillators,76, 77, 79

AC amplifiers,75, 80 triggers, and other logic vacuum integrated cir-
cuits (VICs)75, 77 were fabricated and characterized. Passive and
active elements, interconnects, and packaging solutions were de-
veloped to fabricate these devices. Passive elements and intercon-
nects were prepared by conventional physical vapor deposition and
reactive sputtering of materials on the thermally stabilized alumina
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ceramics. The dimensions of these elements were specified to obtain
the required performance specifications.

Active elements, such as microtriodes, which consist of ther-
mal cathode, anode, and control grid, were fabricated by using two
separate alumina films or components. The cathode component was
prepared by localized anodization with selective etching of non-
anodized Al. Figure 17a shows an optical image of a portion of the
substrate for this part. Due to extensive localized heating, a special
design was required to compensate for related stresses (Fig. 17a-2).
The most challenging problem was to develop the anode–grid com-
ponent with a fine grid, which was separated from the anode base
with high tolerance. Figure 17b and c demonstrates optical and SEM

Figure 17. (a, b) Optical and (c) SEM images of 3D anodic alumina ceramics with
multilevel microrelief, substrates for cathode components (a: 1 – heating zone and
2 – thermomechanical stress compensator) and anode–grid components (b and c:
1 – fine grid, 2 – recess in the substrate for film anode, and 3 – interconnect
via). (d) Example of a device, thermionic ultra-high-frequency oscillator, based on
anode–grid and cathode components assembled in metalloceramic package. Images
reprinted from Ref. 75 with permission from Elsevier Ltd. Image (d) reproduced
from Ref. 76 with permission from IEEE ( c© 1999 IEEE).
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images of part of a substrate for the one anode–grid design. Shown
is a single piece of alumina ceramic, which has a very complex
3D multilevel topography: a fine grid from alumina (1), a recess
in the substrate, in which the thin film anode would be deposited
(2), and via for electrical connections and assembling (3). Fabri-
cated VICs performed impressively in harsh thermal and radioactive
environments. They operated at temperatures of above 600◦C, radi-
ation level of 1017 N/cm2, γ-radiation dose of 106 R, pressures from
10−6 mmHg (or Torr) to 100 atm., including the simultaneous effect
of all these impacts.75–77 Figure 17d shows a developed and tested
thermionic VIC: an ultra-high-frequency oscillator in a metalloce-
ramic package.

The devices based on anodic alumina ceramics and their specifi-
cations have been discussed at a number of specialized conferences,
related to vacuum microelectronics.70, 75–82 Based on the published
information, one can conclude that at least the following technolog-
ical challenges were addressed during the fabrication of these de-
vices: planarization of the initial Al foil, optimization of the mask
material, multistep photolithography and carefully controlled an-
odization steps, precise Al etching to a specific depth between an-
odizations, and high temperature annealing of alumina ceramics
with a multilevel topography. To illustrate the potential of this tech-
nology, a few examples of devices based on alumina ceramics with
the 3D multilevel topography have been presented here. The details
or specifications of the fabricated devices can be found in the afore-
mentioned publications.

Microstructured surfaces, as well as micromachined substrates
and devices discussed in Sects. II, III, and IV, are suitable for a num-
ber of applications. They include reflective and absorbing surfaces,
wavelength-sensitive filters, multiaperture lens arrays and Fres-
nel microoptics, field emitter arrays, precision apertures, or molds
for microstructured surfaces of other materials. Microstructured
alumina ceramics can also be used for tuned broadband infrared
emitters. In addition, due to the robustness at high temperatures
and well-developed and controlled porosity, the freestanding, heat-
treated micromachined anodic alumina substrates can be used for
the fabrication of sensors that incorporate a high temperature micro-
heater with low power consumption.
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V. CONCLUSIONS

This chapter has reviewed the top-down approach for the microstruc-
turing of Al: localized porous-type anodization and EMM based on
selective wet etching of either porous Al2O3 or Al. The technologi-
cal limitation of localized porous-type anodization is imposed by the
lateral pore propagation, which results in undercutting and, conse-
quently, trapezoidal metallic features. However, in contrast to mostly
isotropic wet chemical etching, localized porous-type anodization
has some directionality. Thus, this technique can be used as an al-
ternative to plasma-based etching of Al for applications, in which
economical benefits overcome technological limitations.

EMM can be applied to either Al films, typically deposited
on SiO2/Si substrates, or Al foils. The dimensions of metallic fea-
tures are determined by the same rules: the etch factor, the depth of
porous-type anodization, the mask design, and process conditions.
In addition to the fabrication of metallic microstructures, EMM can
be used to produce microstructured ceramic substrates composed of
porous Al2O3. For the fabrication of both types of 3D microstruc-
tures by localized porous-type anodization, the following technolog-
ical problems have to be addressed: the reliability of a mask material,
the fidelity of the mask transfer, volumetric expansion of porous
Al2O3 during anodization, and the effect of the mask design on the
rate of porous-type anodization and on the completion of anodiza-
tion of the entire thickness of Al without traces of Al islands.

This chapter has also reviewed selected applications and de-
vices incorporating metallic and/or ceramic microstructures. Lo-
calized porous-type anodization and selective etching were applied
for metallization, fabrication of integrated passive components, and
surface microstructuring. Microstructured ceramics based on an-
odic alumina was shown to be advantageous due to its high ther-
mal stability and compatibility with 3D multilevel microstructuring.
Micromachined metallic and/or ceramic substrates may be suitable
for additional applications, which result from the abundance of Al,
cost-effective methods for its microstructuring, and a possibility for
the deposition of a variety of materials in porous Al2O3. Moreover,
the unique features of porous Al2O3 (the controlled pore diameter
and regularly hexagonal and straight-through arrangement of pores)
allow one to fabricate structures with dimensions below the limit of
traditional photolithography. Thus, a combination of the bottom-up
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and top-down approaches may result in new micro- and nanostruc-
tures with functionalities not expected from the application of only
one of these approaches.
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32J. T. Cosse, G. P. López, P. Atanassov, T. M. Bauer, Z. A. Chaudhury,
C. D. Schwappach, L. E. Mosley, and D. A. Brevnov, J. Micromech. Microeng. 17
(2007) 89.

33J. P. O’Sullivan and G. C. Wood, Proc. R. Soc. Lond. A. 317 (1970) 511.
34V. P. Parkhutik and V. I. Shershulsky, J. Phys. D: Appl. Phys. 25 (1992) 1258.
35F. Li, L. Zhang and R. M. Metzger, Chem. Mater. 10 (1998) 2470.
36J. E. Houser and K. R. Hebert, J. Electrochem. Soc. 153 (2006) B566.
37H.-H. Strehblow, C. M. Melliar-Smith, and W. M. Augustyniak, J. Electrochem. Soc.

125 (1978) 915.
38R. L. Chiu, P. H. Chang, and C. H. Tung, J. Electrochem. Soc. 142 (1995) 525.
39H. Habazaki, K. Shimizu, P. Skeldon, G. E. Thompson, G. C. Wood, and X. Zhou,

Trans. Ins. Met. Finish. 75 (1997) 18.
40T. Kikuchi, M. Sakairi, H. Takahashi, Y. Abe, and N. Katayama, J. Electrochem.

Soc. 148 (2001) C740.
41T. A. Renshaw, J. Electrochem. Soc. 108 (1961) 185.
42J. O. Dukovic, in Advances in Electrochemical Science and Engineering, Vol. 3, Ed.

by H. Gerischer and C. W. Tobias, VCH Publishers Inc., New York, NY (1994) 117.
43A. C. West, M. Matlosz, and D. Landolt, J. Electrochem. Soc. 138 (1991) 728.
44S. Mehdizadeh, J. O. Dukovic, P. C. Andricacos, L. T. Romankiw, and H. Y. Cheh,

J. Electrochem. Soc. 139 (1992) 78.
45C. Madore and D. Landolt, J. Micromech. Microeng. 7 (1997) 270.
46G. C. Schwartz and V. J. Platter, J. Electrochem. Soc. 123 (1976) 34.



248 D.A. Brevnov and P. Mardilovich

47D. A. Brevnov, T. C. Gamble, P. Atanassov, and L. E. Mosley, J. Electrochem. Soc.
153 (2006) C801.

48R. Akolkar, U. Landau, H. Kuo, and Y.-M. Wang J. Appl. Electrochem. 34 (2004)
807.

49A. J. Learn, J. Electrochem. Soc. 123 (1976) 894.
50D. R. Collins, S. R. Shortes, W. R. McMahon, R. C. Bracken, and T. C. Penn, J. Elec-

trochem. Soc. 120 (1973) 521.
51V. Labunov, V. Sokol, V. Parkun, and A. Vorob’yova, Process for Making Multilevel

Interconnectors of Electronic Components, U.S. Patent 5,580,825 (1996).
52V. Surganov, A. Mozalev, and V. Boksha, Microelectron. Eng. 37–38 (1997) 335.
53A. I. Vorob’eva, V. A. Sokol, and V. M. Parkun, Russ. Microelectron. 3 (2003) 136

translated from Mikroelectronika 32 (2003) 177.
54R. M. Swanson, S. K. Beckwith, R. A. Crane, W. D. Eaides, Y. H. Kwark,

R. A. Sinton, and S. E. Swirhun, IEEE Trans. Electron Devices 31 (1984) 661.
55P. Verlinden, R. M. Swanson, R. A. Sinton, and D. E. Kane, in IEEE Photovoltaic

Specialists Conference, Vol. 1, IEEE, Las Vegas, NV (1988) 532.
56V. Surganov, IEEE Trans. Compon. Packag. Manuf. Technol. – Part B Adv. Packag.

17 (1994) 197.
57S. D. Wijeyesekera, J. Jing, D. C. Benson, and T. Sasagawa, Thin Film Capacitors,

U.S. Patent 6,404,615 B1 (2002).
58X. Zhao, P. Jiang, S. Xie, L. Liu, W. Zhou, Y. Gao, L. Song, J. Wang, D. Liu, X. Dou,

S. Luo, Z. Zhang, Y. Xiang, and G. Wanga, J. Electrochem. Soc. 152 (2005) B411.
59P. P. Mardilovich, A. N. Govyadinov, N. I. Mukhurov, A. M. Rzhevskii, and

R. Paterson, J. Memb. Sci. 98 (1995) 131.
60K. Itaya, S. Sugavara, K. Arai, and S. Saito, J. Chem. Eng. Jpn. 17 (1984) 514.
61M. Mehmood, A. Rauf, M. A. Rasheed, S. Saeed, J. I. Akhter, J. Ahmad, and

M. Aslam, Mater. Chem. Phys. 104 (2007) 306.
62R. Paterson et al. Permeable Anodic Alumina Film. PCT, GB 95/01646, WO

96/01684 (1996).
63H. L. Lira and R. Paterson, J. Memb. Sci. 206 (2002) 375.
64J. H. Yuan, W. Chen, R. J. Hui, Y. L. Hu, and X. H. Xia, Electrochim. Acta 51 (2006)

4589.
65W. Chen, J. S. Wu, J. H. Yuan, X. H. Xia, and X. H. Lin, J. Electroanal. Chem. 600

(2007) 257.
66I. W. M. Brown, M. E. Bowden, T. Kemmitt, and K. J. D. MacKenzie, Curr. Appl.

Phys. 6 (2006) 557.
67A. Kiechner, K. J. D. MacKenzie, I. W. M. Brown, T. Kemmitt, and M. E. Bowden,

J. Memb. Sci. 287 (2007) 264.
68R. Ozao, M. Ochiai, H. Yoshida, Y. Ichimura, and T. Inada, J. Therm. Anal. Calorim.

64 (2001) 923.
69A. Govyadinov, P. Mardilovich, and D. Routkevitch, in Proceedings of the ASME

International Mechanical Engineering Congress and Exposition, Nov. 5–10, 2000,
Orlando, Florida, Vol. 2, ASME, New York (2000) 313.

70A. N. Govyadinov, I. L. Grigorishin, and P. P. Mardilovich, in Proceedings of the
7th Conference of ITG Committee 5.7 “Vacuum Electronics and Displays”, 2–3
May 1995, Garmisch-Partenkirchen, Germany, ITG-Fachbericht, VDE, Verlag, 132
(1995) 161.

71D. Routkevitch, A. Govyadinov, P. Mardilovich, S. Hooker, and K. Novogradecz, in
Proceedings of the 198th Meeting of the Electrochemical Society, 22–27 October
2000, Phoenix, AZ, Abstract 1115 (2000).



EMM and Microstructuring of Aluminum and Anodic Alumina 249

72D. Routkevitch et al., Nanostructured Ceramic Platform for Micromachined Devices
and Device Arrays, U.S. Patent 6,705,152 (2004).

73T. Yadav et al., Semiconductor and Device Nanotechnology and Methods for their
Manufacture, U.S. Patent 6,946,197 (2004).

74P. Mardilovich, A. Govyadinov, and D. Routkevitch, in Proceedings of the 198th
Meeting of the Electrochemical Society, 22–27 October 2000, Phoenix, AZ,
Abstract 1116 (2000).

75I. L. Grigorishin, I. F. Kotova, and N. I. Mukhurov, Appl. Surf. Sci. 111 (1997) 101.
76N. I. Mukhurov, in Proceedings of Electronics and Radiophysics of Ultra-High Fre-

quencies, 24–28 May 1999, IEEE, St. Petersburg, Russia (1999) 323.
77I. L. Grigorishin, N. I. Mukhurov, O. M. Surmach, and I. F. Kotova, in Proceedings

of the 7th International Vacuum Microelectronics Conference (IVMC’94), 4–7 July
1994, Revue “Le Vide, les Couches Minces”, Grenoble, France, Suppl. No. 271
(1994) 304.

78I. L. Grigorishin, G. I. Efremov, N. I. Mukhurov, and P. E. Protas, in Proceedings
of the 7th International Vacuum Microelectronics Conference (IVMC’94), 4–7 July
1994, Revue “Le Vide, les Couches Minces”, Grenoble, France, Suppl. No. 271
(1994) 308.

79I. L. Grigorishin, N. I. Mukhurov, and I. F. Kotova, in Proceedings of the 7th Con-
ference of ITG Committee 5.7 “Vacuum Electronics and Displays”, 2–3 May 1995,
Garmisch-Partenkirchen, Germany, ITG-Fachbericht, VDE, Verlag 132 (1995) 167.

80I. L. Grigorishin, N. I. Mukhurov, and I. F. Kotova, in Technical Digest of the 9th
International Vacuum Microelectronics Conference, 7–12 July 1996, St. Petersburg,
Russia (1996) 589.

81I. L. Grigorishin, N. I. Mukhurov, and G. I. Efremov, in Technical Digest of the 9th
International Vacuum Microelectronics Conference, 7–12 July 1996, St. Petersburg,
Russia (1995) 593.

82G. I. Efremov and N. I. Mukhurov, in Electronics, Circuits and Systems, Proceedings
of ICECS’99, The 6th IEEE International Conference 2 (1999) 1047.



6

Electroless Deposition: Theory
and Applications

Stojan S. Djokić1 and Pietro L. Cavallotti2

1Elchem Consulting Ltd., Edmonton, AB, Canada T5X 6B3
2CMIC, Dept. Politecnico, Via Mancinelli, 7, 20131 Milano, Italy

I. INTRODUCTION

Electroless deposition is a process that has been used in practice for
centuries. Although not recognized as such, electroless deposition of
noble metals, e.g., silver or gold was known to the ancient civiliza-
tions. In spite of very slow developments throughout the centuries,
significant scientific results have been achieved in the second part of
the twentieth century.1–3 The research achievements in the area of
electroless deposition have contributed to tremendous applications
and developments in various industries.

In general terms, for the electroless deposition no external cur-
rent is required. Coatings produced by electroless deposition are uni-
form and continuous, which makes this process very attractive for
different applications. Applications of electroless deposition are re-
lated to electronics, energy conversion, aerospace, and biomedical
and automotive industries. In addition, new applications in the area
of metallization of polymers, ceramics, and fabrics, production of
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various powders, corrosion and wear-resistant coatings, decorative
and catalytic surfaces, etc. are being developed.

The aim of this chapter is to discuss the recent research, devel-
opments, and applications of electroless deposition.

II. GENERAL CONSIDERATIONS OF ELECTROLESS
DEPOSITION

Studies and practices of plating of different types of coatings
from aqueous solutions without an external current source were
described in the literature as electroless deposition. The research
was predominantly related to the deposition of metals and/or alloys.
However, it seems that the deposition of compounds without an
external current source was in a way neglected. It is to be noted that
electroless deposition of oxides, salts, polymers, etc. is also possible.

Metal electrodeposition, where the reduction of metal ions takes
place, is always a cathodic reaction. In most of the cases electrode-
position of oxides is the anodic process resulting from the oxidation
of metals.

In the analogy, for the electroless deposition of metals, the pres-
ence of reducing agents is needed, while for the electroless deposi-
tion of compounds, oxidizing agents are usually required.

In terms of kinetics and mechanisms, electroless deposition
processes have many similarities. In an attempt to analyze the elec-
troless deposition, several mechanisms such as atomic hydrogen, hy-
dride ion, metal hydroxide, electrochemical, and universal have been
proposed.1–3 It is important to note that these mechanisms were de-
veloped for cases of nickel and copper electroless deposition, which
were the most widely studied metals in this respect. Based on the
proposed mechanisms, most of the features of electroless deposi-
tion can be explained. However, there are some characteristics of
electroless deposition, which cannot be explained using these mech-
anisms. The major problems arise when attempting to generalize the
proposed models explaining the mechanistic aspects.

Electroless deposition can be defined as a deposition of solid
phase of continuous coatings (films) or powders of metals, alloys, or
compounds from aqueous or nonaqueous solutions or melts without
an external current source. Based on this definition, electroless depo-
sition is a purely chemical process, which involves oxido-reduction
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reactions. From a thermodynamic point of view, the electroless
deposition can be considered as spontaneous, since


G◦ < 0 (1)

where 
G◦ is the standard Gibbs energy given as:


G◦ = −zFE◦ (2)

or

G◦ = −RT ln K (3)

where K is the equilibrium constant for a generic reaction:

A+ B→ AB (4)

K = [AB]
[A][B] (5)

where R is the universal gas constant, T is the temperature, z is the
number of exchanged electrons, F is the Faraday’s constant, E◦ is
the standard electrode potential, A and B are reactants, and AB is
the product.

Equation (2) suggests that an electroless process takes place
only if E◦> 0. On the other hand, this further means that from any
electroless process energy can be produced.

There are two main types of electroless deposition of metals:

1. Displacement deposition
2. Autocatalytic deposition

Further discussion explains both displacement and autocatalytic
types of electroless deposition.

1. Displacement Deposition

The displacement deposition is also known as galvanic or immersion
plating. In this process, when a less noble metal (M1) is immersed

into a solution containing metallic ions (M
z+2
2 ) of a more noble metal

(M2), reduction of these ions takes place according to the following
reaction:

M
z+2
2 + z2e− → M◦2 (6)
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and consequently, deposition of metal M2 in the form of a powder or
a continuous film at the surface of less noble metal, M1 occurs.

The other half reaction is related to the dissolution of less noble
metal, M◦1, i.e.,

M◦1→ M
z+1
1 + z1e− (7)

In this way, by combining (6) and (7), the displacement or galvanic
deposition can be described as:

M
z+1
2 +

z2

z1
M◦1 → M◦2 +

z2

z1
M

z+1
1 (8)

Note that the less noble metal M1 acts as a reducing agent of metallic
ions of a more noble metal, M2, which consequently plays the role
of an oxidizing agent.

It is obvious that the galvanic displacement deposition occurs
only at the surface of less noble metal (powders or various shape
substrates).

Theoretically, there are many examples of this type of reaction,
taking into the consideration the fact that, as soon as the less no-
ble metal is immersed into a solution containing ions of more noble
metal, the deposition of this “more noble” metal will start. However,
practical importance of this type of deposition is related to the fol-
lowing systems: Ag/Zn, Au/Ni, Au/Ag, Cu/Zn, Cu/Fe, Cu/Al, Pd/Ni,
Pt/Fe, Pt/Co, and similar.

According to the basic thermodynamic principles, as soon as the
surface of the less noble metal is covered with the more noble metal,
the deposition stops. This is schematically represented in Fig. 1, for
a flat (a) and powder (b) substrates.

From a theoretical point of view, if a monolayer of the noble
metal is deposited onto the surface of less noble metal, then thicker
deposits under the conditions of galvanic displacement cannot be
deposited. However, as experimentally observed, this is not true.
Deposits thicker than one monolayer have frequently been observed
using the galvanic displacement deposition.

This behavior can be attributed to the porosity of noble metal
deposited onto less noble metal and as well as to differences between
the rates of crystal growth (more noble metal) and dissolution (less
noble metal). Due to the porosity of the deposited metal, the ions
of the more noble metal will penetrate and get in contact with the
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Figure 1. Galvanic displacement deposition of a more
noble metal (M2) on a less noble metal (M1) on a flat
(a) and powder (b) substrates.

less noble metal. Under these conditions, the further deposition takes
place and in this way the growth of film occurs.

This is illustrated by the SEM micrographs of Cu deposited onto
flat (Fig. 2) or powdery (Fig. 3) aluminum substrates immersed into
alkaline solutions containing Cu(II) ions.4

As can be seen from the micrographs presented in Fig. 2, on the
flat Al samples a growth of Cu films occurs, or simply speaking, a
deposit significantly thicker than one monolayer with a rough sur-
face morphology was obtained.

Similarly, when powdery aluminum substrates are used, due to
the porosity of deposited Cu and dissolution of Al, hollow cop-
per particles can be obtained, as illustrated in Fig. 3. These results
strongly suggest that there is a difference between the rates of dis-
solution (oxidation of less noble metal) and deposition (reduction of
more noble metal).

Although the galvanic displacement can quite successfully be
used for the production of catalytic surfaces, electrolyte and water
purification as well as for heavy or noble metal removal in hydromet-
allurgical plants, it seems that the use of this type of deposition is
limited in the sophisticated electronics or biomedical applications
due to poor adherence and porosity of the deposited film. It is obvi-
ous that further studies are required if this process is aimed for the
use in electronics, biomedical, or hi-tech industries.
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Figure 2. SEM micrographs of the copper deposits cemented on
flat aluminum substrate in alkaline conditions.4 Reprinted with
permission from ECS – The Electrochemical Society.

For the electronics and biomedical applications, the galvanic
displacement deposition can be successful when very thin films are
required and when an appropriate surface pretreatment is carried out
to achieve a good adhesion of the deposited metallic film.

2. Autocatalytic Deposition

The galvanic displacement deposition proceeds exclusively at the
surface of a less noble metal, which acts as the reducing agent.
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Figure 3. SEM micrographs of the hollow Cu particles produced by
the galvanic deposition of Cu onto Al particles in alkaline solutions.4

Reprinted with permission from ECS – The Electrochemical Society.

In the autocatalytic deposition there are various reducing agents
(e.g., formaldehyde, hydrazine, hypophosphite, ascorbic acid, poly-
hydroxy alcohols, and hydrogen) that have been reported in the lit-
erature. The nature of the reducing agent can significantly influence
the kinetics of electroless deposition as well as surface morphology
and physicochemical properties of deposits. Once when initiated,
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this reaction may occur not only at the surface of an object, but
in bulk solution as well, producing powders of various shapes and
sizes. In this case the reaction is catalyzed by the metal being
deposited.

In consideration of the so-called autocatalytic deposition pro-
cesses, the following facts must be taken into consideration.

1. This type of metallic ion reduction can take place in the bulk
solution or only at the catalytically active surfaces.

2. When the deposition is carried out at the solid surfaces, they
(surfaces) must properly be activated to initiate the electroless
deposition.

3. The concentrations of both oxidizing agent and reducing
agent have to be properly chosen to avoid or at least to min-
imize the reduction into the bulk solution and a consequent
precipitation of metallic powders.

4. All the parameters influencing the rate of oxido-reduction
reactions (e.g., temperature, pressure, concentrations of ad-
ditives, and complexing agents) have to be very carefully
controlled to achieve the desirable thickness and/or proper-
ties of the deposit.

5. The growth of film or increase in thickness of the deposit
is influenced by the autocatalytic activity of the surface on
which a metal is deposited.

The electroless deposition of a metal M, using a reducing agent
Rn−, can be described with the following generic reaction:

Mz+ + Rn− → M+ Rz−n (9)

As shown by this reaction, the metallic ions Mz+ will be reduced
to metal M, while the reducing agent ions Rn− will be oxidized to
Rz−n . In this way, the reduction of metal ions occurs both at the sur-
face of an object at which the deposition can proceed (an appropriate
metallic surface or properly activated nonconductive materials, e.g.,
ceramics, polymers, and textiles) or in bulk solution.

The deposition at the surface usually occurs as a continuous film
with a uniform surface morphology. On the other hand with an in-
crease in the concentration of the reducing agent or temperature, the
deposition of powders occurs, a phenomenon which is usually de-
scribed as “bath instability.”1
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In the electroless deposition, the hydrolysis phenomena, as has
already been published before,3, 5, 6 plays a very significant role in
the reduction of metallic ions from aqueous solutions.

Due to hydrolysis of a metallic ion, the following reaction may
occur:

Mz+ + xOH− → M(OH)(z−x)+
x (10)

The hydrolyzed metallic species (M(OH)
(z−x)+
x ) are further reduced

in the presence of an appropriate reducing agent (Rn−) to metal ac-
cording to the reaction:

M(OH)(z−x)+
x + Rn− → M+ R(OH)(z−x−n)+

x + H2O (11)

The validity of the reaction (11) can be illustrated in the following
real systems, where examples are chosen to describe the electroless
deposition of different metals from hydrolyzed species using various
reducing agents.

1. Electroless deposition of copper using formaldehyde as a
reducing agent:

Cu(OH)2 + HCOH→ Cu+ HCOOH+ H2O (12)

2. Electroless deposition of silver using formaldehyde as a
reducing agent:

2AgOH+ HCOH→ 2Ag+ HCOOH+ H2O (13)

3. Electroless deposition of Ni–P alloys using hypophosphite as
a reducing agent:

Ni(OH)2 + 2H2PO−2 → Ni+ 2H2PO−2
+ 2H2O→ Ni+ 2H2PO−3 + H2 (14)

Ni+ 2H2PO−2 → 2P+ Ni(OH)2 + 2OH− (15)

4. Electroless deposition of Co or Ag using hydrazine as a
reducing agent, respectively:

Co(OH)2 + N2H4 → Co+ H2 + N2 + 2H2O (16)

2AgOH+ N2H4→ 2Ag+ H2 + N2 + 2H2O (17)
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5. Electroless deposition of Au or Cu with ascorbic acid,
respectively:

2AuOH+ C6H8O6 → 2Au+ C6H6O6 + 2H2O (18)

Cu(OH)2 + C6H8O6 → 2Cu+ C6H6O6 + 2H2O (19)

where C6H8O6 is ascorbic acid and C6H6O6 is dehydroascorbic acid.
Similar reactions are applicable to other reducing agents (e.g.,

polyhydroxy alcohols) which can reduce hydrolyzed silver species
to the metallic state.7

At the metallic surface, due to codeposition of other elements
(e.g., P, B, or similar) as seen on the examples of Ni–P or Ni–B al-
loys, formation of hydrolyzed species may occur. This is illustrated
by the equation (15) for the example of codeposition of Ni–P al-
loys. The hydroxides or other hydrolyzed species which are formed
as intermediates can further be reduced to the metallic state in the
presence of the reducing agent.

When dealing with aqueous solutions, an important question
arises: why hydrolysis phenomena play such an important role in
the electroless deposition of metals? It is generally believed that the
metallic surfaces upon immersion in an aqueous solution can attract
the OH− ions. If this were true, then at the metallic surface a pH rise
should be observed due to the adsorption of OH− ions by the metal
itself.

Consequently, due to an increase in pH, formation of hydrolyzed
species may occur. The hydrolyzed species are further reduced to the
metallic state in the presence of a reducing agent. This can be seen
for any metal which is possible to deposit from aqueous solutions.

On the other hand, the hydrolysis of reducing agent can be rep-
resented with the following reaction:

R− + H2O→ RH+ OH− (20)

with the equilibrium constant

K = [RH] × [OH−]
[R−] (21)
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It is obvious that an increase in the concentration of the reduc-
ing agent leads to an increase in the concentration of OH− ions, as
shown by the reaction (20). This increase in the concentration of
OH− ions will lead to the formation of hydroxy complexes in bulk
solution and the reduction of these complexes or hydroxides may
take place into the bulk solution. This scenario could consequently
lead to the precipitation of metallic powders in the bulk solution.8

3. Electroless Oxidation of Metals

While the metal or alloy electroless deposition reactions can be con-
sidered as cathodic processes, formation of oxides at the metal-
lic surfaces without an external current source can be analyzed
as anodic processes. This type of deposition can be illustrated in
the example of chemical oxidation of aluminum in chromic acid
solutions.9

In this oxido-reduction process, aluminum metal is oxidized and
the anodic reactions can be represented as:

2Al+ 3H2O→ Al2O3 + 6H+ + 6e− (22)

with 
G◦ = −870.766 kJ/mol and E◦ = 1.5039 V or

Al→ Al3+ + 3e− (23)

with 
G◦ = −485 kJ/mol and E◦ = 1.6753 V.
The standard Gibbs energies and the standard electrode poten-

tials for the reactions (22) and (23) were calculated according to
the thermodynamic data available in the literature.10 The cathodic
reactions include the reduction of chromium Cr(VI) to Cr(III) and
hydrogen evolution, as presented in the following equations:

Cr2O2−
7 + 8H+ + 6e− → Cr2O3 + 4H2O (24)

with 
G◦ = −705.612 kJ/mol and E◦ = 1.6753 V and

2H+ + 2e− → H2 (25)

with 
G◦ = 0 kJ/mol and E◦ = 0 V.
Based on the reactions (24) and (25), the overall process of ox-

idation of aluminum with chromic acid solutions can be written as:

4Al+8H++Cr2O2−
7 → Al2O3+2Al3++Cr2O3+3H2+H2O (26)

with 
G◦ = −2,546.378 kJ/mol.
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In this way, the electroless oxidation of aluminum and produc-
tion of a thin film composed of a mixture of Al2O3 and Cr2O3 can
successfully be achieved.

III. MECHANISTIC ASPECTS OF ELECTROLESS
DEPOSITION

The mechanisms explaining the features of autocatalytic deposi-
tion which were proposed so far are thoroughly presented in the
published literature.1–3 In general terms, these mechanisms can be
distinguished into two main categories. The first category involves
the mechanisms in which intermediate species, e.g., hydroxides, hy-
droxyl complexes, hydride ions, or hydrogen atom react with the re-
ducing agent. The second category deals with mechanisms in which
the autocatalytic deposition is explained using the mixed potential
theory, with independent anodic and cathodic processes.

As it is already established in the published literature, both of
the above categories have their advantages and disadvantages.1, 3

Furthermore, as it was suggested by Djokić6 in the example of
electroless deposition of cobalt with hydrazine, the contribution
from both electrochemical and metal hydroxide mechanisms is quite
possible.

The autocatalytic deposition of Ni and Co was intensively
studied, although the most realistic mechanism has not yet been
proposed. In the explanation of the mechanisms of autocatalytic
deposition, the authors use the principles of the electrodeposition,
although there are significant differences among the two processes.

When compared with electrodeposition, in the example of iron
group of metals or their alloys, the proposed mechanism explaining
the autocatalytic deposition must take into consideration the follow-
ing aspects.

1. In the autocatalytic deposition of Ni, Co, and Fe, different
kinetic behavior is observed. For example, Ni is the most
easily deposited by autocatalytic deposition with the com-
mon reducing agents in the acidic and alkaline conditions.
Cobalt is usually deposited in alkaline solutions and with
great difficulty in acidic solutions. Fe is deposited with a great
difficulty, frequently with the help of small currents, resulting
from displacement reactions of more electronegative metals.
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2. There is an obvious difference in the kinetic behavior between
the electrodeposition and autocatalytic deposition of metals
such as Pb, Cd, and Zn. These metals are easily electrode-
posited at low overvoltages and high exchange currents. How-
ever, they act as inhibitors or stabilizers when added in very
small amounts to solutions from which an autocatalytic depo-
sition of iron group of metals or alloys is carried out.

3. In the electrodeposition of alloys from the iron group of met-
als, anomalous deposition is observed, i.e., the more elec-
tronegative metal tends to be deposited preferentially. In the
autocatalytic deposition this behavior is not observed.

4. During the electrodeposition of iron group of metals, hydro-
gen is evolved either at low or at very high currents approach-
ing the limiting current density for metal deposition. In the
autocatalytic deposition, hydrogen evolution is predominantly
a consequence of the oxidation of the reducing agent.

5. The products of the oxidation of reducing agent (phosphite
in the case of hypophosphite or borate in the case of boron-
containing agents) do not directly influence the kinetics of
deposition.

6. Autocatalytic deposition can easily be utilized to completely
coat a nonconductive surface starting from few catalytic nu-
clei usually consisting of palladium or similar. It can also start
on a glass surface by simple adsorption of hydrolyzed nickel
ions on the surface.

7. The different morphology of the Ni–P deposits produced
during the autocatalytic deposition (homogenous with pores)
and electrodeposition (lamellar), when process is carried out
at low temperature and containing phosphite or hypophos-
phite.11

Autocatalytic deposition of nickel and other metals was in-
vestigated by means of the electrochemical techniques.1–3 For this
purpose, both steady-state and transient methods were applied. The
results of these studies give important information about the reac-
tions occurring during the autocatalytic deposition and about the
surface where the intermediate species of reaction are stabilized by
adsorption.

The surface potential is determined by the anodic reaction, i.e.,
reducing agent oxidation, where hydrogen is replaced with a de-
polarized hydroxyl ion. In this scenario, the stabilizer action can
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be well understood. In fact, stabilizers such as Pb2+ or Cd2+ and
thio-compounds were identified by Gutzeit12 as the species which
act as poison in hydrogen exchange catalyzed reactions. Their action
is related to a defined critical concentration. If the concentration is
less than the critical, the stabilizers are not influencing the rate of de-
position, while they decrease this rate at concentrations higher than
the critical.13, 14 This behavior depends on the critical concentration
which does not alter the surface potential and it is correlated to a
diffusion-limited reaction.

Some authors15–21 examined the voltammetric behavior of au-
tocatalytic processes under different conditions. Measurements were
performed in a complete deposition solution or in solutions which
did not contain the reducing agent or the metal ions of interest (e.g.,
Cu2+, Ni2+, or similar). The results showed that the values of rates
of deposition obtained gravimetrically can be comparable to those
obtained by mixed potential theory only in particular cases, e.g., au-
tocatalytic deposition of Cu and NiB.

In many other cases, however, there is a direct influence of the
reducing agent on the metal deposition reaction. This is observed
for NiP autocatalytic deposition. de Minjer22 showed that it is pos-
sible to deposit nickel cathodically when the electrode is connected
through a liquid junction to another nickel electrode, at which the
reducing agent oxidation proceeds independently. However, the rate
of deposition under these conditions, based on de Minjer’s observa-
tions, is much lower when the two reactions are separated than when
they occur simultaneously at the same surface.

Cavallotti’s group has made similar experiments with two sep-
arated solutions. The first solution contained 0.27 M NaH2PO2 and
the second 0.11 M NiSO4, 0.5 M Na2HPO3, and 0.5 M lactic acid at
pH 4.6. The solutions were placed in two different vessels connected
with a liquid junction through a glass frit. In the solution contain-
ing H2PO−2 , a copper sheet previously coated with NiP in the com-
plete standard autocatalytic deposition solution was immersed. In
the solution containing nickel salt, a copper sheet was immersed.
The two electrodes immersed in different solutions were externally
connected with a copper wire. At 85◦C a very small H2 evolution
was observed on the NiP electrode in the solution with H2PO−2 and
no deposition was observed on the copper electrode. When pH of
the solution containing H2PO−2 was significantly increased by the
addition of ammonia, H2 evolution increased. At the same time, de-
position of NiP was observed on the copper sheet with a very small



Electroless Deposition: Theory and Applications 265

H2 evolution. The phosphorous content in the NiP deposit was about
16% by mass, which is a result of the phosphite reduction. At the
glass frit, NiP deposition also started, showing that there is no need
of a metallic surface to initiate the autocatalytic deposition process.
This observation can be attributed to the nickel hydroxide species
adsorbed at the glass surface, which is obviously a suitable catalyst
for the initiation of the deposition process.

The codeposition of elements, such as phosphorus or boron, by
direct interaction of the reducing agent with the catalytic surface
was examined by some authors; however, the interpretations are not
completely satisfying. An indirect mechanism for hypophosphite re-
duction was proposed by Zeller and Landau.23 In this approach for-
mation of phosphine as an intermediate and a direct interaction with
radicals such as hydrogen atom H, hydride H−, or NiOH was sug-
gested.5, 12, 24–26 However, the possible direct reduction of phosphite
to phosphorous must also be considered. In favor of this hypothesis,
there is the electrodeposition of NiP alloys from solutions containing
Ni2+ and phosphite. The interaction of Ni2+ with the phosphite ions
produces, at high pH, nickel phosphate precipitate when nickel ions
are not adequately complexed.

An adequate mechanism, however, must describe all the steps
occurring during the deposition process, as listed below for the ex-
ample of electroless deposition of nickel or cobalt with appropriate
reducing agents, i.e.:

1. Reduction of metal ions (Ni2+ or Co2+) and hydrogen evolu-
tion reaction

2. Oxidation of the reducing agent (e.g., hypophosphite, DMAB,
and hydrazine)

3. Codeposition of P or B as seen in the autocatalytic deposition
of Ni or Co with hypophosphite or boron-containing reducing
agents

A careful consideration of all the above points suggests that
the mechanism based on intermediate hydrolyzed species is clearly
more heuristic.1, 5, 6, 15 This approach explains the importance of the
adsorption of colloids at the surface at which the autocatalytic depo-
sition takes place.

Using the mechanisms of intermediate hydrolyzed species is
very beneficial in understanding and the explanation of autocatalytic
deposition of other metals, e.g., Cu, Ag, Au, or similar, as shown in
Sect. II.2.
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IV. RECENT DEVELOPMENTS AND APPLICATIONS
OF ELECTROLESS DEPOSITION

Since the appearance of the Brenner’s paper27 in 1947, electroless
deposition was extensively studied for many industrial applications.
The most investigated systems by far include nickel, copper, silver,
gold, and related alloys.

It is to be noted that almost all the metals and/or alloys that
can be electrodeposited from aqueous solutions can also be electro-
lessly deposited under proper conditions. Due to simplicity, excel-
lent throwing power, uniform deposits, and ability to coat various
complex shapes, electroless deposition was intensively investigated
for many industrial applications. In this section, recent developments
in the field of electroless deposition are discussed. Considering very
different applications of electroless deposition, the discussion is pre-
sented as follows:

1. Electronics applications
2. Electromagnetic shielding applications
3. Magnetic materials
4. Energy device applications
5. Biomedical applications
6. Anticorrosion applications
7. Electroless deposition and nanotechnology

1. Electroless Deposition in Electronics Applications

Many electroless deposition processes are very useful for the fab-
rication of various devices in the electronics industry. Significant
importance for the electronics applications have metals such as
silver, gold, nickel, copper, cobalt, palladium, and related alloys. All
of these mentioned metals can quite simply and successfully be de-
posited via electroless deposition.

Gold electroless deposition processes are used for producing
highly conductive surfaces such as in the fabrication of electrical
contacts in the electronic industry. The materials consisting of de-
posited gold are usually classified as soft gold and hard gold. The
soft gold is used for metallizing bonding pads and fabricating mi-
crobumps on silicon integrated circuit (IC) chips and ceramic pack-
aging boards.28
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The hard gold is used in electrical connectors, printed circuits
boards, and mechanical arrays and it is produced by electrodeposi-
tion. The electrolytic methods (electrodeposition) are not discussed
in this chapter.

At present, electroless deposition of gold usually produces the
so-called soft gold. An investigation of electroless deposition of gold
on Ni–P or Ni–B surfaces from cyanide or noncyanide solutions us-
ing hydrazine, hydrazine sulfate, sodium borohydride, and ascorbic
acid as reducing agents was done by Djokić.29 The results of this
work showed that the surface morphology, structure, and properties
of electrolessly deposited gold strongly depend on the nature of re-
ducing agent. The borohydride solution used in this work was un-
stable. Using hydrazine or hydrazine sulfate, gold was plated only
onto Ni–B, but not onto Ni–P surfaces. These deposits exhibited
very good appearance, but a poor adhesion. With ascorbic acid, gold
was deposited on both Ni–B and Ni–P surfaces. These deposits had a
very good appearance, acceptable adhesion, and solderability.

Later, Osaka et al.28 investigated the electroless deposition of
gold onto Ni–B and Ni–P substrates from cyanide or noncyanide so-
lutions using hydrazine or ascorbic acid as reducing agents of gold
ions from the mentioned solutions, respectively. Using the cyanide-
based solutions, which were originally proposed by Iacovangelo30

(see Table 1) and hydrazine as a reducing agent, Osaka28 reported
that the electroless gold on electroless Ni–B substrates was adherent
and uniform, while the same deposit on electroless Ni–P was non-
adherent and nonuniform. This result is similar to the observations
described previously by Djokić.29

Table 1.
Composition and operating conditions of cyanide-based

electroless gold deposition.30

Reagent Concentration (mol/dm3)
K2CO3 0.75
KOH 0.87
KCN 0.01
KAu(CN)2 0.017
N2H4 · H2O 0.50
Agitation Magnetic stirrer
Temperature 80◦C
Reproduced with permission from ECS – The Electrochemical Society
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On the Ni–B substrate, Osaka28 noticed numerous crystals of
uniform size after the initial plating period of 5 s. Contrarily, on the
Ni–P surfaces only a small number of gold crystals were observed.
The good adhesion and uniform deposition at the Ni–B surfaces
were attributed to the density of nuclei produced at the initial stages
of gold deposition.

To find the conditions in which the electroless deposition of gold
at Ni–P surfaces with an acceptable appearance and adhesion would
be possible, the activation of Ni–P substrates with 10% HCl solution
or a mixture of 0.1 M NH4F and sodium sulfamate was investigated.
The results showed that only “low phosphorus” alloys (P content less
than 5 wt%) pretreated with ammonium fluoride/sodium sulfamate
mixture can be used for a successful electroless gold plating from
cyanide solution and hydrazine as a reducing agent.31

In the electroless deposition of gold from noncyanide solutions
onto Ni–B and Ni–P surfaces, solutions containing thiosulfate and
sulfite were used. The composition of a noncyanide solution for
electroless deposition of gold used by Kato et al.32 is presented in
Table 2.

Based on the electrochemical polarization measurements, Kato
et al.32 concluded that sulfite ions in the solution presented in Table 2
serve as the reducing agent of Au(III) ions. Since the deposition
of gold was observed only on Ni–B substrate but not onto Au, the
authors concluded that the reaction is not autocatalytic. The authors
attributed an increase in thickness of the deposited gold to the so-
called substrate catalyzed reaction and further considered that the
reaction does not proceed via galvanic displacement.

Table 2.
Composition of noncyanide solution for electroless

deposition of gold used by Kato et al.32

Reagent Concentration (mol/dm3)
NaAuCl4·2H2O 0.01
Na2SO3 0.32
Na2S2O3·5H2O 0.08
Na2HPO4 0.32
pH (adjusted with NaOH) 9.0
Agitation Mechanical stirrer
Temperature 60◦C
Reproduced with permission from ECS – The Electrochemical Society
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On the basis of results for gold plating from noncyanide solution
presented in Table 2, Sato et al. have concluded the following:33

1. Acceptable gold films with good adhesion and low porosity
can be obtained when plating is carried out onto Ni–B sub-
strates from solutions containing 0.01 M sodium thiosulfate.

2. Only at the low phosphorus content in Ni–P substrates
(<5 wt%), electroless plating from solutions with “low” thio-
sulfate concentration (0.01 M) can produce thin gold films
which are uniform and with insignificant porosity.

In this way, they showed that the adherent gold films can be obtained
on both Ni–B and low phosphorus content Ni–P surfaces.

It seems that the solution for electroless deposition of gold with
ascorbic acid as a reducing agent developed by Sullivan and Kohl34

and presented in Table 3 produces very uniform coating with excel-
lent adhesion, low porosity, good solderability, and very small crys-
tallite size (about 25 nm).29

Electroless copper plating has extensively been used in many
electronics applications, e.g., printed circuits industry, such as plat-
ing of bare laminate and plating through hole. Different reducing
agents such as formaldehyde, glyoxylic acid, borohydride, and ascor-
bic acid, have been used so far. A comparison between formaldehyde
and glyoxylic acid as reducing agent shows that the glyoxylic acid is
a promising agent for the electroless Cu plating.35

Increasing demand for high-performance electronics devices
has led to the rapid advances in the Ultra-Large-Scale Integration
(ULSI) fabrication technology. Conventional ICs are produced using
the Complementary-Metal-Oxide-Semiconductor (CMOS) technol-
ogy with aluminum interconnects.36 However, due to its higher elec-
trical conductivity and superior resistance against electromigration
in comparison to the conventionally used aluminum wiring, copper
offers significant improvements in performance and reliability.

Table 3.

Noncyanide solution for electroless deposition of gold.34

Solution A Solution B
Reagent Concentration (g/L) Reagent Concentration (g/L)
K3Au(S2O3)2 2 H3C6H5O7 84
Ascorbic Acid 8.8 KOH 65

Solution B is used to adjust pH of solution A to 6.4; temperature 20–50◦C
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Figure 4. Schematic presentation of holes in which copper was electrolessly
deposited.

The damascene copper interconnects are produced by electrode-
position of copper onto PVD Cu seed layer. The electrodeposition
of copper layer is carried out to fill in vias and trenches and conse-
quently to form the metal interconnects. The bottom-up fill of copper
in fine via holes as schematically presented in Fig. 4 has successfully
been demonstrated by Wang et al.37 using the electroless deposition
process.

Wang et al.37 used TaN/SiO2/Si substrates with hole pattern,
as schematically presented in Fig. 4, for investigating filling via hole
by electroless deposition. For this purpose, the ionized cluster beam
(ICB) Pd layers with a thickness of 1–2 nm were deposited. The di-
ameter of holes was in the range 0.31–1.0 μm with depth 1.5 μm.
The solution for electroless deposition of copper and operating con-
ditions, used in Wang’s work, is presented in Table 4.

Importantly, when the solution presented in Table 4 contains
bi(3-sulfopropyl) disulfide (SPS) within the range of 0.05–0.5 mg/L,
electroless deposition of copper is successful for bottom-up fill via
holes.37

To achieve successful Cu interconnects, it is essential to deposit
effective barrier layers to avoid the oxidation and diffusion of Cu into
interlevel dielectrics such as SiO2. Both oxidation and diffusion of
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Table 4.
Composition of the solution and operating conditions for

electroless deposition of copper.37

Reagent Concentration (g/L) Role

CuSO4·5H2O 6.6 Cu2+ ions
EDTA 70 Complexing agent
Glyoxylic acid 18 Reducing agent
2, 2′-Dipyridine 0.04 Stabilizer
Polyethylene glycol (Mw = 4,000) 0.5 Surface activator
TMAH Adjusting pH to 12.5
Temperature 70◦C

Figure 5. Schematic presentation of a hole with barrier layers
and electroless copper.

copper can significantly influence the performance of the electronics
device. A schematic presentation of a hole with barrier layers and
electroless copper is given in Fig. 5.

One way of the electroless deposition of barrier coating on cop-
per interconnects was suggested by Shacham-Diamand.36 In this
approach, CoWP barrier layers were electrolessly deposited from
a solution containing tungstate ions (as Na2WO4), cobalt ions (as
CoSO4), citrate ions, additives, and hypophoshite as a reducing
agent. Copper can electrolessly be deposited onto CoWP surfaces;
however, the substrate should be activated prior to electroless depo-
sition. This can be achieved either by the activation with Pd(II) ions
or by the so-called contact deposition.3
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Other deposited barrier layers may include Ni–P, Ni–B,
Ni–Mo–P, Co–P, or similar combinations. All of the mentioned al-
loys can quite easily be deposited by means of electroless deposition.

Electroless copper seed layer on TaN surfaces for Cu metal-
lization in the back-end-of-line semiconductor fabrication was also
investigated.38 After etching in diluted HF solution and activation
with PdCl2, the electroless deposition of copper (to be used as a seed
layer) was carried out from CuSO4/EDTA solution containing Triton
X-100, tetramethyl ammonium hydroxide (TMAH), and formalde-
hyde as a reducing agent of Cu(II) ions.

Improving electroless Cu via filling with optimized Pd activa-
tion was reported by Lau et al.39 In this work a proper cleaning of
the TiN surfaces involving HF and then further activation with PdCl2
was recommended. Other reports on electroless deposition of copper
on silicon40 or on TiSiN41 are available in the literature.

An electroless deposition method for the preparation of thin
Cu3Se2 films on silicon substrate which can be used as II–VI semi-
conductor was proposed by Yang and He.42 The process is carried
out at room temperature using silicone immersed into a solution con-
taining SeO2, CuSO4, and HF. The deposition was described as a
simple galvanic process.

Electroless deposition can successfully be used in the production
of various composite materials useful for the electronics applica-
tions. The examples include silver-coated copper or nickel parti-
cles, used in screen printing,43 gold-coated nickel powders, silver
and/or palladium-coated polymers or glass powders used in ball grid
array, etc.

It is to be noted that among other materials, electroless-
deposited silver–tungsten thin films were recommended for mi-
croelectronics and microelectromechanical systems (MEMS).44, 45

2. Electroless Deposition for Electromagnetic Shielding

Another important application of electroless deposition of metals
such as Ni or Co on fibers or nonconductive particulates is important
for the electromagnetic shields.46, 47 Many polymer films, fibers, and
plastics are metallized for microelectronics, computers, and automo-
tive industries to provide the electromagnetic shielding.

Ability of a material to absorb or reflect the electromagnetic ra-
diation (EMR) in a given frequency range determines the particular
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application. Electromagnetic shields and electromagnetic wave
absorbers use materials such as metals, complex composite struc-
tures, or conductive polymers.48 Composite materials with a dielec-
tric matrix (e.g., polymers or ceramics) and conductive or magnetic
fillers of different shape and size have a significant importance for
the electromagnetic shielding.

Electroless deposition offers an attractive way of producing
various fillers with a conductive surface or desirable magnetic prop-
erties, which can further be used in the production of composite ma-
terials with dielectric matrices for electromagnetic shielding.

Electroless deposition of Ni and Co onto polyacrylonitrile
(PAN) fibers for applications in the electromagnetic shielding was
investigated.47 PAN fibers electrolessly coated with Ni or Co were
employed for the fabrication of knitted linen used in multilayer
flexible electromagnetic wave absorbers. Although the composition
of the electroless plating solution was not reported, this process
(production of metal-coated nonconductive fibers) is fairly feasible,
and it can be quite successful using various Ni- or Co-electroless
plating compositions with a number of reducing agents. Based on
the electrical and magnetic properties, it was demonstrated that the
electrolessly coated PAN fibers with Ni and Co can successfully be
applied for the electromagnetic shielding.

To obtain high quality of electromagnetic interference shielding
materials, polyethylene terephthalate (PET) films were coated with
copper from an alkaline Cu(II) solution and using formaldehyde as a
reducing agent.46 Prior to electroless Cu plating, PET samples were
pretreated through plasma etching and then with SnCl2/PdCl2 cat-
alysts. The most effective way of etching of PET polymer was the
application of plasma etching. In this case, the adhesion of copper
was improved and the high electromagnetic interference shielding
effectiveness over a wide range of frequency levels was obtained.

3. Electroless Deposition of Magnetic Materials

Electroless-deposited magnetic materials based on Co, Ni, and Fe
have important applications in the electronics and computer indus-
tries. These materials are used in recording media. Two types of
the recording media have been intensively investigated: longitudinal
recording system, where the magnetization in the recorded bits are
parallel to the media surface and perpendicular recording system,
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Figure 6. Schematic presentation of longitudinal and per-
pendicular recording media.

with the magnetization in the direction perpendicular to the media
surface. This is schematically presented in Fig. 6.

One of the problems of longitudinal recording media is the for-
mation of zigzag bit transitions.

In the case of perpendicular recording media the device consists
of recording layer with a perpendicular anisotropy, a soft magnetic
underlayer (SUL), and an intermediate layer. The SUL is essential
for improving the performance of perpendicular recording media.
Electroless deposition is very suitable for the production of SUL.

Recording performance of the perpendicular recording media
with an electroless-deposited Ni–P soft magnetic underlayer (Ni–P
SUL) was investigated by Uwazumi et al.49 Ni–P SUL with a thick-
ness range 1.5–3.0 μm and a low phosphorus content was electroless
plated on a polished nonmagnetic Ni–P layer (phosphorus content of
about 20 wt%). After plating the surface of Ni–P SUL was polished.

For the media preparation, 25-nm-thick CoZrNb soft magnetic
film was sputtered onto Ni–P SUL and then a thick CoPtCr–SiO2
granular recording layer. For comparison, a media with 200-nm-
thick sputtered CoZrNb SUL was used. The results showed that
an electroless-deposited ferromagnetic Ni–P layer (low phospho-
rus content), which is suitable for mass production as a SUL for
a double-layered perpendicular recording media, exhibits almost the
same magnetic properties and recording performances as a 200-nm-
thick sputtered SUL. In addition, the spike noise which is commonly
observed from SUL was not found for the media with Ni–P SUL.
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This result indicates great potential for electroless-deposited
ferromagnetic Ni–P layer for the perpendicular recording media.
Similar results were obtained by Asahi et al.,50 where electro-
less deposition of CoNiFeP alloys under the influence of an ex-
ternal magnetic field was investigated. The electroless-deposited
CoNiFeP SUL exhibited a sufficient overwrite performance and high
signal-to-noise ratio in comparison with typical SUL fabricated by
sputtering.

4. Electroless Deposition for Energy Conversion
and Catalytic Purposes

The demand for the electrical energy sources, i.e., batteries and fuel
cells, is continuously increasing. Very important developments have
been made in the recent years in products related to electronics,
leisure, military, or telecommunication equipment.

Miniature batteries and fuel cells have been attracting many re-
search groups. The prospective potential for miniaturization such as
in MEMS technology requires development of microfuel cells.

The combination of anode/electrolyte/cathode in proton ex-
change membrane fuel cell is usually referred to as the membrane
electrode assembly (MEA).51 Usually the MEA was produced by at-
taching a catalyst layer (frequently Pt, Pt alloys, or other noble met-
als) on one side of porous gas diffusion electrodes. The catalysts
layers consisting of noble metals are usually deposited by sputter-
ing.52

Electroless deposition of the catalytic Pt or Pt–Ru layer was pro-
posed for the preparation of electrodes in microdirect methanol fuel
cells.53 A porous silicone substrate is prepared by the anodic etch-
ing in HF–ethanol–water (1:1:1) solution. After the etching, at the
surface of porous silicon substrate, a thin film of titanium is sput-
tered and then a film of Pt or Pt–Ru alloy with thickness of about
150–200 nm was electroless deposited. The electrodes prepared in
this way helped in minimization of the fuel cell size and increased
the reactive area of the catalyst over the silicon electrode surface.

In another approach, silicon wafers were treated with
HCl–CH3OH (1:1) solution, then with concentrated H2SO4, and
finally washed with acetone.54 The wafers were afterwards coated
with nanostructured poly-(chloro-p-xyrylene) (PPX-Cl) polymer by
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vapor deposition.55 Onto the surface of PPX-Cl polymer copper was
electroless deposited via Pd activation to produce a catalyst for the
energy conversion applications.

In the solid oxide fuel cells one of the very promising anode
materials is the so-called nickel yttria stabilized zirconia (Ni-YSZ)
cermet. This anode material must have sufficient electrical con-
ductivity, high catalytic activity, and also be stable in a reducing
environment. A preparation of nickel-coated YSZ powder for ap-
plication as an anode for solid oxide fuel cell was reported.56 The
YSZ powders were activated with SnCl2/PdCl2 catalyst and then
nickel was electroless deposited. Although the authors did not de-
scribe the procedure for electroless nickel deposition, they reported
that the coating, i.e., nickel, did not contain any impurities such
as phosphorus or boron. The amount of nickel in Ni-YSZ powder
was in the range 5–60 vol%. The electrodes were prepared by sinter-
ing at 1,200–1,350◦C for 2 h. The conductivity of Ni-YSZ cermets
containing 20 vol% Ni was estimated at about 450 s/cm at 1,000◦C,
therefore suggesting that they should be better suited for solid oxide
fuel cells anode applications than conventionally prepared materials.

Electroless deposition of noble metals, e.g., palladium, plat-
inum, or similar, onto ceramic or polymeric substrates has also
been intensively investigated in the recent years. Platinum/carbon
nanotubes electrocatalysts were prepared via immersion of multi-
walled carbon nanotubes into 0.0075 M H2PtCl6 solution for 12 h.
The reduction was then performed using a mixture of 0.1 M NaBH4
in 1 M NaOH.57 In another experiment, the authors prepared the
electrocatalyst by the immersion of carbon nanotubes in K2PtCl6
solution and a subsequent reduction of Pt ions with ethylene glycol.
After washing and drying the recovered carbon nanotubes loaded
with platinum were used for the oxygen reduction reaction in poly-
mer electrolyte membrane fuel cells (PEMFC) and the performance
of PEMFC was analyzed with respect to catalyst synthesis and
Pt loading.

It was found that the electrodes prepared by NaBH4 route had
Pt loading of 19.6%, fine Pt particle size, and improved performance
for the fuel cell applications. On the other hand, the catalysts pre-
pared by ethylene glycol route had Pt loading of 32% and not as
good fuel cell performance, which was attributed to the larger Pt
particle size and agglomeration. In this way for a better performance
in fuel cell applications, a uniform dispersion with a narrow Pt par-
ticle range and low Pt loading is more desirable.
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Nafion 117 membranes were electroless coated with Pt from a
solution of H2PtCl6 and hydrazine (N2H4) as reducing agent.58 The
coated membrane was used to make an MEA of proton exchange
membrane fuel cell which was tested at 60◦C in a saturated H2/O2
system. The maximum current density of about 80 mA/cm2 at 0.3 V
was obtained in this system.

Palladium electroless deposition was used for coating of Nafion
117 for the application as a membrane in direct methanol fuel cell.59

After the activation of the polymer membrane (Nafion 117) with
Pd(II) complexes, reduction was carried out with sodium boro-
hydride, NaBH4. Further, autocatalytic deposition of palladium
was performed using a commercially available solution. Compared
to bare Nafion, the Nafion/Pd composites considerably reduced
methanol crossover. This resulted in enhanced cell performance,
which was attributed to the existence of the Pd layer at the surface
of polymer.

Palladium membranes have been prepared by electroless depo-
sition on porous stainless steel substrates.60 The performance of
these membranes as hydrogen diffusion electrodes was evaluated
using a three-electrode cell in alkaline solution. The technical fea-
sibility of these membranes as gas diffusion electrodes has been
proven; however, the activity of hydrogen oxidation was high at the
beginning and significantly decreased with time. This behavior was
attributed to the slow entry of hydrogen at the H2/Pd interface.

Electroless deposition of nickel onto polytetrafluoroethylene
(PTFE) particles was carried out and then the electrode plate
(Ni-PTFE) was made by pressing and subsequent sintering at
350◦C.61 Ni served as a catalyst in both the anode and the cath-
ode in alkaline fuel cells. However, Pt, Pd, and Ag were used as
catalysts additionally. In this work, Pt or Pd was additionally de-
posited on Ni-PTFE surfaces via displacement (galvanic) deposition
using K2PtCl6 or PdCl2 solutions, respectively. The results showed
that the catalytic performance of Ni-PTFE, which was insufficient to
use in practical cell, can be improved by the deposition of Pd or Pt.
In terms of current density, alkaline fuel cells with Ni-PTFE elec-
trodes on which Pt or Pd was electroless deposited showed improved
performance. Furthermore, the Pd-plated Ni-PTFE electrodes can
be used as a high-performance anode with small charge-transfer re-
sistance, which is very beneficial in alkaline fuel cells applications.
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These Pd-plated Ni-PTFE electrodes may have an advantage when
the electrode is very thin or when a very small cell volume is
required.

Nickel/metal hydride (Ni/MH) batteries have been widely used
as power sources for many applications such as digital cameras,
power tools, and portable electronic devices. In addition, the us-
age of Ni/MH batteries as power sources in hybrid electric vehicle
(HEV) is notable.62 The positive electrode was prepared by plating
of nickel onto nonwoven polyolefin fabric having three-dimensional
micronetwork. The fabric was first treated with Pd–Sn catalyst. Sec-
ondly, electroless nickel was applied onto the activated surface, and
finally, nickel was electrodeposited. The cylindrical sealed cell using
the prepared substrate as the electrode material exhibited superior
high rate discharging capability to the similar commercially avail-
able cells.63

Among other approaches in the field of catalysis and energy de-
vices applications, it is important to note that electroless deposition
of CoO thin films useful in photonic, chromogenic, or energy con-
version coatings was investigated as well.64

Synthesis of tungsten oxide on Cu surfaces by electroless de-
position for electrochromic and photocatalytic applications65 and
amorphous cobalt–boron/nickel foam as an effective catalyst for hy-
drogen generation from alkaline sodium borohydride solution66 have
also been investigated. In addition, reports on electroless silver depo-
sition on Ba0.5Sr0.5Co0.8Fe0.2O3-δ for low-temperature solid oxide
fuel cell67 and Cu/Al2O3 catalyst,68 prepared via electroless depo-
sition of Cu onto Al2O3, are available in the literature.

It is obvious that in the field of energy devices and/or cataly-
sis further research of the electroless deposition itself would lead to
remarkable practical achievements.

5. Electroless Deposition for the Biomedical Applications

The biomedical field has received significant attention from research
professionals in many different areas including chemistry, physics,
engineering, biology, and medicine. Many new materials for use as
drug delivery systems, implants, artificial organs, hearing aids, pace-
makers, etc. are being developed nowadays.

Owing to the simplicity of electroless deposition of metals,
alloys, and compounds, this method offers huge advantages for the
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development of new biomedical devices, of course, if a proper and
an in-depth understanding of this approach is applied in the produc-
tion of such devices.

It was suggested that metal matrices can be attractive materials
for drug delivery systems69 due to the following reasons:

1. The ability to deliver both hydrophilic and hydrophobic
molecules over a long period of time

2. Denser pharmaceutical content in the coating
3. Longer term and controllable release kinetics
4. The ability to protect drugs from water and oxygen while be-

ing stored in potentially inert film
5. The ability to apply different compounds to different nanolay-

ers of the coating and to release different drugs at different
times

Gertner and Schlesinger investigated the drug delivery from
electroless-deposited Ni–P thin films.69 For this purpose, Ni–P thin
films were deposited on stainless steel using sodium hypophosphite
as a reducing agent. During the electroless deposition, drugs such as
fluorouracil, tetracycline, albumin, and rapamycin were added to the
plating solution. The amount of medications codeposited with Ni–P
was in the range from 1/200 to 1/30 of the total weight of coating.

The release of medications from electroless Ni–P films was
investigated by the measurement of the amount of the active
component in physiological saline solution in which coatings were
immersed. The results showed a continuous release of the active
medications from the films within the time frame of about 40 days.

The model proposed by Gertner and Schlesinger opens excel-
lent opportunities for future investigations of electroless-deposited
metals for use as matrices in the continuous drug release devices. It
is quite unlikely that the Ni–P matrices will find a realistic applica-
tion for the drug release devices, since they may release Ni(II) ions
while implemented in vivo. However, other biocompatible matrices
including polymers or oxides which can be produced electrolessly
may have great potential in this area. These aspects deserve in-depth
future investigations.

Alumina is a well-known bioinert ceramic material which can be
used in total hip prosthesis and dental implants since it exhibits good
biocompatibility, strength, and excellent corrosion resistance.70, 71

The application of alumina has some limitations due to poor frac-
ture toughness. The incorporation of ductile phase may lead to the
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improvement of mechanical properties. However, the ductile phase
must also be compatible. Electroless deposition of silver on Al2O3
powder was recommended for this purpose. It was demonstrated
that, if Al2O3 powder is pretreated with silver acetate prior to elec-
troless deposition, a thin uniform layer of silver (about 5 nm thick)
can be obtained. Contrarily, if no pretreatment of Al2O3 powders
is carried out, larger Ag particles (about 100 nm in diameter) are
obtained. The electroless deposition of silver was carried out from
a silver ammonia-based solution and formaldehyde as a reducing
agent.

Antimicrobial properties of silver have been known and utilized
for centuries. It is well established that only silver ions are antimicro-
bially active, while elemental silver is not. Many biomedical devices
have been coated with silver and/or silver compounds for antimi-
crobial purposes. The applications of surfaces treated with silver or
its compounds include devices such as topical wound dressings, uri-
nary catheters, endotracheal tubes, cardiac valves, etc.72 Electroless
deposition of silver or its compounds can quite successfully be used
for coating of biomedical devices.

Biological activity of electroless-deposited silver on plasma-
activated polyurethane was investigated by Gray et al.73 Silver was
deposited onto polyurethane samples using commercially avail-
able solutions. Some antimicrobial activity of these samples was
observed.

Silver-coated dressings used to enhance healing in burns and
skin grafts are commercially available nowadays. Silver nylon
dressing was reported as an effective material to reduce the ra-
diation dermatitis in patients undergoing chemotherapy.74 Silver-
coated dressings (in which silver was electrolessly deposited onto
nylon fabric) were used to examine the reduction in the rate of me-
diastinal infections in cardiac surgery patients.75 The results showed
that silver-coated nylon dressings exhibited the reduction in medi-
astinal infections. It was found that the electroless-deposited silver
compounds onto various textile materials are antimicrobially active,
while pure metallic silver exhibits a very low or no antimicrobial
activity.76, 77

The tissue engineering concept offers development of useful
substrates for repair replacement or regeneration of organs and
tissues. Hydroxyapatite (C10(PO4)6(OH)2, HA) is the major con-
stituent of the bone and teeth. Deposition of calcium phosphate
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coatings from an autocatalytic electroless solution on a high-
molecular-weight polyethylene starch/ethylene vinyl alcohol blend
and starch/cellulose acetate mixture was investigated.78 The results
indicated that calcium phosphate films can successfully be deposited
onto investigated materials. The coatings exhibited a clear bioactive
nature after the immersion in a simulated body fluid. These materials
were recommended for bone bonding, bioabsorbable implantations,
and fixation devices.

Using a similar procedure, a composite material for tissue en-
gineering applications composed of HA and carboxymethylchitosan
was obtained by a coprecipitation method. In vitro tests exhibited a
great potential of this class of materials for bone tissue-engineering
applications.79

Based on the current trends, it is believed that electroless de-
position of metals, alloys, and compounds for various biomedical
applications will significantly grow in the future.

6. Electroless Deposition and Anticorrosion Applications

Conventionally used coatings are expected to exhibit a reasonable
performance in respective applications. Corrosion behavior of the
applied materials must seriously be taken into considerations to
avoid the deterioration in the performance. Depending on the appli-
cation, corrosion behavior of electrolessly obtained materials must
be investigated under proper conditions for the particular purpose.

In this section, the corrosion aspects of different electroless-
deposited metals and/or alloys are discussed.

Electroless deposition of thin films of Ni–P alloys has found
numerous applications in many fields due to their excellent corro-
sion resistance, high wear resistance, high hardness, and acceptable
ductility.

Electroless deposition of Ni–P was used for the protection of
magnesium alloys from corrosion.80, 81 AZ91D magnesium alloy
was plated with an electroless Ni–P coating to improve the corrosion
resistance.82 This magnesium alloy was first phosphatized in a zinc
phosphating solution containing sodium molybdate (Na2MoO4) and
then Ni–P was electroless deposited. The Ni–P coating exhibited a
very good corrosion resistance.

Corrosion properties of electroless nickel coatings with code-
posited PTFE or silicon carbide (SiC) particles in H2SO4 and NaCl



282 S.S. Djokić and P.L. Cavallotti

solutions were also investigated.83 It was found that both coatings,
electroless Ni–P alone or electroless Ni–P with codeposited PTFE or
SiC particles, exhibited a very good corrosion resistance in H2SO4
and NaCl solutions.

Ni–B coatings have superior wear resistance and a very high
hardness. However, compared to electroless Ni–P alloys, they exhibit
a relatively low corrosion resistance. To improve the corrosion resis-
tance, electroless Ni–P/Ni–B duplex coatings were prepared using
dual solutions (acidic hypophosphite and alkaline borohydride).84

The measurements showed that microhardness, wear, and corrosion
resistance of the duplex coating were higher than individual Ni–P
or Ni–B coatings of similar thickness. The Ni–P/Ni–B duplex coat-
ings having Ni–P as the outer layer have exhibited better corrosion
resistance.

The electroless CoFeB films which are used as a soft magnetic
material in computers industry have acceptable magnetic behavior,
but poor corrosion resistance compared with the electrodeposited
Ni–Fe (permalloy) coatings.85 However, the addition of Ni to the
CoFeB film improves corrosion resistance without affecting its soft
magnetic properties. The best magnetic and electronic properties
had a film with the composition Co77Ni13Fe9B1.

The incorporation of copper in electroless Ni–P–PTFE coatings
leads to the improvement of corrosion resistance.86 When the copper
content in Ni–P–Cu–PTFE coatings was about 6.5%, the anticorro-
sion performance was the best. The anticorrosion performance of
the Ni–P–Cu–PTFE coatings in 1 M HCl and 20% NaCl solutions
was better than that of Ni–P–PTFE coatings or pure Cu.

Electroless Ag-PTFE composite coatings were prepared on
stainless steel substrates for the prevention of biofilm growth.87

The anticorrosion properties of Ag-PTFE composite coatings were
investigated in 0.9% NaCl solution. The results showed that the cor-
rosion resistance of the Ag-PTFE composite coating was superior to
that of stainless steel.

Magnesium is a very important metal that may have great ap-
plications in portable microelectronics, telecommunications, and
aerospace industries, due to its low density. However, a poor cor-
rosion resistance of magnesium limits its applications. On the other
hand, coating of magnesium surfaces with other metals via electro-
less deposition can be quite difficult due to its reactivity with the
most of the plating solutions.
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Prior to electroless deposition of silver onto Mg alloys, organo-
silicon heat-resistant coating was applied at the surface.88 Further
activation of this intermediate layer and electroless deposition of sil-
ver using glucose as a reducing agent were performed in the usual
way. Importantly, the corrosion resistance of silver-coated magne-
sium alloys with an intermediate organo-silicon layer was signifi-
cantly improved in 3.5% NaCl solution when compared to uncoated
magnesium alloys. On the other hand, an introduction of the organo-
silicon layer onto the surface of magnesium alloys provides a new
concept for plating on reactive metals, which are considered diffi-
cult to plate under the normal conditions.

Electroless deposition of various coatings which are used as an-
ticorrosion coatings will grow in the future for different applications
in the electronics, energy devices, aerospace, and biomedical fields.

7. Electroless Deposition and Nanotechnology

At the end of the last century, the field of nanotechnology was intro-
duced. Due to significant investments worldwide, nanotechnology
was intensively growing in the last two decades.

The realistic applications of the nanotechnology itself are not
very clear at present; however, many research projects were related
to the miniaturization for the electronics, sensors, immunodiagnos-
tics, and other biomedical applications. Another approach of nan-
otechnology is development of metal nanostructure which can be
useful as catalysts for various industrial processes, energy conver-
sion devices, or environmental applications.

Electroless deposition is a very useful approach in the produc-
tion of various metallic and ceramic nanostructures. In this section,
a brief review of electroless deposition processes used in nanotech-
nology field is presented.

As in other electroless processes, chemical reduction of ions
such as Fe2+, Cu2+, Ag+, Au+, Pd2+, and Pt4+ from their aqueous
solutions is carried out using various reducing agents to produce dif-
ferent shapes of nanoparticles. Depending on metal, typical reducing
agents involve borohydride, dimethyl amino borane, ascorbic acid,
hydrazine, formaldehyde, etc.

A review on the production of multifunctional nanorods for
biomedical applications has been published recently.89

Gold nanoparticles were electrolessly deposited on the surface
of carbon nanotubes from cyanide solution using borohydride as a
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reducing agent.90 The carbon nanotubes coated with spherical gold
particles having diameter of about 3–4 nm were recommended for
use as catalysts in industrial applications.

Nanostructured gold was produced from AuCl−4 solution in
which nanoparticles of conductive polymer, polypyrrole, were sus-
pended.91 Upon the exposure of polypyrrole nanoparticles to the
AuCl−4 solution, a rapid change in purple color of the solution was
observed, which was attributed to the presence of gold nanoparti-
cles. The formation of gold nanoparticles was observed in the so-
lution and at the surface of polypyrrole. The particle size, based on
the TEM images, was estimated at about 100–200 nm. These parti-
cles can easily be dispersed into solution by the ultrasonic treatment.
The results of this work show that the polypyrrole acts as a reduc-
ing agent of Au(III) ions to Au◦, which consequently leads to the
oxidation of polypyrrole.

The formation of elemental gold layer at the surface of conduc-
tive polymers has been reported in the literature.92, 93 Synthesis of
nanostructures and self-assembled palladium nanowires from Pd(II)
complexed solutions using hydrazine as a reducing agent were re-
ported by Shi et al.94, 95 The process was carried out for 120 s at
60◦C. Electroless deposition of nanowires of other metals is also
possible and quite realistic. However, no particular engineering ap-
plications are yet known.

Selective electroless nickel plating of particle arrays on poly-
electrolyte multilayer was investigated for the potential applications
in sensors, optoelectronics, and biochips.96 This process is based on
the preparation of functional colloidal arrays on surfaces. In the next
step metal deposition is carried out on the surfaces of the patterned
particles secured on the substrate. Samples of colloidal arrays on
patterned polyelectrolyte templates are first pretreated with a Pd(II)-
based catalyst. After rinsing with deionized water and drying, sam-
ples were plated with nickel using dimethylamine borane (DMAB)
as a reducing agent. Based on the results of this work,96 it was shown
that the selective electroless nickel deposition on 3D patterned sur-
faces can be successful.

Copper was electrolessly deposited on suspended Al2O3
nanoparticles by the addition of Cu(II)–EDTA alkaline solution
and formaldehyde as a reducing agent.97 This approach can be used
for various ceramic or polymeric nanoparticles and different metals.
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Incorporation of nanoparticles of zinc oxide during electro-
less deposition of nickel for the improvement of metallurgical or
corrosion resistance properties was also investigated.98 Zinc oxide
nanoparticles (<25 nm) were produced by anodic dissolution of zinc
metal against platinum cathode immersed in electrolyte consisting of
tetra-ammonium bromide and 0.1 M acetonitrile mixture in 4:1 ratio
at current density of 5 mA/cm.2 Nickel was then deposited on mild
steel substrates from an alkaline solution in which ZnO nanoparti-
cles were suspended and using sodium hypophosphite as a reducing
agent. The incorporation of ZnO nanoparticles resulted in surface
uniformity and homogenicity and also improved the corrosion resis-
tance of Ni–P–ZnO coating.

Carbon substrate serves as a sacrificial reductant and converts
aqueous MnO−4 to insoluble MnO2, which in turn can be use-
ful for batteries and capacitors.99 In this aspect, the incorporation
of homogenous nanoscale MnO2 within ultraporous carbon struc-
tures via self-limiting electroless deposition was reported.99 The de-
posited nanoscopic MnO2 on carbon exhibited exceptionally high
capacitance.

Among other reports, the DNA-templated Cu nanowire fabrica-
tion by electroless metallization100 or biotemplate synthesis of 3-nm
nickel and cobalt nanowires, which may find reality in biomedical
applications,101 should be mentioned.

The research of electroless deposition in relation with nan-
otechnology will definitely be expanded in the future. This process
(electroless deposition) can quite successfully produce a variety of
nanostructures, which have been known and understood far before
the appearance of nanotechnology. Nanostructures produced via
electroless deposition may have great potential for various engineer-
ing applications in the future.

However, how the real applications would work, the future
will tell.

V. CONCLUSIONS

Electroless deposition has attracted researchers in the recent years
due to significant developments in electronic, energy devices, au-
tomotive, aerospace, and biomedical industries. If properly carried
out, this quite simple process produces on complex shapes very
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uniform and continuous coatings, which are difficult to obtain with
other competitive technologies. Additionally, when needed, electro-
less deposition offers a very efficient way of production of powders
of various shapes and sizes, of course under the specific conditions,
as referenced herewith.

Almost all metals and/or alloys that can be electrodeposited
from aqueous solutions can also be produced via electroless deposi-
tion, if proper reducing agents and conditions are applied. The ad-
vantage of electroless deposition is that an external current is not
required. Furthermore, films of metals, alloys, and compounds such
as ceramics or polymers are very attractive for the field of nanotech-
nology. It is important to note that the deposits (coatings or particu-
lates) produced by electroless deposition are predominantly “nano”-
crystalline.

Electroless deposition, as a very important area of the mod-
ern technology, needs further developmental studies to ensure the
successful operation of the process and desirable properties of the
finally obtained material. Significant further work is definitely re-
quired to learn more about the kinetics and mechanisms of the reac-
tions involved in these sophisticated processes.
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