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Preface

Science needs language, not only for communication among people, but we all need language for thinking, for con-
structing models, for forming our ideas. Clear-cut terms that are accepted and understood by the scientific com-
munity are the basis of scientific language. The goal of this “Electrochemical Dictionary” is to provide a reference
manual where the reader of electrochemical literature can quickly find short explanations of scientific terms. Fun-
damental definitions are very important, especially the recommendations of [IUPAC, which were a primary source,
where available. In many cases intensive discussion among the editors and expert authors resulted in the definitions
that can be found in this book. It is our hope that the definitions of terms proposed herein will be accepted and used
in the future by the scientific community. This dictionary includes not only the most frequently used terms, but also
some that may be obsolete and even those whose use is discouraged. We intend the dictionary to be encyclopedic
in coverage of terms, but relatively brief and clear in the individual entries. The goal to be encyclopedic in covering
“all” terms is impossible to fulfill, partly because science is quickly developing with new terms arising almost daily,
partly because it is practically impossible not to forget some. We hope that upcoming editions will close these gaps.
The editors have decided to also include brief biographic entries of people who have contributed to the development
of electrochemistry and have since passed away. Several of them were not electrochemists, and their contributions
were mainly in the fields of physics, chemistry, and biology, but are also important in electrochemical research.
Similarly, we include some entries about key techniques or materials that might be important in electrochemistry,
although not directly in this field.

The authors and editors will be pleased if the “Electrochemical Dictionary” stands on the shelf of all those who
read electrochemical papers and books, and if these readers will find it useful as a quick and reliable information
source. Almost all entries are carefully referenced to enable the user to quickly locate the best primary sources. Of
course, the authors and editors would appreciate any comments and suggestions for improvement.

We would like to thank Dr. Heike Kahlert and Dr. Birgit Meyer for their meticulous checking of literature ref-
erences and the cross-referencing among the entries of the dictionary. We are equally thankful to Peter W. Enders
(Springer, Heidelberg) for his continuous support and patience.

Allen J. Bard, Gy6rgy Inzelt, and Fritz Scholz
Austin, Budapest, and Greifswald
March 2008
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Accumulation region

A

Absolute potential — potential, and subentry — absolute
potential

Absorbed electrolyte battery — sealed battery

Abrasive stripping voltammetry — Technique where
traces of solid particles are abrasively transferred onto
the surface of an — electrode, followed by an electro-
chemical dissolution (anodic or cathodic dissolution)
that is recorded as a current-voltage curve [i]. It allows
qualitative and quantitative analysis of metals, alloys,
minerals, etc. The technique is a variant of — voltamme-
try of immobilized particles [ii].
Refs.: [i] Scholz F, Nitschke L, Henrion G (1989) Naturwiss 76:71;
[ii] Scholz E, Schréder U, Gulaboski R (2005) Electrochemistry of im-
mobilized particles and droplets. Springer, Berlin

FS

AC — alternating current

AC (alternating current) techniques — Electrochemi-
cal experiments (usually — potentiostatic ones) where
the applied constant or linearly changed potential is su-
perimposed by an alternating (sinusoidal) potential sig-
nal of small magnitude. As a response to this perturba-
tion, intensity and a phase shift of the resulting alternat-
ing current at a steady state is followed and analyzed as
a function of potential and applied frequency (— AC po-
larography, — AC voltammetry, measurements and in-
terpretation of — faradaic impedance and — electrochem-
ical impedance spectroscopy).
Ref.: [i] Bard A], Faulkner LR (2001) Electrochemical methods, 2 ey,
Wiley, New York, chap 10, pp 368

JL

ACP — Acronym for alternating current polarography.
— polarography, and subentry — AC polarography.

AC polarography — polarography, and subentry - AC
polarography.

AC voltammetry — Historically the analysis of the cur-
rent response to a small amplitude sinusoidal voltage
perturbation superimposed on a DC (ramp or constant)
potential [i]. Recent applications invoke large amplitude
perturbation (sinusoidal, square wave or arbitrary wave

form) [ii]. DC and AC current components including
fundamentals and higher order harmonics can be mea-
sured as a function of potential and/or frequency often
invoking Fourier transform techniques. See also - AC
polarography, — Fourier transform voltammetry.
Refs.: [i] Smith DE (1966) AC polarography and related techniques: The-
ory and practice. In: Bard AJ (ed) Electroanalytical chemistry, vol. 1.
Marcel Dekker, New York; [ii] Bond AM, Duffy NW, Guo S, Zhang J,
Elton D (2005) Anal Chem 77:186A

AMB

Acceptor number (or acceptivity), AN — is an empiri-
cal quantity for characterizing the electrophilic proper-
ties (— Lewis acid-base theory) of a solvent A that ex-
presses the solvent ability to accepting an electron pair
of a donor atom from a solute molecule. AN is defined
as the limiting value of the NMR shift, 8, of the ! P atom
in triethylphosphine oxide, Et;P=0, at infinite dilution
in the solvent, relative to n-hexane, corrected for the dia-
magnetic susceptibility of the solvent, and normalized:
o © i® do

Et;P=0 < Etz;P-O+A 2 Et; P =0 - A

AN = acorr(A) - 6corr(”‘C6Hl4)

Ocorr (Et3 PO-SbCl;s ) — Ocorr ( n-Cs H14)

= Abcorr x 2.348/ppm .

x 100

In a secondary measure, tributyl phosphate, Bu; POy, is
used as the probe: AN =1.1318%!_ P(Bu3PO,) +0.8. The
coeflicient arises from arbitrary assignment of the value
of AN =100 to the interaction of Et; P=O with antimony
pentachloride (SbCls) dissolved in 1,2-dichloroethane.
AN includes a nonspecific polarity effect and, therefore,
it does not vanish for aprotic, and nonprotogenic, sol-
vents, i.e., AN < 10 for apolar and 10 < AN < 20 for
dipolar aprotic solvents. However, AN values for protic
solvents are much higher, i.e., 25 < AN <130. AN is lin-
early correlated, among others, to the polarity parameter
Et(30) for 51 solvents, AN = —59.9+1.850E1(30) and to
the — donor number (DN), AN =12.73log e-0.056 DN -
2.33.
Refs.: [i] Mayer U, Gutmann V, Gerger W (1975) Monatsh Chem
106:1235; [ii] Schmid R (1983) ] Solution Chem 12:135; [iii] Symons MCR,
Pena-Nuriez AS (1985) ] Chem Soc Faraday Trans 1, 81:2421; [iv] Mar-
cus Y (1993) Chem Soc Rev 22:409

WK

Accumulation potential — potential, subentry — accu-
mulation potential

Accumulation region — An accumulation region is any
part of a — semiconductor device that has an increased




Accumulator

concentration of majority carriers due to the presence of
an electric field, so that it becomes nearly metallic in its
— conductivity. The electric field may arise from an ex-
ternally applied bias, the presence of a nearby interface
composed of a differently doped semiconductor mate-
rial (as in a p-n junction), or the presence of a nearby in-
terface composed of a metal (as in a — Schottky barrier).
Because an accumulation region contains majority car-
riers (which are mobile) it tends to be very thin (<10 nm,
say). This is in contrast to a — depletion region, which
typically contains minority carriers arising from immo-
bile donors, and which therefore tends to be relatively
thick (20-200 nm, say). Under external illumination, ac-
cumulation regions readily interact with photons, but
any electron-hole pairs that are generated rapidly un-
dergo recombination. Thus, no photocurrents are seen
in the external circuit when a semiconductor material is
under accumulation.

SF

Accumulator — (secondary or rechargeable — battery)
A battery with electrodes which can be returned to their
initial (charged) state by electrochemical means (electri-
cally rechargeable) or by other means (e.g., by mechan-
ical exchange of an electrode in case of the — metal-
air battery, — aluminum-air battery, — zinc-air battery).
An accumulator operates as a — galvanic cell in the dis-
charge mode, as an — electrolyzer in the charging mode.
Consequently, assignment of the electrodes depends on
the mode of operation: In the charging mode the nega-
tive electrode operates as a — cathode, the positive elec-
trode as the — anode. In the discharging mode the neg-
ative electrode is the anode, the positive electrode is the
cathode.

Lead-acid accumulator — (— Sinsteden 1854,
— Planté 1859-60) A secondary — battery containing
a lead dioxide positive electrode, a metallic lead nega-
tive electrode and a sulfuric acid aqueous electrolyte so-
lution. The electrode reactions are

PbO,(s) +3H*(aq) + HSO; (aq) +2¢~ —
PbSO4(s) + 2H,0(aq)

at the cathode; and
Pb(s) + HSOj; (aq) — PbSO4(s) + H*(aq) + 2e~
at the anode with the cell reaction

PbO,(s) + Pb(s) + 2H,S04(aq) —
2PbSO4(s) + 2H,0(aq) .

The negative electrode is usually prepared from lead
metal powder (de Khotinski 1885) mixed with sulfuric
acid pressed into a grid of a lead-antimony alloy serving
both as mechanical backup and as current collector. The
positive electrode is made from a mix of lead oxides and
sulfuric acid again pressed into a grid of a lead-antimony
alloy. The high porosity of both electrodes (suggested
1881 by Faure and Brush) results in a large electrochemi-
cally active surface area needed to keep the potential (cell
voltage) losses small under load. During discharge sulfu-
ric acid is consumed, resulting in a decrease of the elec-
trolytic conductivity of the battery acid in the discharged
state of the cell. Too high concentrations of the acid re-
sult in a decreased electrolytic conductivity; in addition
the freezing point is increased. An optimum concentra-
tion is 35 wt%. The relationship between acid concentra-
tion (and consequently density) of the electrolyte solu-
tion and the state of charge has resulted in simple devices
applied to measure the state of charge. Coulombic efhi-
ciency (= Coulometric efficiency) is about 90%, overall
energetic efficiency is about 75-80% because of the con-
siderable difference between discharge and charge volt-
ages. Lead-acid accumulators are used as the almost ex-
clusive energy source in cars as a starter battery; they are
used in — uninterruptible power supplies. Deposition of
metallic lead during charging would result in smooth
surfaces without the large active surface area needed
for practical operation; a rough deposit is obtained by
adding expanders (complexing agents, e.g., lignin) to the
electrolyte solution in very small concentrations. These
additives (being present in the active masses of the ac-
cumulator with <1wt%) also inhibit the negative conse-
quences (mechanical destruction) of the density changes
proceeding during the charge-discharge cycle (densities
of Pb: p = 1l.4gcm™, PbO,: p = 9.5gcm™, PbSOy:
p=62gcm™).
Refs.: [i] Sinsteden J (1854) Ann Phys 92:1; [ii] Bode H (1977) Lead-acid
batteries. Wiley Interscience, New York; [iii] Linden D, Reddy TB (eds)
(2002) Handbook of batteries. McGraw-Hill, New York

RH

Accuracy — The closeness of a measurement regarding
its accepted or — true value. Accuracy is also a concept
to characterize a measuring instrument that gives re-
sponses very close to a true value.
Refs.: [i] Harris D (2002) Quantitative chemical analysis. WH Freeman,
New York; [ii] Currie LA, Svehla G (1994) Pure Appl Chem 66:595

FG

Acetylene black — carbon
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Acheson® graphite — (electro graphite) Synthetic
graphite prepared by the — Acheson process. Used in
technology for reaction vessels, melting pots, heat-
resistant black paint, — electrodes, brushes for electric
generators and motors, pencils, colloidally dispersed in
oil (Oildag; dag = deflocculated Acheson graphite 1896)
or water (Aquadag) as lubricant and corrosion protec-
tion, as moderator in nuclear reactors because of the
neutron-decelerating capability (Wigner effect). See also
— graphite electrode.
Refs.: [i] Magnusson M (ed) (1990) Chambers biographical dictionary.
W&R Chambers, Ltd, Edinburgh; [ii] Crystal D (ed) (1998) The Cam-
bridge biographical encyclopedia. Cambridge University Press, Cam-
bridge

RH

Acheson process — (Edward Goodrich Acheson:
March 9, 1856, Washington, USA - June 6, 1931, New
York City, USA, American chemist, inventor (abrasive
Carborundum® 1891) and industrialist, coworker of
— Edison 1881-1883, president of The Electrochemical
Society 1908-1909). Coke and quartz (silica) are pressed
and heated in an electric furnace at 800-1300°C,
subsequent graphitization proceeds at 2000-2200 °C.
Formation of graphite under these conditions is at-
tributed to growth of initially already present small
graphite particles and/or decomposition of initially
formed SiC. See also — graphite electrode.
Refs.: [i] Dittmeier R, Keim E, Kreysa G, Oberholz A (eds) (2005)
Winnacker-Kiichler: Chemische Technik, vol. 3. Wiley-VCH, Weinheim,
pp 899; [ii] Kirk-Othmer (1992) Encyclopedia of chemical technology,
vol. 4, 4™ edn. Wiley, New York, pp 949; [iii] Crystal D (ed) (1998)
The Cambridge biographical encyclopedia. Cambridge University Press,
Cambridge

RH

Acid-base equilibrium — equilibrium, and — acid-base
theories

Acid-base theories

Early acid-base theories — The word acid is de-
rived from the Latin word acidus (sour) and the word
alkaline is derived from the Arabic al-gily meaning “cal-
cinated ashes of plants”. Already in the Middle Age, the
most important strong acids, e.g., sulfuric acid, nitric
acid, and hydrochloric acid had been described by al-
chemists. Until 1650, Paracelsus and others had charac-
terized acids by their special properties. The terms “acid”
and “base” were used for the first time by Otto Tachenius
in1666. Around 1675, Robert Boyle had stated that acids
have a high dissolution power and can be characterized

by four chemical reactions: (a) giving a red color to blue
vegetable dyes, (b) precipitating sulfur from ‘liver of sul-
tur) (c) neutralizing bases, and (d) reacting with chalk
to form a gas. Nicolas Lémery tried to give a more mor-
phological definition (around 1690), according to which
an acid has a spiky form and will prick the tongue, and
bases consist of porous particles being slippery. Antoine
Lavoisier (1777) created the word “oxygen” (from Greek
oxys = sour and genes = born, i.e. acid maker), because
at this time most of the known acids were obtained from
non-metal oxides and water. Although it turned out that
not all acids contain oxygen, the historical importance
is given by the fact that it was the first systematic at-
tempt to chemically characterize acids. In contrast to
that, - Davy stated in 1810 that hydrogen is the key com-
ponent of an acid, although many hydrogen-containing
compounds were not acids. Justus von Liebig (1838) re-
futed the idea of Lavoisier and defined an acid as a spe-
cial hydrogen-containing compound in which the hy-
drogen can be replaced by a metal. This definition of
acids served for over 50 years.
Refs.: [i] Finston H, Rychtman AC (1982) A new view of current acid-
base theories. Wiley, New York; [ii] Hand CW, Blewitt HL (1986) Acid-
base chemistry. Macmillan, New York
HK
Arrhenius acid-base theory — Arrhenius
developed the theory of the electrolytic dissociation
(1883-1887). According to him, an acid is a substance
which delivers hydrogen ions to the solution. A base
is a substance which delivers hydroxide ions to the
solution. Accordingly, the neutralization reaction of an
acid with a base is the formation of water and a salt.
It is a so-called symmetrical definition because both,
acids and bases must fulfill a constitutional criterion
(presence of hydrogen or hydroxide) and a functional
criterion (to deliver hydrogen ions or hydroxide ions).
The theory could explain all of the known acids at that
time and most of the bases, however, it could not explain
the alkaline properties of substances like ammonia and
it did not include the role of the solvent. — Sgrensen
(1909) introduced the — pH concept.
Refs.: [i] Finston H, Rychtman AC (1982) A new view of current acid-
base theories. Wiley, New York; [ii] Hand CW, Blewitt HL (1986) Acid-
base chemistry. Macmillan, New York
HK
Bronsted acid-base theory — In 1923, — Bron-
sted and, independently of him, — Lowry published es-
sentially the same theory of acids and bases which can
be applied not only to water as a solvent but also to all
other — protic solvents, as well as to — proton transfer re-
actions in gases. An acid is defined as a proton donor, i.e.,
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a substance (molecule, anion or cation) which is capable
of splitting off a hydrogen ion. A base is a proton accep-
tor, i.e., a substance (molecule, anion or cation) which is
capable of taking up hydrogen ions. Usually, hydrogen
ions are associated with solvent molecules, e.g., H;0%,
C,H50Hj etc., see also — Eigen complex, and — Zun-
del complex. During each protolytic reaction, an acid is
converted into the corresponding base and a base into
the corresponding acid:

HX +
acidl +

H,0
base 2

X~ +
basel +

H;0*
acid 2.

2
2
These acid-base pairs are called conjugate pairs. The ex-
tent of the reaction depends on the relative strength of
the acid and the base. The model developed by Bron-
sted has the big advantage that — acid-base equilibria
can be described mathematically in a simple way, and it
is used to estimate the pH of solutions. (According to the
IUPAC recommendations the term ‘protolysis’ for pro-
ton transfer reactions should be discouraged).
Refs.: [i] Finston H, Rychtman AC (1982) A new view of current acid-
base theories. Wiley, New York; [ii] Hand CW, Blewitt HL (1986) Acid-
base chemistry. Macmillan, New York; [iii] Tanabe K (1989) New solid
acids and bases. Elsevier, Amsterdam
HK

Lewis acid-base theory — To describe reactions
where no proton transfer occurs, - Lewis has pro-
posed a more general acid-base concept where an acid
is a molecule or an ion with an incomplete outer elec-
tron sphere, i.e., an acceptor of electron pairs. A base is
a molecule or an ion having a free electron pair, i.e., an
electron pair donor. A neutralization reaction is char-
acterized by the formation of a coordination or cova-
lent bond. The following reactions illustrate the Lewis-
definition:

BF; + NH; 2 F3B — NH3
Al3+ + 6H20 =2 [AI(H20)6]3+

acid + base .

Proton-containing Brensted acids are not Lewis acids
because they cannot act as electron pair acceptors.
Refs.: [i] Finston H, Rychtman AC (1982) A new view of current acid-
base theories. Wiley, New York; [ii] Hand CW, Blewitt HL (1986) Acid-
base chemistry. Macmillan, New York; [iii] Jensen WB (1980) The Lewis
acid-base concepts. Wiley, New York; [iv] Tanabe K (1989) New solid
acids and bases. Elsevier, Amsterdam
HK
HSAB concept — In 1963, Pearson published the
concept of hard and soft acids and bases (HSAB). Based

on the theory developed by Lewis, he considered each
chemical bond as a result of the reaction of a Lewis acid
with a Lewis base:

S (Lewis acid) + B (Lewis base) &

S-B (acid-base complex) .

The concept describes the influence of parameters like
electronegativity or ability to be polarized on the extent
and on the stability of the chemical equilibrium. Pear-
son defines hard acids as Lewis acids with a low — polar-
izability (small cations with high charge and molecules
in which the binding partner induces a high positive
charge at the central atom, e.g., Li*, Na*, AI’**). A soft
acid is a Lewis acid with a high polarizability (cations
with small charge or high radii or atoms or molecules
with valence electrons which can be released very eas-
ily, e.g., Cu*, Ag*, BH;). Hard bases are Lewis bases
with high — electronegativity and low polarizability (e.g.,
H,0, OH™, F~, NH3). Soft bases are Lewis bases with
low electronegativity and high polarizability (S*~, SCN~,
CN7). In general, reaction of hard acids with hard bases
and soft acids with soft bases are preferred. The reaction
of a hard acid with a hard base leads to a bond with more
ionic character, whereas the reaction of a soft acid with
a soft base leads to a more covalent bond. The combina-
tion of hard acid with a soft base, or vice versa, results in
different bond characters of reaction partners and lower
stability of the acid-base-complex.
Ref.: [i] Pearson RG (ed) (1973) Hard and soft acids and bases. Dowden,
Hutchinson ¢ Ross, Stroudsburg
HK

Base-antibase concept — This definition ex-
tends the acid-base concept to reactions in oxidic melts.
The transfer of O*~ from a base (CO3~) to an acid (some-
times called antibase) (S,027) can be considered as an
acid-base reaction:

CO% +5,02" 2 CO, +250% .

According to — Bjerrum [i] an acid is defined as an ac-
ceptor of O?~ ions (antibase) and a base is defined as
a donator of O*” ions. A conjugate antibase/base pair
differs by one O*". With that concept, the amphoteric
behavior of oxides like Al,O3 is explainable and base-
antibase reactions are important for transforming insol-
uble substances to water-soluble compounds by treat-
ment in molten salts. Thus, aluminum oxide is trans-
formable to a water-soluble product in molten basic
Na,CO3 as well as in molten antibasic K,S,07:

Al,O3 acts as acid (antibase)

ALO; + COZ™ 2 2A10; + CO,
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Al, O3 acts as base
Al O3 + 35,02 2 2A1%* + 6507 .

Ref.: [i] Bjerrum ] (1947) Acta Chem Scand 1:528

HK

Usanovi¢ acid-base theory — A general theory

of acids and bases taking into consideration electron ex-
change processes (redox reactions) was proposed in 1939
by Usanovi¢. His definition is a symmetrical one and in-
cludes all concepts discussed above, i.e., an acid is de-
fined as a substance which is able to liberate protons or
other cations (cation donator) or to take up anions or
electrons (anion acceptor, electron acceptor). A base is
defined as a substance which is able to release anions or
electrons (anion donator, electron donator) or to take up
protons or other cations (cation acceptor). According to
that theory, all chemical reactions (excluding reactions
between radicals resulting in covalent bindings) can be
considered as acid-base reactions.
Refs.: [i] Finston H, Rychtman AC (1982) A new view of current acid-
base theories. Wiley, New York; [ii] Hand CW, Blewitt HL (1986) Acid-
base chemistry. Macmillan, New York

HK

Acidity constant — K, (sometimes also called ‘acid dis-
sociation constant, or ‘acid-ionization constant’) is an
equilibrium constant indicating the extent of the disso-
ciation of the n™ hydrogen ion from a charged or un-
charged acid [i]:

H,A=z2 H* + H(n—l)A7 , 1)

which can be taken as a partial acid-base reaction (half
reaction). It is characterized by the thermodynamic con-
stant [ii]

aH+ aH,_ A~

Kan = (2)

aH, A
(a is the concentration — activity).
It is a weakness of the above definition that reaction
(1) does not explicitly take into account the role of the
solvent HS. The correct writing is:

H,A + HS = H,S* + Hy, A~ . 3)
Hence, the acidity constant follows as:
K,, = AH,S*,c AH(,_1yA™\c (4)

AH,A,c GHS,mr

(Subscript ¢ indicates concentration activities, and mr
indicates molar ratio activities).

In very dilute solutions the molar fraction — activity
of the solvent (ays, ;) approaches unity, and the — ac-
tivity coefficients of the acid-base species approach 1, the
conventional stoichiometric concentration dissociation
constant of an acid H, A in a given solvent HS is:

_ [H:8"] [HenA]
Kan= = o (5)

(Square brackets indicate concentrations in mol L™").
By analogy, one can define the basicity constant (Kp,,)

as the equilibrium constant indicating the extent of the

uptake of the n'! proton by a base, e.g., for n = 1:

A +HS=2S§ +HA

as-,cAHA,c

Kb1 = (6)

aa-,cAHS,mr

For each corresponding acid-base pair, e.g., HAand A™,
the acidity constant K, and the basicity constant Kj, are
related to each other by the equation Kuuto = KyKb,
where Kyuto is the — autoprotolysis constant of the sol-
vent.

Very strong acids dissociate practically completely in
solution and consequently have large acidity constants;
weak acids do not fully dissociate and generally have
acidity constants far less than 1. Because these constants
differ for each acid and vary over many orders of mag-
nitude, the negative logarithm of the acidity constant is
mostly given:

pK, = -log,, K, .

Analogously to K,, the magnitude of Ky indicates the
relative strength of the base. Strong acids have weak
bases as conjugated bases, and weak acids have strong
bases as conjugated bases.

Acidity constants always compare the acidity of a pro-
ton donator with the basicity of the solvent. Therefore,
only acidity constants relating to the same solvent can be
compared [iii, iv]. The acidity constant strongly depends
on the dielectric constant of the solvent and solvent-
solute interaction parameters. About relations between
the acidity constants of one acid in different solvents see
reference [v].

Refs.: [i] McNaught AD, Wilkinson A (1997) IUPAC Compendium of
chemical terminology, 24 edn. Blackwell Scientific Publications, Oxford;
[ii] Siicha L, Kotrly ST (1972) Solution equilibria in analytical chemistry.
Van Nostrand Reinhold Company, London; [iii] Bordwell FG (1988)
Acc Chem Res 21:456; [iv] Bordwell FG (1988) Acc Chem Res 21:463;
[v] Safatik L, Stransky Z (1986) Titrimetric analysis in organic solvents.
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In: Svehla G (ed) Wilson and Wilson's comprehensive analytical chem-
istry, vol. 22. Elsevier, Amsterdam
HK

Action potential (nerves) — is the localized reversal and
restoration of the electrical potential between the inside
and outside of a nerve, muscle cell, or fiber, spatially
propagated as an impulse, i.e., affect propagation. The al-
teration of the cell - membrane potential is generated by
changes in the permeability of the membrane to specific
ions, e.g., Na*, K*, and ClI7, and maintained, with en-
ergy consumption, by a potassium-sodium pump (- ion
transport through membranes and ion channels). The ac-
tion potential (nerve impulse) is a temporary depolar-
ization, which is generated, when the usual potential be-
tween both sides of the cell membrane of ca. -75mV
is at first compensated, due to a temporary increase
in sodium conductivity, and then reversed to approxi-
mately +30 to +40 mV. The action potential is triggered
by an initial depolarization to a threshold potential, usu-
ally about 15 mV above the resting potential of the cell.
An action potential involves a depolarization, a repolar-
ization, and finally a hyperpolarization (so-called under-
shoot). In the axon fibers of nerves, the depolarization
results from the ingress of Na* ions, while repolariza-
tion and hyperpolarization arise from an expulsion of
K* ions. The depolarization phase is due to the open-
ing of voltage-gated ion channels (Na* or Ca** channels
or both). When a respective channel opens, positively
charged ions enter the cell. Voltage-gated Na* channels
automatically shut after about a millisecond. Calcium-
mediated action potentials can have a much longer du-
ration. The repolarization phase of an action potential
is due to the opening of voltage-gated K* channels. Nor-
mally cells keep the concentration of K* ions high inside.
When voltage-gated K* channels open, K* ions leave
the cell, causing the membrane potential to return to
a negative potential inside. Since K* channels open later
and for longer than the Na* channels, the characteris-
tic action potential curve results as shown in the Figure.
Within a so-called absolute refractory period of ca. 1 ms,
when Na* channels are closing and the K* channels are
open, the membrane is unresponsive to a depolarizing
current. This enables the nerves to carry rapid succes-
sions of impulses of up to 2500 s™'. Furthermore, a rel-
ative refractory period serves as a recovery period after
passage of an impulse, and stimuli therein must be of
greater strength. It lasts ca. 2 ms from the end of the ab-
solute refractory period.

The propagation of the action potential along the ax-
ons proceeds in two possible ways: For non-medullated

lonic conductance (mS/cm?)

time (msec)

Action potential (nerves) — Figure

(unmyelinated) fibers, it results from the potential differ-
ence of the respective membrane part (at +30V), com-
pared to the neighboring compartment (at a resting po-
tential of 75 V). The excitation in one part of the mem-
brane will depolarize the adjacent part and bring it to the
threshold. This restores the action potential here and ad-
vances the wave. That is, the compartments are succes-
sively depolarized with the ions diffusing from the pos-
itive into the negative cell, until the terminal synapses
are reached. This mechanism is called continuous or
electrotonic signal propagation, and the action poten-
tial proceeds as a wave at a slow transmission rate of
0.5 to 3ms™" (sufficient, e.g., for the alimentary tract).
The second or saltatorial conduction mechanism holds
for the thicker medullated neurofibrils, i.e., neurons with
insulating sheaths of myelin surrounding their axons.
Here, the signal is propagated much faster, directly from
one Ranvier’s node to the next. The fastest myelinated
nerve fibers conduct potential pulses at a rate of up to
120 ms™!, increasing with diameter. Rise in tempera-
ture up to 40 °C increases the transmission rate. The ac-
tion potential conduction is an active mode propaga-
tion, so the peak amplitude of the depolarization does
not decrease. It is mainly identical for plant and animal,
but plants primarily use K* and Ca®* currents, while
animals use K* and Na* currents. The action poten-
tial initiation proceeds “all-or-none’, i.e., on stimulation,
the cell conducts only, if sufficient ligand-gated chan-
nels, above a certain threshold level, open, and the de-
polarization is sufficient to open adjacent voltage-gated
channels.

Refs.: [i] Kandel ER, Schwartz JH, Jessell TM (2000) Principles of neu-
ral sciences, 4" edn. McGraw-Hill, New York; [ii] von Alvaro Macieira-

Coelho A (2000) Signaling through the cell matrix. Springer, Berlin; [iii]
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Freeman W] (1975) Mass action in the nervous system. Academic Press,
New York
MHer

Activation (of noble metal electrodes) — Noble metal
electrodes never work well without appropriate pretreat-
ment. Polycrystalline electrodes are polished with dia-
mond or alumina particles of size from 10 um to a frac-
tion of 1 um to obtain the mirror-like surface. The sus-
pensions of polishing microparticles are available in
aqueous and oil media. The medium employed deter-
mines the final hydrophobicity of the electrode. The me-
chanical treatment is often followed by electrochemical
cleaning. There is no common electrochemical proce-
dure and hundreds of papers on the electrochemical ac-
tivation of — gold and — platinum (— electrode materi-
als) aimed at a particular problem have been published
in the literature. Most often, — cyclic and — square-
wave voltammetry and a sequence of potential — pulses
are used. For platinum electrodes, it is important that
during this prepolarization step the electrode is covered
consecutively by a layer of platinum oxide and a layer
of adsorbed hydrogen. In the work with single-crystal
(— monocrystal) electrodes the preliminary polishing of
the surface can not be done.
Ref.: [i] Scholz F (ed) (2002) Electroanalytical methods. Guide to exper-
iments and applications. Springer, Berlin

ZS

Activation energy — Symbol: E,, SI unit: Jmol™. Ac-
tivation energy or (Arrhenius) activation energy (E,) is
to be used only for the empirical quantity defined as fol-
lows [i]:

E,=RT*dInk/dT,

where R is the — gas constant, T is the — thermodynamic
temperature, and k is the rate coefficient.
Beside E, other symbols Ea, Ecxpt, E, are also used.
Other empirical equations with different “activation
energies’, such as

k(T)=A"T" exp(-E./RT) ,

are also being used.

The term activation energy is also used for an energy
threshold appearing in electronic potential (the height
of the electronic energy barrier). For this “activation en-
ergy” the symbol E, and the term threshold energy is
preferred, but E, is also commonly used. Furthermore,
E, may or may not include a correction for zero point
energies of reactants and the transition states.

It is thus recommended to specify in any given con-
text exactly which activation energy is meant and to re-
serve (Arrhenius) activation energy only and exactly for
the quantity defined above.

Activation energy was introduced in 1889 by — Ar-
rhenius in a paper [ii] which dealt with the temperature
dependence of the — rate coefficient. The — Arrhenius
expression (equation) in that E, appears is valid over a fi-
nite temperature range. E, is usually determined by plot-
ting In k vs. 1/T on the basis of the following expres-
sion [iii, iv]

Ink=InA - E,/RT

which gives a straight line over a certain range of temper-
ature. E, is generally positive, however, in certain cases
when a complex reaction mechanism prevails, the effec-
tive activation energy of the reaction derived by using
the plot mentioned above, may also be negative. It hap-
pens, e.g., in the case of association reactions or reac-
tions involving adsorption, when the apparent rate con-
stant (k') is the product of the rate constant and the
— equilibrium constant (K) and while k" increases, K de-
creases with T [iii, iv]. See also — Gibbs energy of activa-
tion.
Refs.: [i] Mills I, Cvitas T, Homann K, Kallay N, Kuchitsu K (eds) (1993)
IUPAC quantities, units and symbols in physical chemistry. Blackwell
Scientific Publ, Oxford, p 55; [ii] Arrhenius S (1889) Z phys Chem 4:226;
(iii] Pilling MJ, Seakins PW (1995) Reaction kinetics. Oxford University
Press, Oxford, pp 19-21; [iv] Atkins PW (1993) Physical chemistry. Ox-
ford University Press, Oxford, pp 877-879, 889

GI

Activation overpotential — When the — activation en-
ergy of the — charge transfer reaction is high an — over-
potential is needed to drive the reaction in the desirable
direction with an appreciable rate. It is called activation
overpotential (#,¢c). The electric field (the — inner elec-
tric potential, ¢) in the phase a determines the energy of
the charged species: this can be expressed by the — elec-
trochemical potential (fi;).

@i =u; +ziFe", M

where y; is the — chemical potential, F is the — Faraday
constant, and z; is the — charge number of the species
(ion or electron). For uncharged molecules (z; = 0), ji; =
pi. For areaction Xv;A; = 0, where A; is for the reacting
species and v; is the stoichiometric number, the — Gibbs
energy change is

AG:ZZU,-yf‘ . (2)




Activation polarization

The variation of AG asa function of the — Galvani poten-
tial difference between « (metal) and f3 (solution) phase

(A5 g):

AG = AG® - zFAhg 3)

when z = +1, and z = 0 for the other member of the
redox couple. Alternatively, if both members of the re-
dox couple are charged species, e.g., Fe>* (z; = +3), Fe**
(z1=+2)

4)

z=n=2z-71.

According to — Poldnyi’s rule the relationship between
AG and the — Gibbs energy of activation (AG™) is

AG™ = aAG, )
where « is a proportionality factor (see also — linear free

energy relationships).
Since AG® is independent of the potential

AG” = AGj — azFAg . 6)
If a — reference electrode is used the Galvani potential
difference can be replaced by (E — E2’), i.e., with the
difference of the — electrode potential related to a refer-
ence electrode and the — formal potential, and then the
change of the anodic and cathodic activation free energy
(AG? and AG?) can be written as follows:

(7)
(8)

AG] = AGj, — auzF (E-EZ')
AG! = AGj +aczF (E-EZ') ,

where «, is the anodic and a is the cathodic — transfer
coefficient. This explanation based on the potential en-
ergy surface representation was introduced by — Poldnyi
and — Horiuti in 1935 [i].

If there is no other contributions to the — overpoten-
tial (1 = E — Eq, where E.q is the — equilibrium poten-
tial), i.e., § = 1ac, taking into account the appropriate
form of the — Butler-Volmer equation for high enough
anodic — polarization (5 > RT[nF)

RT j

Inj= In =

. RT
Inj, +
a.nF  j,

a,nF a,nF

Hac = — 9)

for cathodic polarization (|| > RT/nF)

RT . RT . RT |l
In j, - Inljl=———=In=.
a.-nF a.nF acnF  j,

Hac = (10)

(See also — Tafel equation.)

At low overpotentials (1 < RT/nF)
RT j

Nac = nF ].0 5 (11)
where j, the — exchange current density, j is the — cur-
rent density, R is the — gas constant, T is the tempera-
ture. The transfer coefficient is also called symmetry co-
efficient (factor) (— charge transfer coefficient) [ii] since
its actual value depends on the symmetry of the po-
tential energy curve. If the harmonic oscillator approx-
imation is valid for both the reactant and the product
species a, = a. = 0.5, and for simple electron transfers
ay + ac = 1. However, the harmonic oscillator approxi-
mation with identical force constants predicts identical
parabolas, and a simple mathematical argument shows
that in this case a depends on the potential [iii]. Accord-
ing to the — Marcus theory « is potential dependent [iv].
The — double layer or — Frumkin effect may also influ-
ence the overpotential, i.e., the value of 7. determined
by the measurement of the current-potential curve. The
potential difference that can be applied to drive current
through an electrolysis cell is also termed “activation po-
tential” by engineers [v].
Refs.: [i] Horiuti ], Poldnyi M (1935) Acta Physicochim URSS 2:505 [in
English (2003) ] Molecular Catalysis A199:185]; [ii] Gileadi E (1993) Elec-
trode kinetics. VCH, New York, pp 106-126; [iii] Pletcher D (1991) A first
course in electrode processes. The Electrochemical Consultancy, Hants,
pp 90-94; [iv] Bard AJ, Faulkner LR (2001) Electrochemical methods,
Wiley, New York, pp 87-124; [v] Hamann CH, Hamnett A, Vielstich W
(1998) Electrochemistry. Wiley-VCH, Weinheim, pp 306-307

GI

Activation polarization — activation overpotential

Activation volume — As in case of homogeneous chem-
ical reactions, also the rate of heterogeneous electron
transfer reactions at electrode interfaces can depend on
pressure. The activation volume AV, involved in electro-
chemical reactions can be determined by studying the

pressure dependence of the heterogeneous — standard

rate constant ks: AV, = —RT [%]T (R is the molar

— gas constant, T absolute temperature, and P the pres-
sure inside the electrochemical cell). If AV, is smaller
than zero, i.e., when the volume of the activated complex
is smaller than the volume of the reactant molecule, an
increase of pressure will enhance the reaction rate and
the opposite holds true when AV, is larger than zero.
Refs.: [i] Swaddle TW, Tregloan PA (1999) Coord Chem Rev 187:255;
[ii] Dolidze TD, Khoshtariya DE, Waldeck DH, Macyk ], van Eldik R
(2003) J Phys Chem B 107:7172

ES



Activity

Activationless process — is an electrochemical reaction
occurring with zero — activation energy. This behavior
is predicted for the region of high — overvoltage which is
rarely available in experiments because of — mass trans-
port limitations. The prediction of such type of processes
follows from the theory of — Levich and his school [i, ii].
For the diabatic — electron transfer processes the total
current density j can be estimated by integrating over
the energy levels of a metal electrode &:

jm/p(s)n(s)exp[—%] de,

where p(¢) is the density of electronic states, n(e) is
the Fermi-Dirac distribution function (— Fermi-Dirac
statistics) (the — Fermi level is reckoned from zero), # is
the overvoltage, and A is the total reorganization energy.
The analysis of this equation allows defining the — trans-
fer coefficient a in the form:

a~1-n(e"),

where ¢* is the effective energy level which gives the
largest contribution to the resulting current. If €* lies sig-
nificantly lower than the Fermi level, the « values tend
to zero, as well as the activation energy. This situation
is far beyond the applicability limits of - Marcus theory
operating under the assumption of an electron transfer
from the Fermi level exclusively, and predicting a linear
decrease of « with overvoltage and the inverted region
starting at a certain overvoltage. For electrochemical re-
actions, deviations from linearity start from a ~ 0.1. Ac-
tivationless reduction of — peroxodisulfate, hexacyano-
ferrate, and some other anions at high overvoltages can
be derived only from a thorough analysis of data, as it
is severely screened by electrostatic effects [iii]. For this
group of reactions it is possible to observe a slow elec-
tron transfer in the absence of mass transport limita-
tions due to a strong electrostatic repulsion of the reac-
tant from the negatively charged electrode. Activation-
less processes are important for a further development
of the electron transfer theory and computational elec-
trochemistry, as they are extremely sensitive to the elec-
tronic structure of metals.
Refs.: [i] Levich VG (1966) Present state of the theory of oxidation and
reduction in solution (bulk and electrode reactions). In: Delahay P (ed)
Ady electrochem electrochem eng, vol. 4. Interscience, New York, pp 249-
375 [ii] Kuznetsov AM, Ulstrup J (1999) Electron transfer in chemistry
and biology. Wiley, Chichester; [iii] Nazmutdinov RR, Glukhov DV, Tsir-
lina GA, Petrii OA, Botukhova GN (2003) ] Electroanal Chem 552:261
GT, OP

Active carbon — carbon
Active filter — analog filter

Active mass — The portions of a — battery or — accu-
mulator which are participating in electrode reactions,
i.e, in the transformation of chemical into electrical
— energy or vice versa. In a — lead-acid battery ac-
tive masses are lead dioxide and lead, with the lead or
lead alloy grid serving as — current collector and me-
chanical holder and all other components are not active
masses. For maximum — energy density the fraction of
active mass in the overall cell weight should be as large
as possible.

RH

Activity — The absolute activity of a substance, A, is de-
fined as A = exp(y/RT), where y is the molar free en-
ergy. The relative activity a, is defined as a = exp[(y -
¢®)/RT], where u® is the molar — free energy of the
material in some defined standard state for which the
activity is taken as unity. Historically, the concept of ac-
tivity arose out of an attempt, initially formulated by
— Lewis, to understand the behavior of mixtures. Ideal
mixtures or solutions are those for which the — chemical
potential or molar free energy of any of the component
species i can be written in the form y; = y; + RT Inx;,
where x; is the mole fraction of the i'" component, de-
fined as x; = ﬁ, n; is the number of moles of species i
present in the mixture, and y; the molar free energy
of the component in its pure form at that temperature
and pressure. Very few mixtures are ideal over the full
range of mole fractions: the derivation of the expres-
sion above depends on the enthalpy of mixing being
zero (that is, the intermolecular forces are the same for
all i-j pairs) and the molecular volumes are identical
for all i, j species. However, from the expression for y;
above, simple expressions may be derived for vapor pres-
sure (Raoult’s and Henry’s Laws), the effect of tempera-
ture and pressure on vapor-solution and solution-solid
equilibria, osmotic pressure, liquid-gas solubilities and
solution phase equilibria. In order to retain the form of
such expressions even when mixtures and solutions are
not ideal, the chemical potential is often written in the
form y; = i + RTIna; = u} + RTIny;x; where a; is
the relative activity as defined above and y; the — activ-
ity coefficient. Considerable care needs to be taken now
with the definition of y;* as explained in the article on
activity coeflicients. It should be noted that the activ-
ities of all the components cannot be varied indepen-
dently by virtue of the — Gibbs-Duhem equation. For




10

Activity coefficient

a two-component mixture comprising a single phase, the
Gibbs-Duhem equation takes the form SdT - Vdp +
nadp, + npydpy, = 0;if x = x, = 1 — x;, then it is easy to
show that this reduces to x ( Ot ) +(1-x) (M) =
Tp Tp

ox ox

dlna, dlnay _
*a (a—xa)T,p % (a—xa)T,p =0
Refs.: [i] Denbigh KG (1987) Principles of chemical equilibrium, 4™ edn,
Cambridge University Press, Cambridge; [ii] McNaught AD, Wilkin-
son A (1997) IUPAC Compendium of chemical terminology, 2"% edn.
Blackwell Scientific Publications, Oxford; [iii] http://www.iupac.org/
publications/compendium/index.html
AH
Activity of an electrolyte — The activity (asp) of
an — electrolyte AB dissociating in solution as:

A, B, 2 v, A" + v BT

is usually expressed by the mean ionic activity that can
be defined as follows:

©
HaB — U
a, = exp 7ad  [AB
VRT
or
myys
as = Dabe _ v = alra’-
me
and
v
apBp =4, »
where

v o_ vy v_
my =m" +m’

are the mean ionic molality and the ionic molalities, m*®
is the standard molality (1molkg™), v = v, + v_ are
the stoichiometric numbers, and uap and 3, are the
— chemical potential and the standard chemical poten-
tial of the electrolyte, respectively, and y. is the mean
ionic — activity coefficient. The individual activities of
ions, a,, a_ cannot be determined experimentally.
Refs.: [i] Mills I, Cvitas T, Homann K, Kallay N, Kuchitsu K (eds) (1993)
TUPAC quantities, units and symbols in physical chemistry. Blackwell
Scientific Publ, Oxford, p 58; [ii] Parsons R (1974) Pure Appl Chem
37:503

GI

Activity coefficient — In general, for liquid mixtures or
solutions, the — chemical potential, or molar — free en-
ergy, of each component i can be written in the form

pi =u! +RTIna; = uf + RTIny;x; where a; is termed
the relative — activity and y; the activity coeflicient. Pro-
vided the pure form of each component is itself a liq-
uid under the same conditions of temperature and pres-
sure, then we expect that as x; — 1, y; - land y’
can be interpreted as the molar free energy of the pure
component i. However, if, in a liquid solution, compo-
nent i in the pure form is a gas or solid, it is usual to
distinguish between the solvent, for which the conven-
tion above still holds, and the component i for which we
write 4 = y +RT In y;x; where now y; - 1whenx; — 0.
This reflects the fact that we are interested not in the so-
lute in its pure form but rather in a dispersed form in
the liquid. Intuitively, we expect the solution to behave
in a quasi-ideal form as all solutes become very dilute,
and we expect the solvent to behave under these circum-
stances also as close to ideal, which our convention has
ensured. The main problem for the solute is the meaning
of u?, it evidently corresponds to a hypothetical stan-
dard state in which each molecule or ion is surrounded
by solvent and in which there is no change in intermolec-
ular interactions as a; — 1. It is evident that such a state
cannot be realized in practice: as the concentration of
solute increases there will be changing interactions be-
tween solute species, and solvent-solute interactions will
also change as the mean inter-solute molecular distance
changes. The calculation of these changes on a molecu-
lar basis is one of the fundamental challenges of physical
chemistry.

It is common not to use mole fraction as the measure
of concentration in solutions, but rather to express the
concentration of species in terms of molalities or molar-
ities. The former is defined as the number of moles in
a kg of solvent and the latter is defined as the number of
moles per liter of solution (— concentration). Since the
molality is obviously temperature independent, it is the
normal concentration measure used, and our conven-
tion for activity coeflicient is now ys = p; + RT In yex;
for the solvent where the subscript s’ signifies solvent
and y; — 1 when x; — 1, and for the solute y; =
47 + RTIny;m; where y; — 1as m; — 0. If there is
more than one component, then the concentrations of
all solutes must fall to zero simultaneously if the formula
is to have any meaning, and it would be more correct to
write y; — las x; — L (Different symbols were recom-
mended by the ITUPAC for the activity coefficients, i.e.,
fi» yiand y; or Yy i, Ym,; and y.; when the concentra-
tion is expressed by mole fraction, molality and amount
concentration (molarity), respectively, however, mostly
y; is used.)
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In the case of an — electrolyte dissociating in solution
as: Ay, B, 2 v A®" + v B* where vz, = v_z_ to en-
sure — electroneutrality, and the total number of parti-
cles formed by each ‘molecul€’ is v = v, + v_, then the
only activity that can be measured is that of the com-
plete species, and the individual ions cannot be assigned
meaningful chemical potentials. Under these circum-
stances, a mean activity coeflicient is defined through
the equation y¥ = y4*y”~. Since individual ionic chemi-
cal potentials are not measurable, it has become conven-
tional to assign to the chemical potential of the hydrogen
ion under standard conditions the value of zero, allow-
ing relative chemical potentials for all other ions to be
formulated.

The first accurate calculation of the activity coefficient
based on energetic effects of inter-ionic interactions in
solvents was carried out by - Debye and — Hiickel in
1923; by assuming that all the deviations from ideality
at low concentrations of electrolyte were due to inter-
ionic interactions (— Debye-Hiickel theory) with this it
is possible to show that

N 2
RTIny, = - AATT T [zaza| e’ )
8meeo (1+ xap)

where N, is the Avogadro constant, ¢ is the — permit-
tivity of the solvent, a, the mean radius of the ion i, and
k is the — Debye-Hiickel parameter. Calculation of ac-
tivity coefficients using this approach is normally accu-
rate only below concentrations of 107> molar (1072 M for
symmetrical electrolytes). Above these concentrations,
more sophisticated approaches in which ion-solvent in-
teractions are also considered become essential, and
a variety of methods have been suggested. Behavior at
higher concentrations has also been modeled empiri-
cally: Guggenheim and Hitchcock suggested the equa-
tion

A VI
—|Z+Z VI +0bl,
1+Ba0\/j

where the concentration of electrolyte is expressed
through the — ionic strength, I, A is derived from the
Debye-Hiickel treatment, but B and b are now both
treated as adjustable parameters.

A quite different approach was adopted by Robin-
son and Stokes, who emphasized that if the solute dis-
sociated into v ions, and a total of & molecules of wa-
ter are required to solvate these ions, then the real con-
centration of the ions should be corrected to reflect only
the bulk solvent. Robinson and Stokes derive, with these

Iny, =-

ideas, the following expression for the activity coefhi-
cient:

Alzyz_| VT _h a
1+Ba0\/f v
—In[1+0.00lws (v —h)m] ,

Iny, =- aa

where a, is the activity of the solvent, w, its molar
mass, and m the molality of the solution. This equation
has been extensively tested for electrolytes and provided
h is treated as a parameter, fits remarkably well for
a large range of electrolytes up to molalities in excess
of 2. Unfortunately, the values of h so derived, whilst
showing some sensible trends, also show some rather
counter-intuitive effects, such as an increase from Cl~ to
I". Furthermore, the values of h are not additive between
cations and anions in solution, leading to significant
doubts about the interpretation of the equation.

The measurement of activity coeflicients can be done
in one of two fundamental ways: either the activity of
the solvent can be measured or that of the solute directly.
In the first set of measurements comes that of the vapor
pressure of the solvent, which is the most widely used.
Related are measurements of freezing-point depression,
boiling-point elevation, and osmotic pressure, the latter
being very much more difficult in practice. Direct mea-
surements of solute activity are usually carried out by
measuring the potential of suitable cells with or with-
out liquid junctions. Other techniques include solubility
measurements, measurement of the solute vapor pres-
sure, distribution of the solute between two immiscible
liquids, and sedimentation in a centrifuge. These latter
techniques have not come into general use, but are in-
valuable in specific favorable circumstances. Note that
if the activity of the solvent is measured, the activity
and activity coefficient of the solute must be calculated
by the — Gibbs-Duhem equation in its integrated form:

’
a

Iny, = _07‘“(1;&

’
a

) dIn y, where the subscript a refers to

the solute and the subscript s to the solvent. Hence, by
measuring y; at various concentrations, values of y, can
be calculated.
Refs.: [i] Denbigh KG (1987) Principles of chemical equilibrium, 4" edn.
Cambridge University Press, Cambridge; [ii] Robinson RA, Stokes RH
(1970) Electrolyte solutions. Butterworths, London; [iii] Hamann CH,
Hamnett A and Vielstich W (1998) Electrochemistry. Wiley-VCH, Wein-
heim; [iv] McNaught AD, Wilkinson A (1997) IUPAC Compendium
of chemical terminology, 2" edn. Blackwell Scientific Publ, Oxford;
[v] http://www.iupac.org/publications/compendium/index.html

AH
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Actual capacity (of batteries)

Actual capacity (of batteries) — capacity

Adams, Ralph Norman

(Courtesy of Z. Galus, Warsaw)

(Aug. 26, 1924, Atlantic City, New Jersey, USA - Now.
28, 2002, Kansas City, MO, USA) Adams received
a B.S. degree in Chemistry from Rutgers University in
1950 and his Ph.D. degree in Chemistry in 1953 for
work supervised by — Furman at Princeton, where
he remained until 1955 when he joined Kansas Uni-
versity. Until 1969 he worked mainly on electrochem-
ical oxidation of organic compounds at solid elec-
trodes. Since then his research was focused on appli-
cations of — electroanalysis in neuroscience, especially
for detection of — neurotransmitters. An important
breakthrough was the first publication of in-vivo sens-
ing of neurotransmitters with implanted electrodes [i].
Among his many publications, the book on the elec-
trochemistry at solid electrodes is of special signifi-
cance [ii].
Refs.: [i] Kissinger PT, Hart JB, Adams RN (1973) Brain Res 55:209;
[ii] Adams RN (1969) Electrochemistry at solid electrodes (Monographs
in Electroanalytical Chemistry and Electrochemistry). Marcel Dekker,
New York

FS

Adatoms — underpotential deposition (upd)
ADC — analog-to-digital converter

Adduct — A chemical product formed by direct combi-
nation of two separate molecular entities. Thus, the re-
action between the chemical species nA and mB will
produce the adduct A,B,, if there is no loss of atoms
within the moieties A and B. The stoichiometric coef-
ficients n and m can be greater than 1. Intramolecular
adducts can be formed when A and B are functional
groups contained within the same molecular entity. If
the adduct is formed by electron-pair donation from
or to a m-orbital, then the resulting product is denom-

inated as a m-adduct [i]. See also — quinhydrone elec-
trode.
Ref.: [i] Muller P (1994) Pure Appl Chem 66:1077

FG

Adhesion — (a) When two compact materials, be they
solid or liquid, are in intimate contact, attractive forces
may act between their surface atoms or molecules. These
forces are typically — van der Waals forces and electro-
static forces. The work of adhesion Wjyg)p(a) between
the two phases (denoted A and B) is Wag = ya +¥YB—yaB>
where ya and yp are the — interfacial tensions of A and B
when each is interfaced only with the vapor phase, and
yap is the interfacial tension of the interface between A
and B. In a more rigorous treatment (at thermodynamic
equilibrium) each phase is regarded as saturated with the
other phase [i]. In the case of liquid phases the equation
for the work of adhesion is referred to as the — Dupré
equation. Adhesion forces between particles, or between
particles and surfaces, dominate gravity for small par-
ticle sizes (um and sub-pm range). In electrochemistry,
increasing attention is being given to various phenom-
ena related to the adhesion of vesicles [ii], particles [iii],
droplets [iv], cells [v], etc. to electrode surfaces.

See also — contact angle, — equilibrium form of crys-
tals and droplets, — Young’s equation, — Young’s rule.

(b) In galvanic coating, the term adhesion describes
the quality of “sticking” of the coating onto its base ma-
terial [vi]. To achieve the best adhesion the base material
is often coated with a “flash” layer of intermediate metal,
and impurities, grease, oxide layers, etc. are carefully re-
moved before electrochemical plating (— electroplating).
Refs.: [i] Adamson AW, Gast AP (1997) Physical chemistry of surfaces.
Wiley, New York, pp 452; [ii] Hellberg D, Scholz F, Schubert F, Lovri¢ M,
Omanovi¢ D, Agmo Herndndez V, Thede R (2005) ] Phys Chem B
109:14715; [iii] Scholz E, Hellberg D, Harnisch F, Hummel A, Hasse U
(2004) Electrochem Commun 6:929; [iv] Ivosevié N, Zuti¢ V (1998)
Langmuir 14:23%; [v] Kova¢ S, Svetlici¢ V, Zuti¢ V (1999) Colloids Sur-
faces 149:481; [vi] Raub E, Miiller K (1967) Fundamentals of metal de-
position. Elsevier, Amsterdam, pp 150

FS

Adiabatic process (quantum mechanics) — In quan-
tum mechanics a process is called adiabatic if electrons
equilibrate with nuclei as they move. The concept of
quantum adiabaticity was introduced by Paul Ehrenfest
(1880-1933) as early as 1917, using pre-Heisenberg
quantum mechanics [i]. The idea survived the advent of
post-Heisenberg quantum mechanics, and was brought
into its modern form by — Born [ii]. The existence of
adiabatic processes is readily proved by considering



Admittance

the Hamiltonian of any system. It can be shown that if
a system starts out in an eigenstate H,, and changes very
slowly, it will not cross into any other state, but will end
up in a related eigenstate H,, which, though it has a dif-
ferent value than Hj, is nevertheless connected to H; via
a unique and continuous pathway. In brief, an adiabatic
process is one that produces changes in eigenvalues,
but does not produce changes in eigenstates. In the
theory of electron transfer, adiabatic transformations
are associated with slowly moving nuclei. These do not
rapidly break up activated complexes, leaving plenty
of time for electron transfer to occur. For this reason,
adiabatic electron transfer processes occur with high
probability, greatly simplifying the kinetic analysis.
Indeed, in many cases, the rate of an adiabatic electron
transfer process is just the rate of formation of the
activated complex [iii, iv].

There is a tradition in electrochemistry, exemplified
by the work of Marcus, that pictures electron transfer
processes in terms of potential energy profiles of re-
actant and product sub-systems. In general, a multi-
dimensional plot of the potential energy of a chemi-
cal system as a function of the coordinates of its con-
stituent nuclei (assumed stationary) is called a potential
energy surface. And the one-dimensional minimum en-
ergy route from reactants to products across such a sur-
face is called the “potential energy profile”. For clas-
sical systems (i.e., for systems that do not participate
in nuclear tunneling) potential energy profiles indicate
the most probable route that a system will take while
transforming from reactant to product. The concept of
a potential energy profile was first suggested by René
Marcelin (1885-1914) [v].

In the case of adiabatic electron transfer reactions,
it is found that the potential energy profiles of the re-
actant and product sub-systems merge smoothly in the
vicinity of the activated complex, due to the resonance
stabilization of electrons in the activated complex. Res-
onance stabilization occurs because the electrons have
sufficient time to explore all the available superposed
states. The net result is the attainment of a steady, high,
probability of electron transfer. By contrast, in the case
of — nonadiabatic (diabatic) electron transfer reactions,
resonance stabilization of the activated complex does
not occur to any great extent. The result is a transient,
low, probability of electron transfer. Compared with the
adiabatic case, the visualization of nonadiabatic electron
transfer in terms of potential energy profiles is more
complex, and may be achieved in several different ways.
However, in the most widely used conceptualization, po-
tential energy profiles of the reactant and product states

(considered independently of each other) are simply su-
perimposed on one graph, such that they apparently
cross in the vicinity of the activated complex. Because
the probability of electron transfer is low at the crossing-
point, the activated complex assembles and disassembles
many times before the transition from the initial poten-
tial energy surface to the final potential energy surface
actually takes place.

See — nonadiabatic (diabatic) process, - Marcus the-
ory, = Randles, and — Gurney, — adiabatic process (ther-
modynamics).

Refs.: [i] Ehrenfest P (1917) Philos Mag 33:500; [ii] Born M (1926) Z
Physik 40:167; [iii] Marcus RA (1964) Annu Rev Phys Chem 15:155;
[iv] Hush NS (1999) ] Electroanal Chem 460:5; [v] Marcelin R (1913)
J Chim Phys 10:1913

SF

Adiabatic process (thermodynamics) — In — thermo-
dynamics a process is called adiabatic (or isocaloric) if
no exchange (gain or loss) of heat occurs between the
system and its environment. The word was first used by
W.J.M. Rankine in 1859 as a synonym for “non-crossing’,
being derived from the classical Greek word adiabatos,
meaning something like “(it is) forbidden to cross” [i].
See also — adiabatic process (quantum mechanics).

Ref.: [i] Rankine WIM (1859) A manual of applied mechanics. Charles
Griffin and Co, London

FS, SF

Adipodinitrile electrosynthesis — Baizer—-Monsanto
process

Admittance — Symbol: Y, SI unit: S. Admittance YV =
I/U is a vector which defines the relationship between
the sinusoidal — alternating voltage U = Uy, sin (wt)
and the resulting — current I = I,, sin (wt + ¢), where
U, and I, are the amplitude of the voltage and current,
respectively, w = 27 f is angular — frequency (where f is
in hertz) and ¢ is the phase difference between the cur-
rent and the voltage [i]. The values Uy, and w are known,
and I, and ¢ are measurable quantities. The projections
of Yon the coordinate axes depend on the phase differ-
ence: Y' = |Y|cos(¢) and Y = |Y|sin (¢), while the
modulus is defined as |Y| = I,/ Uy, The projections Y’
and Y” determine the “in phase” and “out of phase” com-
ponents of the response:

I=Upy[Y'sin(wt) +Y" cos (wt)] . 4))

The total admittance of a parallel connection is the vec-
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torial sum of the individual admittances:
I=Un > (Y)sin(wt) + > (Y")icos (wt)| . (2)
k k

Using the phasor concept, the admittance is a com-
plex quantity: I exp[i(wt+ ¢)]/Unexp (iwt) =
(Im/Un) exp (i), where i = \/~1.So0, Y = Y/ +iY" [ii].
The real and imaginary parts of the admittance deter-
mine the responses as in Egs. (1) and (2). The phase
difference is defined as tg (¢) = Y"'/Y’and the modulus

|Y| as \/(Y’)* + (Y"")* = I;y/Un. For the — resistance,

the real and imaginary parts of the admittance are:
Y’ = 1/R and Y = 0. For the — capacitance, these
parts are: Y/ = 0 and Y” = wC. For the self-inductance,
Y’ = 0and Y” = -1/wL. For the parallel connection
of the resistance and the capacitance, Y’ = 1/R and
Y =wC.

The real part Y’ is called the — conductance and the
imaginary part Y is called the — susceptance. The term
admittance was coined by Oliver Heaviside in 1887.

The admittance is the inverse or reciprocal of the
— impedance (Z). The admittance and impedance are re-
lated by the extended equation:

! 4

VA TNV ——

IO (Y7)"+(Y")

Refs.: [i] Sluyters-Rehbach M, Sluyters JH (1970) Sine wave methods in
the study of electrode processes. In: Bard AJ (ed) Electroanalytical chem-

istry, vol. 4. Marcel Dekker, New York, p I; [ii] Southampton electrochem-
istry group (1985) Instrumental methods in electrochemistry. Ellis Hor-
wood, Chichester, p 251

MLo

Adsorbate — is a substance that is adsorbed at an — ad-
sorbent. See also — adsorption, — adsorption isotherm,
— adsorption kinetics.

FS

Adsorbed hydrogen — chemisorption of hydrogen
Adsorbed oxygen — chemisorption of oxygen

Adsorbent — is the substance or material at which an-
other substance, i.e., an — adsorbate, is adsorbed. See
also — adsorption, — adsorption isotherm, — adsorption
kinetics.

ES

Adsorption — Adsorption is the enrichment (positive
adsorption, or briefly, adsorption) or depletion (negative

adsorption) of one or more components. In certain cases
adecision as to whether the actual distribution of a com-
ponent between the interfacial layer and the bulk phases
should be looked upon as enrichment or depletion may
depend on the choice of the reference system.

The terms adsorption and — desorption may also be
used to denote the process in which molecules accumu-
late at or are depleted from the interfacial layer [i].

Four limiting cases of adsorption at electrodes are dis-
tinguished: (a) purely electrostatic adsorption, (b) spe-
cific ionic adsorption, (c) adsorption of uncharged
species (but including dipoles) and (d) — chemisorption.

The strict thermodynamic analysis of an interfacial
region (also called an — interphase) [ii] is based on data
available from the bulk phases (concentration variables)
and the total amount of material involved in the whole
system yielding relations expressing the relative surface
excess of suitably chosen (charged or not charged) com-
ponents of the system. In addition, the - Gibbs equa-
tion for a polarizable interfacial region contains a fac-
tor related to the potential difference between one of the
phases (metal) and a suitably chosen — reference elec-
trode immersed in the other phase (solution) and at-
tached to a piece of the same metal that forms one of
the phases.

In constructing statistical mechanical models for the
interfacial structure, only long-range electrostatic ef-
fects are often considered and aside from the mag-
nitude of the charges on the ions (and their radii)
the differences in the chemical nature of the differ-
ent ions are ignored. The well-known Gouy-Chapman
(GC) model (- double layer) is based on this ap-
proach. However, experimental observations show that
in many cases, the behavior deviates significantly from
that expected on the basis of GC theory. These devi-
ations can be ascribed to short-range interactions be-
tween the ions and the surface of the metal. As these
types of interactions are specific for both the metal
and the ions, the adsorption resulting from these forces
is called — specific adsorption. In contrast to this, the
adsorption of ions governed only by electrostatic ef-
fects and following GC theory is termed nonspecific ad-
sorption. Adsorption of uncharged organic molecules
without clear indication of chemical bond formation
occurs by replacement of solvent (e.g. water) at the
interface.

Chemisorption involves formation of bonds with the
electrode surface with and/or without charge transfer
across the interface.

Chemisorption of hydrogen and chemisorption of
oxygen are examples of this process. The rupture of some
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chemical bonds, and/or the decomposition of the orig-
inal molecule are often occurring in the chemisorp-
tion of organic species, for instance, at platinum metal
electrodes [iv] (see — electrosorption). Chemisorp-
tion of electrode reaction intermediates plays a key
role in — electrocatalysis. About the interaction be-
tween adsorbed molecules see — adsorption isotherms,
— Frumkin isotherm, — Tembkin isotherm. See also — ad-
sorbate, - adsorbent, — induced adsorption, and — syn-
ergistic adsorption.
Refs.: [i] (1972) Definition, terminology and symbols in colloid and sur-
face chemistry, Part I. Pure Appl Chem 51:77; [ii] Hordnyi G (2002)
Specific adsorption. State of art: Present knowledge and understand-
ing. In: Bard AJ, Stratmann M, Gileadi M, Urbakh M (eds) Thermody-
namics and electrified interfaces. Encyclopedia of electrochemistry, vol. 1.
Wiley-VCH, Weinheim, pp 349-382; [iii] Calvo EJ (1986) Fundamentals.
The basics of electrode reactions. In: Bamford CH, Compton RG (eds)
Comprehensive chemical kinetics, vol. 26. Elsevier, Amsterdam, pp 1-78;
[iv] Baltruschat H (1999) Differential electrochemical mass spectrometry
as a tool for interfacial studies. In: Wieckowski A (ed) Interfacial elec-
trochemistry, theory, experiment, and applications. Marcel Dekker, New
York, pp 577-597

GI

Adsorption constant — adsorption isotherms

Adsorption isotherm — adsorption in systems of neutral
molecules is frequently expressed in terms of an adsorp-
tion isotherm that gives the amount adsorbed (or surface
excess) as a function of bulk activity of the same species
at constant temperature [i]. In the case of electrified in-
terfacial regions the electrical state of the region must
also be kept constant for the determination of the rela-
tion between surface and bulk concentrations.

There are two ways to control the electrical state:
determination at constant charge, o, or at constant
cell potential. From a thermodynamic point of view,
isotherms with respect to relative surface excesses may
be determined at constant charge or at any well-defined
constant potential. However, the interpretation and
physical meaning of the results may be significantly
more difficult in the case when constant cell potential
(= cell voltage) is used.

In the case of adsorbed layers, by analogy with the
two-dimensional pressure of spread films, a surface pres-
sure (7r) is introduced defined as the change of — interfa-
cial tension (y) caused by the addition of a given species
to a base solution. At constant cell potential (E) this is

T = Ybase — Y >

where pp,. is the interfacial tension of the base solution.

The analogous quantity at constant charge is

cD:Ebase_E’
where
E=y+0E.

In both cases, all other variables should be kept constant.
However, in reality the interfacial concentration of other
species may be changed by the introduction of one of the
components.

Various isotherms have been proposed on the basis of
different physical models. Three approaches can be dis-
tinguished:

o The solution phase is considered as a continuum
and the behavior of the adsorbed species is simi-
lar to that of the adsorbate at the vapor-condensed
phase interface.

o The adsorption process is a replacement reaction
in which the adsorbing species replaces another
species, normally the solvent.

o The interfacial region is regarded as a two-
dimensional solution.

The simplest isotherm for the adsorption of a charged
species is the — Langmuir isotherm
0.
1-6.

= Kaexp (-FE/RT) ,

where 0. is the fractional equilibrium surface coverage,
a is the activity of the adsorbate in the solution, and E
is the — electrode potential. The adsorption equilibrium
constant, K, is related to the standard — free energy of
adsorption through

AGS, = -RTInK .

The exponential term in the above equation reflects the
effect of the electrode potential on the free energy of ad-
sorption of a charged species or adsorption of neutral
molecules with charge transfer at the interface.

The Langmuir isotherm assumes an homogeneous
surface and negligible lateral interactions. However, ad-
sorption interaction between molecules and surface het-
erogeneity plays an important role in many cases.

Non-ideality due to lateral interactions can be treated
in two ways, by introducing surface activity coefficients
in the adsorption isotherms or expressing the free en-
ergy of adsorption as a function of coverage, on the basis
that the free energy of adsorption varies with coverage.
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Most common non-ideal isotherms semi-quantita-
tively describe lateral interactions through an exponen-
tial term in the coverage.

with a = a’RT/2I, the lateral interaction parameter and
r the number of solvent molecules displaced by the ad-
sorbate from the interface. I is the saturation coverage.

It appears from the above equation that the free en-
ergy of adsorption increases with an increase in coverage
when a’ is negative (lateral repulsions) and, conversely,
decreases for positive a’ (attractive interactions) [ii].

In the limit of a — 0, the ideal Langmuir adsorption
isotherm is obtained. See — Frumbkin isotherm, and for
the role of surface heterogeneity — Temkin isotherm.
Refs.: [i] Hordnyi G (2002) Specific adsorption. State of art: Present
knowledge and understanding. In: Bard AJ, Stratmann M, Gileadi M,
Urbakh M (eds) Thermodynamics and electrified interfaces. Encyclope-
dia of electrochemistry, vol. 1. Wiley-VCH Verlag, Weinheim, pp 349-
382; [ii] Calvo EJ (1986) Fundamentals. The basics of electrode reactions.
In: Bamford CH, Compton RG (eds) Comprehensive chemical kinetics,
vol. 26. Elsevier, Amsterdam, pp 1-78

GI

Adsorption kinetics — Two fundamental models are
usually used for the description of the rate of — adsorp-
tion (and — desorption) processes.
Langmuir-Hinshelwood kinetics

adsorption: v = k,c(1- @),

desorption: v = kq®.

At equilibrium ((v, = v4) and for ® the - Langmuir
isotherm is obtained. For transients:

dO/dt=v,—vg=koc— (kac+kq) ® .

Roginskii-Zel'dovich kinetics — which takes
into consideration that the adsorption energy of the ad-
sorption process depends on the coverage

Vo= koc (1- ©) exp (-1.0) ,
vg = ka®exp (rq®) .

At equilibrium
O/(1-0)=bcexp[-(ra+14)0O] .
For electrified interfaces both processes (adsorption and

desorption) are influenced by the electrical state of the
interface even in the case of electrically neutral species.

Assuming — Langmuir conditions (— adsorption
isotherm) the rate of — hydrogen adsorption

H"+e - H,
can be given by the equation

Vy = kac+ (1- O) exp [—br (E - Eé{)] ,
while the desorption rate

H, - H"+e”
Vg = kq®py exp [ba (E - Egi)] .

EM is the standard (or formal) potential that involves the
contribution originating from the standard Gibbs en-
ergy change of the adsorption. Usually it is selected in
such a way that the rates of adsorption and desorption
will be equal. In several cases the adsorption process is
diffusion controlled. The rate of — electrosorption pro-
cesses occurring with some organic species can be lim-
ited by slow chemisorption. See also — Zeldovich.
Refs.: [i] Christensen PA, Hamnett A (1994) Techniques and mechanisms
in electrochemistry. Blackie Academic & Professional, London; [ii] Ko-
ryta J, Dvofédk J, Kavan L (1993) Principles of electrochemistry. Wiley,
Chichester; [iii] Calvo EJ (1986) Fundamentals. The basics of electrode
reactions. In: Bamford CH, Compton RG (eds) Comprehensive chem-
ical kinetics, vol. 26. Elsevier, Amsterdam, pp 1-78; [iv] Oldham KB,
Zoski CG (1986) Mass transport to electrodes. In: Bamford CH, Comp-
ton RG (eds) Comprehensive chemical kinetics, vol. 26. Elsevier, Amster-
dam, pp 79-143

GI

Adsorptive accumulation — Organic substances which
exhibit — surface activity and — electroactivity can be
electrochemically analyzed by adsorptive accumulation
on the surface of a an electrode, e.g., - mercury elec-
trode, followed by the reduction, or oxidation of the ad-
sorbate using — voltammetry [i,ii]. Also, the adsorption
of highly stable and inert — complexes of metal ions with
surface-active organic ligands is utilized for the determi-
nation of trace metals [iii]. In all these methods the max-
imum voltammetric response is linearly proportional to
the surface concentration of the adsorbed analyte at the
end of the accumulation period [iv]. In the majority of
cases, the adsorption on mercury can be described by
the — Frumkin isotherm: fcy—o = Oexp(af)/(1-0),
where f3 is the adsorption constant, c,— is the concen-
tration of the dissolved compound at the electrode sur-
face, 0 = I'/ T1yax is the surface coverage, I' is the surface
concentration of the adsorbed compound, .y is the
maximum surface concentration and a is the Frumkin
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coefficient. If a < 0 the lateral interactions between ad-
sorbed molecules are attractive, and if a > 0 the inter-
actions are repulsive. — Langmuir isotherm is obtained
for a = 0. Both isotherms predict nonlinear relation-
ship between I' and the bulk concentration of the dis-
solved compound ¢*. However, if 8 — 0, the surface
saturation can be neglected and a linear isotherm is ob-
tained: Sl naxcx=0 = I'. Considering that there is a lin-
ear relationship between cy—¢ and c*, which depends
on the — mass transfer, under this condition the max-
imum voltammetric response is a linear function of the
bulk concentration of the analyte. So, for analytical pur-
poses the surface coverage at the end of the adsorptive
accumulation must not be higher than 10% [v]. Finally,
electroinactive surfactants can be analyzed by measur-
ing desorption peaks in — alternating current voltamme-
try (see — tensammetry) [vi].
Refs.: [i] Wang J (2000) Analytical electrochemistry. Wiley-VCH, New
York; [ii] Kalvoda R (2000) Electroanalysis 12:1207; [iii] Bobrowski A,
Zarebski ] (2000) Electroanalysis 12:1177; [iv] Abollino O, Aceto M,
Sarzanini C, Mentasti E (1999) Electroanalysis 11:870; [v] Novotny L,
Havran L, Josypchuk B, Fojta M (2000) Electroanalysis 12:960;
[vi] Cosovi¢ B (1990) In: Stumm W (ed) Aquatic chemical kinetics. Wi-
ley, New York, p 291

SKL

Adsorptive stripping voltammetry — refers to a fam-
ily of procedures involving a preconcentration by ad-
sorption of the — analyte (usually organic compounds
or metal — complexes with organic — ligands) onto the
working electrode prior to its direct or indirect determi-
nation by means of an electroanalytical technique (see
— stripping voltammetry) [i-iv]. In the voltammetric
analysis scan, the adsorbed compound may be oxidized
or reduced to produce a current signal that is propor-
tional to the analyte concentration in solution.

See also — anodic stripping voltammetry, — cathodic
stripping voltammetry.
Refs.: [i] Fogg AG, Wang J (1999) Pure Appl Chem 71:891; [ii] Vy-
dra E Stulik K, Julakova E (1976) Electrochemical stripping analysis.
Halsted Press, New York; [iii] Wang J (1985) Stripping analysis: Princi-
ples, instrumentation, and applications. VCH, New York; [iv] Lovri¢ M
(2002) Stripping voltammetry. In: Scholz F (ed) Electroanalytical meth-
ods. Springer, Berlin, pp 191-210

AMB

A-factor — activation energy
AFC — alkaline fuel cells

Affinity of a reaction, A — The decrease in — Gibbs
energy on going from the reactants to the products of

a — chemical reaction (—~AG in k] mol™). The formerly
used misleading term “driving force” is discouraged,
since affinity is energy and not force.
Ref.: [i] Muller P (1994) Pure Appl Chem 66:1077

WK

AFM in situ electrochemistry — Atomic force mi-
croscopy (AFM) [i] can be applied in situ for study-
ing electrochemical processes. Both the contact and the
noncontact modes can be used. AFM has been suc-
cessfully combined with — scanning electrochemical mi-
croscopy [ii]. AFM is extremely suitable to monitor
the morphological changes occurring in electrochemi-
cal conversions of solid particles [iii, iv] and generally to
probe electrode surfaces. It is an advantage that the elec-
tronic conductivity of the electrode surface is not impor-
tant for the image generation. See also — scanning probe
microscopy.
Refs.: [i] Burnham NA, Colton R] (1993) Force microscopy. In: Bon-
nell DA (ed) Scanning tunneling microscopy and spectroscopy. VCH,
New York, pp 191; [ii] Gardner CE, Macpherson JV (2002) Anal Chem
74:576A; [iii] Hasse U, Scholz F (2005) Electrochem Commun 7:173;
[iv] Hasse U, Wagner K, Scholz F (2004) ] Solid State Electrochem 8:842
FS

Air electrode — A — gas diffusion electrode operating
at ambient air. In all reported applications — oxygen re-
duction proceeds at the air electrode, which is employed
in — fuel cells, > metal-air batteries, — electrolyzers and
— sensors. (See also — porous electrodes)
Ref: [i] Kinoshita K (1992) Electrochemical oxygen technology. Wiley In-
terscience, New York

RH

AKZO-Billiton reactor — Improved type of — fluidized-
bed electrode reactor used for extraction and reclamation
of metals. The geometry resembling a shell-and-tube
heat exchanger provides multiple feeder electrodes
inside tubes filled with particles, the tubes themselves
being of ceramic material acting as diaphragm. The
improved internal design enhances flow, uniform
fluidization, and prevents particle agglomeration.
The numerous feeder electrodes facilitate a uniform
potential distribution.
Ref.: [i] Pletcher D, Walsh FC (1993) Industrial electrochemistry. Blackie
Academic & Professional, London

RH

Alcoa electrolyzer — Alcoa process

Alcoa process/Alcoa electrolyzer — This is a process
to manufacture metallic aluminum by electrolysis of
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molten aluminum chloride, made by chlorinating alu-
mina. The — electrowinning of aluminum from the elec-
trolysis of AlICl; dissolved in a mixture of alkali and/or
alkaline earth chlorides was attempted as early as 1854.
The Alcoa electrolysis process was developed on an in-
dustrial scale in the 1970s by the Aluminum Company
of America, (Pittsburgh, USA), and it was in commer-
cial operation from 1976 to 1985 in Palestine (TX, USA).

The Alcoa electrolyzer is a bipolar cell (cf. — capil-
lary gap cell) (see Fig.). The feed consists of 3 to 10%
(wt) of purified AICl; along with the required amounts
of alkali and alkaline earth chlorides. The electrolysis is
performed under inert conditions in a sealed cell, which
consists of 20 to 30 bipolar carbon electrodes stacked
vertically at an interpolar distance of 1 cm. Each bipolar
electrode behaves as a cathode on its top surface and as
an anode on its bottom surface. Operating parameters
are: 700 + 30 °C, — current density of 0.8-2.3 Acm™?,
and a single-cell voltage of 2.7 V. Two typical compo-
sitions of the electrolyte (in wt%) are: AICl; (5), NaCl
(53), LiClI (40), MgCl, (0.5), KCI (0.5), and CaCl, (1);
and AICI; (5 + 2), NaCl (53), and LiCl (42 + 2). The
carefully controlled aluminum chloride concentration is
a crucial point to ensure a smooth operation. It must
be above a certain limit to prevent the discharge of al-
kali jons (possible intercalate compounds of graphite),
whereas the upper limit is set by the high vapor pressure
of AICl;. The oxide content of the electrolyte must be as
low as possible to prevent significant anode consump-
tion and the formation of insoluble oxy-chloride sludge.
An operating life of nearly 3 years is claimed for the elec-
trodes when the oxide content of the electrolyte remains
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Alcoa process/Alcoa electrolyzer — Figure

below 0.03 wt%. The energy consumption of the cell is
ca. 9kWhkg™ Al The chlorine generated at the anode
sweeps the aluminum away from the cathodes and en-
hances the coalescence of Al droplets. The pumping ef-
fect of the chlorine bubbles maintains a continuous elec-
trolytic flow across the cell, thus preventing the forma-
tion of Al pools on the electrodes. Chlorine collects at
the top of the cell while molten aluminum drops down
into a graphite compartment at the bottom of the cell.
Liquid aluminum is passed through a filter to be sepa-
rated from any excess electrolyte. The electrolyte is recy-
cled to the cell; chlorine gas is also recycled by using it in
the carbo-chlorination step. Because of corrosion prob-
lems on one hand and improvements in the efficiency of
conventional electrolysis on the other, the described Al-
coa process was abandoned in 1985. The Alcoa process
consumes 30% less power than the — Hall-Héroult pro-
cess, mainly because of the higher electrical conductiv-
ity of the electrolyte and the small interpolar distance of
Alcoa cells, and can be operated at a lower temperature;
however, it has proved (more) difficult to control.
Refs.: [i] Grjotheim K, Krohn C, Malinovsky M, Matiaskovsky K, Thon-
stad ] (1982) Aluminum electrolysis — Fundamentals of the Hall-Hérault
process. CRC Press, Boca Raton; [ii] Rao DB (1979) NASA SP-428:257-
288; [iii] Palmear IJ (1993) In: Downs A] (ed) The chemistry of alu-
minium, gallium, indium, and thallium. Kluwer Academic, London
MHer

Aliasing — An effect observed when the sampling rate is
not as high as requested by — Nyquist’s theorem. This lat-
ter states that the maximum frequency component must
be greater than twice the signal to be acquired. The fre-
quency of the aliased signal is the difference between
the signal frequency and the sampling rate. For example,
a 2 kHz sine wave sampled at 1.5 kHz would be recon-
structed as a 500 Hz sine wave. This is the reason why the
input to an — analog-to-digital converter must be filtered
with a low-pass — filter to remove frequencies above half
the sampling rate. In this case, the low-pass filter is called
an anti-aliasing filter. It is essential for a practical > ADC
system since aliased data cannot be restored [i].
Ref.: [i] Horowitz P, Hill W (2001) The Art of electronics. Cambridge
University Press, Cambridge

FG

Alkali chloride electrolysis — Chlorine with its co-
product sodium hydroxide (also called caustic soda or
simply caustic) has been produced on an industrial scale
for more than a century by the electrolysis of a saturated
solution of sodium chloride (brine). The process, which
is often referred to as brine electrolysis or chlorine-
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caustic production, covers 2/3 of the production volume
of the total world chlorine capacity (ca. 43.4 million tons
in 1998), and with 2400 billion kWh it is also the sec-
ond largest consumer of electricity among electrolytic
industries world-wide (see also — chlor-alkali produc-
tion). In all these processes, chlorine is produced at the
— anode, according to: 2ClI~ — Cl, + 2e”. The anodes,
initially made from graphite, are now throughout made
from titanium with special coatings of electrocatalytic
mixed oxides (so-called — dimensionally stable anodes
(DSA); see also — electrocatalysis). The main three types
of electrolysis are (a) the mercury cell process, (b) the
diaphragm process, and (c) the membrane cell process:

(a) Mercury cell process

Cly(g) out
t +
Halg) out
Na in Hg(1) f
i\
i 0y
] NaOH(ag) t
NaCl(ag) in NaCl(ag) 5 N
out Y
v =—H,0in
Hgil) F

Alkali chloride electrolysis — Figure 1

In the mercury cell process, sodium forms an
— amalgam with the mercury cathode. The amal-
gam reacts with the water in a separate reactor
called decomposer, where hydrogen and caustic
soda solution at the commercial concentration of
50 wt % are produced. The mercury and the brine
are recycled. Mercury must be removed from the
hydrogen gas and caustic soda solution. The cell
operates at a — current density of 8-13kAm™2,
a cell voltage of 3.9-4.2V, with an energy con-
sumption of 3360 kWh Mt™! Cl, at a current den-
sity of 10 kA m™2. Of the three processes, the mer-
cury process has the highest electricity consump-
tion. The mercury cell process is being phased out
because of problems with mercury pollution.

(b)

Diaphragm process

In the diaphragm (and in the membrane) process,
the anode and cathode compartments are sepa-
rated by a permeable — diaphragm. The latter gen-
erally consist of asbestos, reinforced with fibers of
fluorinated polymers, or more recently, they con-
sist of asbestos-free diaphragms, that are instead
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Permeable diaphsagm  and diluted brine (H,0 & NaCl

Alkali chloride electrolysis — Figure 2

based on polytetrafluoroethylene (PTFE) with in-
organic fillers to increase the — hydrophilicity. The
cathode is typically made of steel. The anode com-
partment is supplied with saturated brine, which is
allowed to percolate through the diaphragm into
the cathode compartment, where the soda solu-
tion is produced. The brine leaves the cell with
an appreciable amount of sodium chloride. The
caustic soda must be concentrated to a commer-
cial concentration of 50% using an evaporative pro-
cess. The salt separated from the caustic brine can
be used to saturate the diluted brine. The resid-
ual level of salt is 1% which makes this grade
of caustic soda unsuitable for some usage. The
chlorine contains oxygen and must often be puri-
fied by liquefying and evaporation. The cell oper-
ates at a current density of 0.9-2.6 kAm™2, a cell
voltage of 2.9-3.5V, with an energy consump-
tion of 2720kWhMt™"' Cl, at a current density
of 1.7kA m~2. Additional 610 kWhMt™! of Cl, are
necessary for the concentration process of 12 to
50% NaOH (steam consumption). Diaphragm, as
well as membrane cell type reactors are used to pro-
duce sodium hypochlorite (bleach) as side product
by the electrolysis of weak brine (or seawater), uti-
lizing cells without a separator (see also — chlor-
alkali production).

(c) Membrane cell process

Anode and cathode are separated by an — ion
exchange membrane, permeable for sodium ions
and water only, mainly to prevent the chlorine
ions from entering the cathode compartment.
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Alkali chloride electrolysis — Figure 3

Nowadays, ion exchange membranes are double-
layered, produced from perfluorinated polymers
with sulfonic and carboxylic groups grafted on the
main polymeric chain. The brine is de-chlorinated
and re-circulated. Solid salt is usually needed
to re-saturate the brine. After purification by
precipitation-filtration, the brine is further puri-
fied with an ion exchanger. The caustic solution
leaves the cell with about 30% concentration and
is usually concentrated to 50%. The chlorine gas,
containing some oxygen, is usually purified by
liquefying and evaporation. The cell operates
at a current density of 3-5kAm™2, a cell volt-
age of 3.0-3.6V, with an energy consumption
of 2650 kWhMt™' Cl, at a current density of
5kAm™2. Additional 180 kWhMt™! of Cl, are
necessary by reason of the concentration process
of 33-35% to 50% NaOH (steam consumption).
The energy balance sheet of this process is the
best of the three processes: The amount of steam
needed for concentration of the caustic is relatively
small, i.e., less than one ton of steam per ton of
caustic soda. The voltage loss in the separator
can be reduced to less than 50 mV for a newly
installed membrane, as compared with 500 mV
for a reinforced asbestos diaphragm. In 2004, the
mercury process in Europe accounted for 47%
(4,960,000 tons) of production; the membrane
process 33.1% (3,490,000 tons); diaphragm 17.4%
(1,830,000 tons) and other 2.5% (270,000 tons).

Refs.: [i] Bommaraju TV, O’'Brien TF (2005) Handbook of chlor-alkali
technology. Springer, Berlin; [ii] Chlorine Industry Review 2004-2005,
EuroChlor

MHer

Alkaline battery — Primary — batteries employing
a strongly alkaline aqueous electrolyte solution (e.g.,

KOH), a metal anode (technical term: negative mass, or
negative electrode), e.g., zinc, and a metal oxide, e.g,,
manganese dioxide, with added graphite for enhanced
electronic conductivity as cathode (positive mass, — elec-
trode). For zinc, the anode reaction is

Zn(s) + 20H (aq) — Zn(OH),(s) + 2¢™ .

At the cathode manganese dioxide is reduced stepwise
according to the following simplified reactions:

MnO,(s) + H,O(aq) +e~ -
MnOOH(s) + OH™ (aq)
MnOOH(s) + H,O(aq) +e” —
Mn(OH),(s) + OH™ (aq)

in sum

MnO,(s) + 2H,0(aq) +2¢~ —
Mn(OH),(s) + 20H (aq) .

The first step is electrochemically reversible, the second
is hardly reversible. Thus a secondary battery can be con-
structed provided that discharge proceeds only to the
end of the first step; this step is indicated by a significant
drop in cell voltage. For operation as a secondary sys-
tem the tendency of the zinc electrode to grow dendrites
must be considered. Separators with enhanced mechan-
ical stability and electronic charging devices supplying
a pulsed cell voltage may limit the growth and thus the
potential damage.
The cell reaction is

MnO,(s) + Zn(s) + 2H,0(aq) —
Mn(OH)(s) + Zn(OH)x(s) .

Zn(OH), is soluble in the alkaline solution as
[Zn(OH)3]~ until the solution is saturated with
K[Zn(OH)s]. In addition Zn(OH), can be dehydrated
to ZnO. An enhanced power density (when compared
with the — Leclanché cell) is accomplished by using
particulate zinc (flakes) soaked with the alkaline elec-
trolyte solution. This anode cannot be used as a cell
vessel like in the Leclanché cell. Instead it is mounted
in the core of the cell surrounded by the separator; the
manganese dioxide cathode is pressed on the inside of
the nickel-plated steel can used as battery container.
In order to limit self-discharge by corrosion of zinc
in early cells mercury was added, which coated the
zinc effectively and suppressed hydrogen evolution
because of the extremely low exchange current density
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of the hydrogen electrode at a zinc surface. In addition,
mercury has an activating effect, i.e., it facilitates anodic
zinc dissolution. Environmental considerations have
stimulated efforts to reduce mercury content. Corrosion
is now suppressed by electrolyte solution constituents;
the activating effect in the anodic dissolution reaction
is provided by modifications in the zinc particle manu-
facturing process. Instead of manganese dioxide other
oxides like, e.g., mercury oxide (— Ruben(-Mallory)
cell) or silver oxide can be employed.
Refs.: [i] Linden D, Reddy TB (eds) (2002) Handbook of batteries.
McGraw-Hill, New York; [ii] Kozawa A, Yamamoto K, Yoshio M (1999)
Electrochemistry of Manganese Oxides. In: Besenhard JO (ed) Handbook
of battery materials. Wiley-VCH, Weinheim, pp 113
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Alkaline cell — alkaline battery

Alkaline fuel cells (AFC) — The first practical — fuel cell
(FC) was introduced by — Bacon [i]. This was an alkaline
fuel cell using a nickel anode, a nickel oxide cathode, and
an alkaline aqueous electrolyte solution. The alkaline
fuel cell (AFC) is classified among the low-temperature
ECs. As such, it is advantageous over the protonic fuel
cells, namely the — polymer-electrolyte-membrane fuel
cells (PEM) and the — phosphoric acid fuel cells, which
require a large amount of platinum, making them too
expensive. The fast oxygen reduction kinetics and the
non-platinum cathode catalyst make the alkaline cell at-
tractive.

The main drawback of the AFC is the absorption of
CO; from the air by the alkaline solution. Carbon diox-
ide reacts with the hydroxide to form carbonate: 2K* +
20H™ + CO, — K,CO3 + H, 0, which has limited solu-
bility in concentrated alkali, thus leading to deleterious
precipitates within the electrode pores. Although there is
no absolute solution to this problem, electrolyte replen-
ishment, and upstream CO, scrubbers provide reason-
able compromises.

AFCs use as electrolyte an aqueous solution of potas-
sium hydroxide, typically of about 30%.

The overall reactions are:

2H, + 4OH™ — 4H,;0 + 4e”
O, +2H,0 +4e™ - 40H™
2H, + O, » 2H,,0

+ electric energy + heat .

Anode reaction:
Cathode reaction:

Overall cell reaction:

The water and the heat have to be removed. This is usu-
ally achieved by circulating the electrolyte and using it
as the coolant, while water is removed by evaporation.

Thus, heat and water management are essential issues
that have to be considered in the design of fuel cells.
A few details on cell construction and the catalyst mate-
rials employed are provided in a comprehensive review
[ii] from which it is evident that besides platinum, much
less expensive materials such as palladium, nickel, and
silver can be employed.

Despite the intense activity [ili-x] of developing al-
kaline fuel cells on an industrial scale for vehicular and
space applications, until a year ago none of the several
types of fuel cells had reached the cost targets of sys-
tems for non-military or non-space applications. Practi-
cally all the commercially-marketed systems are mainly
demonstrative.

As compared to hydrogen, methanol as fuel offers the
ease of storage in regular fuel tanks for transportation.
This is to be compared to pressurized (400 bar) hydro-
gen or its storage as a hydride, from which it has to be re-
leased in a controllable manner. As seen below, methanol
has to be oxidized in a series of electrochemical reactions
giving six electrons, water and carbon dioxide.

Anode: CH;3;0H + 60H™ - CO;, + 5H,0 + 6e~
Cathode:  3/20; + 3H,0 + 6e” — 60H"
Overall: CH3OH + 3/202 - 2H20 + C02

Although most of the research in methanol fuel cells
is performed in acidic PEM systems, substantial work
is carried out in alkaline systems as well. Interestingly,
methanol oxidation in alkaline media is, like hydrogen,
more facile. In parallel to the PEM in acidic media, the
anion alkaline exchange membrane (AAEM) is adopted
for methanol electrooxidation in alkaline solutions. Like
PEM, AAEM is also studied as a barrier for methanol
Crossover.

Methanol electrooxidation is not the only alternative
to hydrogen being studied for alkaline fuel cells. Ethanol,
ethylene glycol, and other alcohols are also currently be-
ing considered.

Refs.: [i] Bacon FT (1960) In: Young GJ (ed) Fuel cells, vol. 1. Reinhold
Publishing Corp, New York; [ii] McLean GE Niet T, Prince-Richard S,
Djilali N (2002) Int ] Hydrogen Energy 27:507; [iii] Kordesch K, Gsell-
mann J, Cifrain M, Voss S, Hacker V, Aronson RR, Fabjan C, Hejze T,
Daniel-Ivad ] (1999) ] Power Sources 80:190; [iv] Gulzow E (1996)
] Power Sources 61:99; [v] Gulzow E (2004) Fuel Cells 251:4; [vi] Var-
coe JR, Slade RCT (2005) Fuel Cells 5:187; [vii] Yu EH, Scott K, Reeve RW
(2003) ] Electroanal Chem 17:547; [viii] Ogumi Z, Matsuoka K, Chiba S,
Matsuoka M, Iriyama Y, Abe T, Inaba M (2002) Electrochem 70:980;
[ix] Gupta SS, Mahapatra SS, Datta J (2004) ] Power Sources 131:169;
[x] Hauffe W, Heitbaum ] (1978) Electrochim Acta 23:299
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Alloy deposition

Alloy deposition — using such technologies as physi-
cal vapor deposition (PVD), chemical vapor deposition
(CVD), or, most commonly, — electrodeposition. Elec-
trodeposition of alloys occurs when more than one ele-
ment and at least one metal are deposited during a re-
dox process occurring in the plating solution (— electro-
plating bath). The deposition of alloys is more compli-
cated than the deposition of a single metal due to the
complex thermodynamics and kinetics of the process
and because several crystallographic structures may be
involved. Moreover, electrodeposited phases are not al-
ways the thermodynamic equilibrium phases. A variety
of microstructures can be obtained. They include fine-
grained, columnar, and dendrite structures that are also
observed for single metal depositions, and amorphous,
multiphase, composition modulated, and metal matrix
composite structures. When two metals of significantly
different — standard potentials (esp. with different — for-
mal potentials) are deposited, the composition of the
resulting alloy usually strongly depends on the — de-
position potential. In such case (e.g., for Ni-Cu alloys)
a composition modulated (lamellar) deposit may be ob-
tained. In the process of alloy deposition the — adatoms
of one metal that appear on the plated surface in the
early stages of the deposition process can act as either in-
hibitors or catalysts for the deposition of the other metal
ions. In the first case, when the deposition of a more no-
ble metal is inhibited, an anomalous — codeposition is
observed (e.g., in Fe—Zn alloy deposition). When the de-
position of one metal makes possible the deposition of
another metal which can not be reduced alone, the so-
called ‘induced co-deposition’ is observed (e.g., deposi-
tion of tungsten and molybdenum in the presence of an
iron-group metal).
Refs.: [i] Winand R (1994) Electrochim Acta 39:109; [ii] Landolt (1994)
Electrochim Acta 39:1075; [iii] Dini JW (1993) Electrodeposition: The
materials science of coatings and substrates (Materials science and pro-
cess technology series), A handbook, 2" edn. Noyes Publications, Nor-
wich

MD

Alloy dissolution — The process of anodic oxidation of
an alloy electrode by application of a suitable — elec-
trode potential. It leads to dissolved products. Under
non-electrochemical conditions the dissolution of an al-
loy can be performed with a chemical oxidant. The rate
of dissolution depends on the structure and homogene-
ity of the processed material. When the applied poten-
tial or, in the case of chemical dissolution, the oxidation
potential of the chemical oxidant lays between the for-
mal potentials of the dissolved components, a selective

dissolution will take place. In the case of Ni—Al alloys,
a selective dissolution of Al is used to prepare extremely
porous nanocrystalline nickel catalyst. In some cases the
selective dissolution or the selective oxidation of alloy
components leads to the formation of insoluble products
which can inhibit or even completely stop the dissolu-
tion of the alloy.
Ref.: [i] Dini JW (1993) Electrodeposition: The materials science of coat-
ings and substrates (Materials science and process technology series),
A handbook, 2% edn. Noyes Publications, Norwich

MD

Alternating current (AC) — This is an electric — current
with a periodical reversal of the — charge flow. Sinu-
soidal AC currents can be analytically described by the
equation I = Iy sin(wt + @), where Iy is the am-
plitude, w is the angular frequency (w = 2nf, with f
being the frequency), ¢ is the time, and ¢ is the phase
angle. Another way to describe the AC current is by the
equationI = I, e'“!, where I, is the complex amplitude,
and i = /-1 Alternating currents can follow also any
other periodical reversals, e.g., square wave, triangular,
etc. functions, which can be represented by a Fourier se-
ries (see — alternating voltage).

The terms AC field and AC potential are, although
not strictly correct, used for situations where an electric
field is spread between opposite charges which periodi-
cally change their sign with a certain frequency (e.g., in
a sinusoidal or square wave, or triangular way). The cor-
rect terms are ‘alternating field, and ‘alternating poten-
tial. When the charges are not changing their sign this is
called a - DC system (direct current).

Note that alternating currents can be superimposed
to direct currents, in which case the overall current will
not necessarily exhibit a reversal of sign. This will not be
the case when the direct current is larger than the am-
plitude of the alternating current.

ES

Alternating current voltammetry — AC voltammetry

Alternating voltage — Alternating voltage is a — poten-
tial difference which changes from the minimum to the
maximum value with a certain — frequency. The simplest
is a sinusoidal voltage U = Uy, sin (wt), where Uy, is the
amplitude, w = 27 f is the angular frequency and f is the
frequency in hertz. If the voltage applied to a — circuit
containing only linear responding components (— re-
sistors, — capacitors and inductors) is sinusoidal and of
constant frequency, the — current in the circuit is also
sinusoidally modulated and has constant amplitude, fre-
quency, and phase. This is the condition referred to as
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a steady state alternating current. When resistors, capac-
itors, and inductors are combined in an alternating cur-
rent circuit, the — impedances of the individual compo-
nents can be combined in the same way that the — resis-
tances are combined in a direct current circuit [i].
Virtually all periodic functions of time can be repre-
sented by a Fourier series. Thus, a general periodic volt-
age can be thought of as a series combination of sinu-
soidal voltages. For instance, a square wave voltage is de-

1 1
f(t) =sin (wot) + gsin (Bwot) + g sin (5wgt) + ...

See also — alternating current.
Refs.: [i] Macdonald JR (1987) Impedance spectroscopy, Wiley, New York;
[ii] Arfken G (1985) In: Mathematical methods for physicists. Academic
Press, Orlando, p 760; [iii] Butz T (2006) Fourier transformations for
pedestrians. Springer, Berlin

MLo

B-alumina — is a large family of cation-conducting
— solid electrolytes, considered initially as a polymorph
modification of aluminum oxide (alumina, Al,O3). This
group is known since 1916 [i] and comprises mate-
rials which were among the first known solid Na*-
conducting electrolytes [ii]. Presently, f-alumina is un-
derstood as a family of layered compounds with general
formula BO,-Al,03, where B corresponds to mono-
, di-, and trivalent cations [iii-v]; further gradation
(e.g., B, B, f”"") is dependent on the B:Al cation
ratio. The lattices of S-alumina type materials com-
prise spinel-type blocks and alternating B-O sheets
providing fast cation — diffusion. For the sodium-
containing system, the Na-f-alumina phase exists in
the range of Na:Al cation ratio from 1:11 (stoichiomet-
ric) up to approximately 1:8. At the Na:Al ratios of ap-
proximately 1:7-1:5, another modification with a sim-
ilar structure and a higher conductivity (”-alumina,
X573k ~ 20 Sm™!) is formed. In order to stabilize the
high-conductivity materials, moderate — doping with
other cations, such as Mg**, Zn**, Ca**, or Li", is neces-
sary. A substantially high mobility of other cations, pri-
marily alkaline and alkaline-earth metal ions, can also
be achieved incorporating these ions in the conductivity
sheets.
See also - NASICON.

Refs.: [i] Rankin GA, Merwin HE (1916) ] Am Chem Soc 38:568; [ii] Yu
Yao YE Kummer JT (1967) ] Inorg Nucl Chem 29:2453; [iii] Strom U
(1983) Solid State Ionics 8:255; [iv] Bates JB (1984) Mater Sci Forum
1:135; [v] Kumar PP, Yashonath S (2006) ] Chem Sci 118:135
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Aluminum-air battery — A — metal-air battery oper-
ating with an aluminum anode in a neutral or alkaline
electrolyte solution. At the anode aluminum is oxidized
according to

Al(s) - AP*(aq) +3e”
whereas at the cathode oxygen is reduced
02(g) +4e™ +2H,0(aq) - 40H (aq) .
The cell reaction with alkaline solution is

4Al(s) + 6H,0(aq) +30,(g) + 4NaOH(s) —
4NaAl(OH)4(s)

and with neutral solution
4Al(s) +30,(g) + 6H,0(aq) - 4Al(OH);(aq) -

Theoretical data are very attractive because of the neg-
ative electrode potential of the aluminum electrode and
the large coulombic charge density. In actual tests with
neutral electrolyte solution formation of voluminous
Al(OH); precipitates causes serious problems in the
electrolyte solution management. The limited ionic con-
ductivity even of rather concentrated neutral electrolyte
solutions (e.g., 3 M NaCl) results in high internal cell re-
sistances. The low — exchange current density of com-
mon gas diffusion air electrodes in neutral solution
causes electrode potential losses at the cathode whereas
the activity of pure aluminum is also smaller in neutral
solution than in acidic or alkaline media. — Passivation
of the aluminum electrode permits storage of filled cells,
the passivation layer causes severe losses of cell voltage
upon startup. In addition, the removal of these passive
layers is uneven resulting in considerable differences in
local rates of metal consumption. Open cells (operating
in e.g. seawater) may alleviate the problem of hydrox-
ide precipitation. Some of these problems are less dras-
tic with an alkaline electrolyte solution: Ionic conductiv-
ity is higher, aluminum is not precipitated but dissolved,
the oxygen electrode shows a considerably better poten-
tial. Unfortunately corrosion of aluminum is extremely
severe, between 8 and 80% of aluminum is consumed
in a corrosive side reaction resulting in the formation of
large amounts of hydrogen. Together with considerable
production of heat this makes cell management difficult.
Solubility of NaAl(OH)y is large (118 gdm™2) but over-
saturated solutions (~240gdm™) tend to show spon-
taneous precipitation. This causes further difficulties in
cell management.
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Aluminum production

Refs.: [i] Zaromb SJ (1962) ] Electrochem Soc 109:1125; [ii] Holze R (1982)
Elektrotechnik 64(9):26; [iii] Li Q, Bjerrum NJ (2002) ] Power Sources
110:1
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Aluminum production — is a large-scale electrometal-
lurgy process giving about a dozen billion tons of pri-
mary aluminum metal every year. The still dominating
technology has been invented by — Hall and — Héroult
in the 1880s, and is named — Hall-Héroult or some-
times Heroult-Hall process. The electrolyte used for alu-
minum production is molten cryolite, however it is not
exactly cryolite (Na3; AlFs) but a mixture of sodium and
aluminum fluorides with a cryolite ratio (NaF/AlF; mo-
lar ratio) of ca. 2.3. Alumina is dissolved in this mixture,
and a 2-4 wt% alumina concentration is maintained in
the bath. Calcium fluoride (about 5wt%) serves as an
additive to increase melt conductivity. A typical bath
operates at ca. 950°C and at a current density of ca.
0.5 A cm™2. Consumable carbon anodes forming carbon
dioxide are applied (most usually - Soderberg anodes).
The bottom of the bath is covered with technical graphite
which operates as the cathode. Asliquid aluminum den-
sity is higher than melt density, the product of electrol-
ysis collects at the bottom, which is required to be wet-
ted with aluminum in order to decrease the objection-
able rippling of liquid aluminum/melt interface. The ad-
vanced manufacturers use titanium diboride coatings to
increase graphite wettability. Improvements of bath con-
struction were also proposed, and the most promising is
the bipolar bath. For various aspects of aluminum tech-
nology see [i]. Starting already in the XIX century, a lot
of attempts were made to work out an alternative tech-
nology with oxygen-evolving (low-consumable, or in-
ert) anodes [ii]. Oxides, cermets, and oxidized metal-
lic alloys were proposed and tested. The most promis-
ing feature of oxygen-evolving anodes is the absence of
formation of polyaromatic and fluorocarbon pollutants,
and the electrodes are dimensionally stable, so the cath-
ode/anode gap does not have to be continually adjusted.
See also — alcoa process.
Refs.: [1] Thonstad ], Fellner P (2001) Aluminum electrolysis. Funda-
mental of the Hall-Heroult process, 3" edn. Aluminum, Diisseldorf;
[ii] Keller R, Rolseth S, Thonstad ] (1997) Electrochim Acta 42:1809
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AMO — Acronym for “Air Mass Zero”. The air mass x
is defined as the ratio x between the path length within
the atmosphere for rays from the sun to the observation
point on earth and the corresponding path length for
sun at zenith. Spectrum AMO corresponds to the solar

spectral — irradiance outside the atmosphere of earth
(the path length within the atmosphere is zero). This
condition can be approximated by a 5777 K black body
spectral distribution. The mean annual intensity of solar
radiation above the atmosphere is called “solar constant”
and is close to 1367 W m™2. AMO standard is important
for characterization of devices, like photovoltaic cells,
used in extraterrestrial applications. See also -~ AM]I and
- AMLS.
Refs.: [i] Garrison D, Roeder SBW (1999) Environmental measure-
ment. In: Webster JG (ed) The measurement, instrumentation and sen-
sors handbook. CRC Press, Boca Raton, pp 73-7-73-9; [ii] Wyszecki G,
Stiles WS (2000) Color science — Concepts and methods, quantitative
data and formulae. Wiley, New York

IH

AM1 — Acronym for “Air Mass 1”. Spectrum AMI corre-
sponds to solar — irradiance at the surface of the earth
when the sun is at zenith. It differs from - AMO0 due to
the scattering and absorption of radiation by the atmo-
sphere. See also -~ AML5.
Ref.: [i] Garrison ]JD, Roeder SBW (1999) Environmental measurement.
In: Webster JG (ed) The measurement, instrumentation and sensors
handbook. CRC Press, Boca Raton, pp 73-7-73-9
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AM1.5 — Acronym for “Air Mass 1.5”. Spectrum AM1.5
corresponds to solar — irradiance at the surface of the
earth for the sun at a solar zenith angle of 48.19°. It is
called air mass 1.5 spectrum, because the distance that
the radiation travels through the atmosphere is 1.5 times
the distance that it travels when the sun is at zenith.
AML.5 is considered a satisfactory standard for charac-
terization of photovoltaic devices used in terrestrial ap-
plications. Since AM spectra can be satisfactory pro-
duced with lamps associated to filters, the use of this
standard allows the investigation of processes influenced
by solar radiation, like photoelectrochemical processes
and degradation, under laboratory conditions. See also
- AMO, - AM1.
Refs.: [i] Garrison D, Roeder SBW (1999) Environmental measure-
ment. In: Webster JG (ed) The measurement, instrumentation and sen-
sors handbook. CRC Press, Boca Raton, pp 73-7-73-9; [ii] Hulstrom R,
Bird R, Riordan C (1985) Solar Cells 15:365
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Amalgam — is an alloy of mercury and one or more
other metals. Amalgams are crystalline in structure, ex-
cept for those with high mercury content, which are
paste or liquid. Known since early times, they were men-
tioned by Pliny the Elder in the 1st century Ap. Sodium



Ambipolar conductivity

25

(potassium) amalgam is significant in chlorine (NaOH,
KOH) production by electrolysis and as reductant of or-
ganic compounds in alkaline solutions. Sodium amal-
gam is used in the design of the high pressure sodium
lamp providing sodium to produce the proper color,
and mercury to tailor the electrical characteristics of the
lamp. In dentistry, an amalgam of silver and tin, with mi-
nor amounts of copper and zin, is used to fill tooth cav-
ities. Liquid, solid, and paste amalgams of different con-
tent are used in electrochemistry as electrode material
for preparation of working and reference electrodes. See
also — Gibbs energy of amalgam formation.

BY

Amalgam electrodes — working electrodes made of lig-
uid — amalgam are similar to — mercury electrodes
(— dropping mercury electrode DME and — hanging mer-
cury drop electrode HMDE), but they are filled with liq-
uid amalgam of appropriate metal instead of pure mer-
cury. In most cases liquid amalgam electrodes are used
for specific purposes, where an interaction between the
metal dissolved in mercury (or its compound on an elec-
trode surface) and an analyzed substance is studied [i].
These electrodes can serve as a source of metal cations
which are produced by anodic oxidation of the working
electrode [ii].

Solid amalgams can be prepared by amalgamation of
powders of soft metals. The main advantages of the solid
metal amalgam (MeSA) electrodes are: 1) high hydrogen
— overvoltage (near to that of Hg); 2) satisfactory electro-
chemical regeneration of surface; 3) easy reintroduction
into operating function even after several months’ break;
4) long lifetime; 5) low toxicity of the material, compa-
rable with dental amalgams; 6) applicability in mobile
laboratories for field work; 7) facile insertion into flow-
through systems; 8) use of metals which by themselves
cannot be sealed-in into glass (the contact between solid
amalgam and inner walls of the glass tube is solution-
and mercury-tight); 9) easy formation of the electrode
into desired size or shape; 10) simple construction with-
out mobile parts [iii].

The — electrochemical window of polished solid sil-
ver amalgam electrode (p-AgSAE) as for an electrode
which does not contain liquid mercury is exceptionally
broad. This fact allows the application of p-MeSAE for
determination of species at rather negative potentials.
An important advantage is that the electrodes from solid
amalgams of different metals can be prepared in a rela-
tively simple way, and that in their applications specific
interactions between these metals and the studied com-
pounds can be utilized.

Silver solid amalgam can be used for the preparation
of a — reference electrode of second kind (— electrode of
second kind) [iv].

See also — Gibbs energy of amalgam formation.

Refs.: [i] Glodowski S, Bilewicz R, Kublik Z (1987) Anal Chim Acta 201:11;
[ii] Bond AM, Bobrowski A, Scholz F (1991) ] Chem Soc Dalton Trans
411; [iii] Yosypchuk B, Novotny L (2002) Crit Rev Anal Chem 32:141;
[iv] Yosypchuk B, Novotny L (2004) Electroanalysis 16:238
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Ambipolar conductivity — Symbol: o, S unit: Sm™.
Ambipolar — conductivity is the proportionality coef-
ficient between the steady-state flux Jp-+ of B** ions
and the — chemical potential gradient Vup of the neu-
tral species B under zero-current conditions, when the
charge transfer due to the B** ion flux is compensated
by the fluxes of other species A"* (electrons or other
sort(s) of ions): Jpz+ = —ﬁ%V‘uB (F - Farada)/ con-
stant). In a system with two — charge carriers zJp-+ =
—nJs»+ and the ambipolar conductivity is expressed via
the partial - conductivities of these species (yp=+ and
Xan+) or via the corresponding — transport numbers:
Oamb = % = tans - tpzs - y where y is the total con-
ductivity. These equations can be derived by solving the
— Wagner equation or — Onsager equation, in combina-
tion with the definition of - conductivity and the corre-
sponding boundary conditions [i-iv]. For systems with
three or more mobile species, the relationships between
ambipolar and partial conductivities are more complex,
depending on the migration mechanisms and properties
of the — ionic conductor [iii].

The physical meaning of the ambipolar conductivity
relates to the correlated transport of several charge carri-
ers, when an internal — electrical field in the system im-
pedes the migration of species with a higher — mobility,
but enhances transfer of less mobile species.

The phenomenon of ambipolar conduction is not
limited to chemical potential gradients only, and may
occur in systems with several driving forces (e.g.,
chemical-potential and temperature gradients in combi-
nation with external electrical field). However, this phe-
nomenon is always related to conjugate transport of sev-
eral charge carriers.

The quantity of ambipolar conductivity is widely used
for the analysis of — electrolytic permeability of — solid
electrolytes, caused by the presence of electronic conduc-
tivity. Other important cases include transient behav-
ior of electrochemical cells and ion-conducting solids,
dense ceramic membranes for gas separation, reduc-
tion/oxidation of metals, and kinetic demixing phenom-
ena [iv]. In most practical cases, however, the ambipo-
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Amicron

lar conductivity is determined by the transport of one
sort of mobile ions and electronic charge carriers: Oymb =
)?CZXTBBZ = (1 - tpex ) - tp== - ¥ where ye is the partial elec-
tronic conductivity comprising both p- and n-type con-
tributions. When using — Fick’s laws, the — ambipolar

diffusion coefficient Dy is typically used instead of the

Oamp _OHB
(ZF)ZVB aCBzi :

Notice that Dy is also called “chemical — dif-
fusion coefficient”. Sometimes this term may appear

misleading due to mixing up with another quantity

= _ dlnages _ RTypes dlnagzs
Dges = DBZiBlnchi " (2F)%cpex Odlncpex

ten called “chemical diffusion coeflicient of B** ions”
or “partial chemical diffusion coefficient of B** ions”
Here Dpg:: corresponds to the classical meaning of
the diffusion (self-diffusion) coeflicient used in Fick’s
laws.

Other definitions of chemical diffusion coefficients
were also suggested for various particular cases (e.g.,
see [iil, vi-viii]). In all cases, however, their physical
meaning is related either to the ambipolar diffusion or
to diffusion in non-ideal systems where the activity co-
efficients differ from unity.

The right terms in the two last equations, namely
(dup/dcp+) and (dlnap:/dlncp:+), are both called
the thermodynamic or — Wagner factors [iii, iv]. The
first of them can be determined experimentally from
the ion concentration dependence on the chemical po-
tential of neutral species (a-T-§ diagram). The di-
rect determination of the second factor is impos-
sible as the chemical potentials of charged species
cannot be explicitly separated from those of other
components of a system; this parameter can be as-
sessed indirectly, analyzing activities of all compo-
nents.

Refs.: [i] Wagner C (1936) Z phys Chem B 32:447; [ii] Yokota I (1961)
J Phys Soc Jap 16:2213; [iii] Chebotin VN (1989) Chemical diffusion in
solids. Nauka, Moscow; [iv] Bouwmeester HIM, Burggraaf AJ (1996)

Dense ceramic membranes for oxygen separation. In: Burggraaf AJ, Cot L

ambipolar conductivity: Dy =

which is of-

(eds) Fundamentals of inorganic membrane science and technology. El-
sevier, Amsterdam, pp 435-528; [v] Rickert H (1982) Electrochemistry
of solids. An introduction. Springer, Berlin; [vi] Wagner JB (1973) Diffu-
sion in non-stoichiometric compounds. In: Kuczynski GC (ed) Materials
science research. Sintering and related phenomena, vol. 6. Plenum Press,
New York, pp 29-47; [vii] Kroger FA (1964) The chemistry of imperfect
crystals. North-Holland, Amsterdam; [viii] Maier ] (1998) Solid State
ITonics 112:197
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Amicron — Obsolete term suggested by — Zsigmondy to
designate particles smaller than 1 nm, as they were invis-

ible in the ultramicroscope of his time. See also — colloid,
— mMicroscopy.
ES

Ammeter (amperemeter, galvanometer) — Instrument
for measuring — current. Modern multipurpose instru-
ments are digital - multimeter using the charging of
a — capacitor and an — analog-to-digital converter. His-
torically, moving-coil galvanometer and moving-iron
galvanometer have been of importance. In case of — ul-
tramicroelectrodes pico- and femtoamperemeters have to
be used, unless arrays of ultramicroelectrodes (— ar-
ray electrodes) are utilized. Instruments for — voltam-
metry use — operational amplifiers for current measure-
ment and amplification. See also — astatic galvanometer,
— mirror galvanometer, — galvanoscope.
Ref.: http://physics.kenyon.edu/EarlyApparatus/
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Ammonia reserve battery — reserve battery

“Ammonium amalgam” — In 1808, T.J. Seebeck placed
mercury in a cavity cut in a piece of ammonium carbon-
ate resting on a metal plate; the latter was placed in con-
nection with the positive pole, and the mercury with the
negative pole of a battery. The mercury swelled up into
a frothy mass, with the consistency of butter. The prod-
uct was considered to be ammonium amalgam. Davy
prepared ammonium amalgam by placing mercury con-
taining about one percent of sodium, potassium, or bar-
ium in moistened ammonium salt, in aqueous solution
of ammonium salt, or a solution in concentrated aque-
ous ammonia. In different experiments mercury swells
up to 5-30 times its original bulk. Ammonium amal-
gam is not stable at normal conditions and it decom-
poses with water into liquid mercury and a mixture of
approximately 1 vol. of hydrogen and 2 vols. of ammo-
nia [i]. Ammonium amalgam after preparation should
be kept frozen at —78 °C, at which temperature no de-
composition is detectable.

Two reduction signals (at —1.20 V and at —1.75V vs.
SHE) [ii] are observed on mercury electrodes in aqueous
solutions of ammonium salts. Probably, at lower nega-
tive potential ammonium hydride amalgam is created
according to the reaction:

NHj + H,O + nHg + 2¢” - NH4H(Hg),, + OH™ .

Ammonium ion is reduced at about —1.7 V and creates
amalgam of ammonium radical:

NHj +nHg+ e — NH,4(Hg), .
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Using — anodic stripping voltammetry (ASV) two strip-
ping peaks are observed on mercury surface in the men-
tioned potential range which corresponds to oxidation
of two types of amalgams. The ASV peak of ammo-
nium hydride amalgam is reproducible, it linearly grows
well with increase of NH} ions concentration, and it
is applied for determination of small amounts of am-
monium ions (sensitivity 2 x 107" molL™) in aqueous
solutions.

Ammonium amalgams are Zintl phase salts with mer-
cury anions [iii-iv].
Refs.: [i] Mellor JW (1923) A comprehensive treatise on inorganic and
theoretical chemistry. Longmans, Green and Co, London; [ii] Glady-
shev VB, Kovaleva SV, Khramtsova NA (2001) ] Anal Chem (Moscow)
56:503; [iii] Garcia E, Cowley AH, Bard A] (1986) ] Am Chem Soc
108:6082; [iv] Kariv-Miller E, Lehman GK, Svetli¢i¢ V (1997) ] Elec-
troanal Chem 423:87

BY

Ammonia sensor — Sensor for the measurement of the
concentration of dissolved ammonia in solution. A pH-
probe (e.g., a — glass electrode) is covered with a gas-
permeable membrane. An electrolyte solution (e.g., an
aqueous solution of NH,4Cl) is placed between the mem-
brane and the sensor. The pH of this solution is af-
fected by NHj3 diffusing through the membrane and
dissolved into the solution. Volatile amines may cause
measurement errors. Ammonium ions can be deter-
mined only when they are deprotonated (by adjusting
the pH-value in the sample solution to pH > 11) and
thus can be present both in the solution and in the
gas phase, i.e., can transfer through the membrane. Be-
cause of the operational principle this sensor may re-
spond to every acidic or basic gas diffusing through
the membrane. Consequently, this sensor as well as
similar devices (see e.g. — carbon dioxide sensor) are
basically gas-sensitive, but not gas-selective. Neverthe-
less some selectivity can be afforded by, e.g., choice of
the membrane or actual composition of the electrolyte
solution.
Ref.: [i] Ross JW, Riseman JH, Krueger JA (1973) Pure Appl Chem 36:473
RH

Ampere — SI basic measurement unit of the electric
— current. Symbol: A (named in honor of — Ampére
(1775-1836))

The ampere is that constant current which if main-
tained in two straight parallel conductors of infinite
length, of negligible circular cross-section, and placed
one meter apart in vacuum, would produce between
these conductors a force of 2 x 1077 newtons per meter

conductor length. 1 ampere equals the flow of 1 coulomb
per second, i.e., 6.24150948(54) x 10'® electrons (or ele-
mentary charges) per second. See also — coulomb, — el-
ementary charge.
Ref.: [i] Cohen ER, Cvitas T, Frey ]G (eds) (2006) IUPAC quantities,
units and symbols in physical chemistry, p 87

BM

Ampére, André Marie

(Jan 22, 1775, Lyon, France - June 10, 1836, Marseille,
France) Much of his early education was based on the
LEncyclopédie of dAlembert and Diderot, but his inter-
est in physics and chemistry derived from reading the
works of Lavoisier. In 1801 he became lecturer in Bourg,
and in 1804 in Lyon. Later that year he moved to Paris,
where he eventually became Professor at the Ecole Poly-
technique, and in 1826 at the College de France. In 1814
he became a member of the Academy. Ampere was one
of the most important universal scientists of the 19" cen-
tury. His scientific achievements concern mathematics,
physics, and chemistry. He is recognized as one of the
founders of electrodynamics, following the discovery of
the effect of an electric current on a magnet by — Orsted.
The basic SI unit of current has been named in his honor,
the — ampere.
Ref.: [i] Ostwald W (1896) Elektrochemie. Ihre Geschichte und Lehre.
Veit, Leipzig (Engl transl: Ostwald W (1980) Electrochemistry. History
and theory, vol. 2. Amerind Publ Co, New Delhi)

FS

Ampere-hour — A common unit of charge in the battery
field. The amount of electricity that passes during one
hour at a current of one ampere. One ampere-hour (Ah)
equals 3600 coulombs. The capacity of cells and batter-
ies is universally specified in terms of ampere-hours or
milliampere-hours. The term ampere-hour as a unit of
charge measuring is used also, although to a lesser de-
gree, in the electroplating industry.
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Ampere-hour efficiency

Refs.: [i] Linden D (1994) Basic concepts. In: Linden D (ed) Handbook
of batteries, 2" edn. McGraw-Hill, New York, p. 1.8 and Appendix A,
p. A1 1.8.; [ii] Nagy Z (ed) (2005) Online electrochemistry dictionary.
http://electrochem.cwru.edu/ed/dict.htm; [iii] Graf RF (1999) Modern
dictionary of electronics, 7" edn. Newnes, Oxford; [iv] Latter T (1996)
Current-time integration. In: Murphy (ed) Metal finishing, vol. 64 edn.
Elsevier, New York, pp 542-544

YG

Ampere-hour efficiency — A term that quantifies the
efficiency of electricity storage and conversion in sec-
ondary batteries. Ampere-hour efficiency, sometimes re-
ferred to also as columbic efficiency, is defined as the
ratio between the amount of charge consumed during
cell (or battery) charging, to the amount of charge de-
livered by the cell during its discharge, at given condi-
tion of temperature, load, charging current density, etc.
Ampere-hour efficiency does not take into account elec-
tricity losses by the charger.
Refs.: [i] Schiffer SE, Karpinski PA (1994) Silver oxide batteries. In: Lin-
den D (ed) Handbook of batteries, 274 edn. McGraw-Hill, New York,
p 31.8 and Appendix A; [ii] Nagy Z (2005) Online electrochemistry dic-
tionary. http://electrochem.cwru.edu/ed/dict.htm; [iii] Graf RF (1999)
Modern dictionary of electronics, 7" edn. Newnes, Oxford

YG

Amperemeter — ammeter

Amperometry — a current (mostly a — faradaic cur-
rent) is measured as a function of another experimen-
tal variable, e.g., concentration, volume of added reagent
in analytical applications, or time. When faradaic cur-
rent is measured as a function of electrode potential the
method is called — voltammetry (derived from — volt
and — ampere), measurement as a function of time is
called — chronoamperometry. See also — amperometric
sensor.
Refs.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods. Wiley,
New York, pp 437-440; [ii] Brett CAM, Oliveira Brett AM (1993) Elec-
trochemistry. Oxford University Press, Oxford, pp 311-314

RH

Amperometric sensors — A class of electrochemical
sensors based on — amperometry. A — diffusion-limited
current is measured which is proportional to the con-
centration of an electrochemically active analyte. Pre-
ferred technique for — biosensors with or without im-
mobilized enzymes (biocatalytic sensors). The diffu-
sion layer thickness must be kept constant, either by
continuous stirring or by means of an external dif-
fusion barrier. Alternatively, — microelectrodes can be

used. A constant potential in the current-limited range
of the corresponding — voltammogram has to be im-
posed.

Example: — Clark cell for determination of dissolved
oxygen.
Refs.: [i] Janata ] (1989) Principles of chemical sensors. Plenum, New
York; [ii] Brett CMA, Oliveira Brett AM (1993) Electrochemistry. Ox-
ford University Press, Oxford, pp 289; [iii] Griindler P (2007) Chemical
Sensors. Springer, Berlin; [iv] Eggins BR (2002) Chemical sensors and
biosensors. Wiley, New York

PG

Amperometric titration — Titration in which the course
of the reaction is monitored by the current that flows
through an — indicator electrode that is kept at a constant
— electrode potential. Amperometric titration curves are
generally linear before and after the equivalence point,
which allows a precise determination of the equivalence
point by measuring a number of data points before and
after that point and interpolating the point where the
two linear lines cross. Amperometric titrations were also
called polarographic or polarometric titrations (when
using a — dropping mercury electrode), or generally ‘lim-
iting current titrations’

See also — biamperometry, and — amperometry.
Refs.: [i] Kolthoff IM, Lingane JJ (1952) 214 edn, Polarography. Polaro-
graphic analysis and voltammetry. Amperometic titrations. Interscience,
New York, vol. 2, pp 887; [ii] Heyrovsky J, Kuta ] (1966) Principles of po-
larography. Academic Press, New York, pp 267; [iii] Classification and
nomenclature of electroanalytical techniques (1976) Pure Appl Chem
45:81; [iv] Bard AJ, Faulkner LR (2001) Electrochemical methods, 2%
edn. Wiley, New York, pp 437

ES

Amperostat — An electronic control circuit designed
for stabilizing an electrolysis current, either keeping it
at an arbitrarily adjustable constant value, or varying
it according to a predetermined time function. Often
used synonymously with — galvanostat. Fields of appli-
cation: — coulometric titration (with constant current)
also named — coulometry, constant current coulometry.
Also used for small amplitude techniques utilizing con-
stant current like — chronopotentiometry or — potentio-
metric stripping.

Amperostatic control is easier than potentiostatic.
Therefore they predominated, preferably in coulometry,
before the appearance of the potentiostat in 1942.

Ref.: [i] Kissinger PT (1996) Introduction to analog instrumentation. In:
Kissinger PT, Heineman WR (eds) Laboratory techniques in electroana-
Iytical chemistry, 2% edn. Marcel Dekker, New York, pp 165-194

PG
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Amphiphatic compounds — amphiphilic compounds

Amphiphilic compounds — Compounds that possess
both a hydrophilic and a hydrophobic part. Examples
are carbonic acids, having a hydrophobic alkyl chain and
a hydrophilic carboxyl group, lecithins, lipids, and many
other organic compounds. See also — hydrophilicity, and
— hydrophobic effect.
Ref.: [i] Tanford C (1973, 2" edn. 1980) The hydrophobic effect: Forma-
tion of micelles and biological membranes. Wiley, New York

1N

Amphiprotic solvents — These are solvents that be-
have as acids in the presence of basic solutes and as
bases in the presence of acidic solutes [i-iii]. In con-
trast to aprotic solvents, amphiprotic solvents undergo
self-ionization. Self-ionization or — autoprotolysis is the
transfer of a hydrogen ion between molecules of the
same substance. Hence, amphiprotic solvents represent
both Brensted acids and bases. Examples of amphipro-
tic solvents are water, carboxylic acids, alcohols, phe-
nols, ammonia, and amines. For example, acetic acid
can be considered as an amphiprotic solvent because it
can act both as a proton donor and as an acceptor. The
dissociation constant of its autoprotolysis, which pro-
ceeds in accordance with the equation: 2CH;COOH =
CH;COOH; + CH3COO™, was found to be equal to
2.5 x 107" at 25°C [iv]. The advantage of using am-
phiprotic solvents as electrolyte solution components is
their high polarity, which enables highly conductive so-
lutions to be obtained. However, as compared to apro-
tic solvents, they possess narrow electrochemical win-
dows [ii].
Refs.: [i] Reichardt C (2003) Solvents and solvent effects in organic
chemistry, 3" edn. Wiley-VCH, Weinheim; [ii] Aurbach D, Gofer Y
(1999) The electrochemical window of nonaqueous electrolyte solu-
tions. In: Aurbach D (ed) Nonaqueous electrochemistry. Marcel Dekker,
New York, pp 137-212; [iii] Komorsky-Lovri¢ § (2002) Electrolytes. In:
Scholz F (ed) Electroanalytical methods. Springer, Berlin, pp 279-299;
[iv] Kolthoff IM, Willman A (1934) ] Am Chem Soc 56:1007

DA, EM

Ampholyte — A substance that can react both as an acid
and as a base is called an ampholyte, or amphoteric com-
pound. Usually this property refers to the — Bronsted
acid-base theory. An example is HCO3 which can act
as a proton acceptor and as a proton donator. An am-
pholyte can be a — zwitterion, as in case of amino acids:
in the range between pH = pK,; and pH = pK,;, they
exist as [* (H;N)HRC-COO™|.

RH

Amphoteric — a substance that can act both as an acid
and a base: — acid-base theories, subentry — base-
antibase concept, — ampholyte, — Bjerrum, Niels Jan-
niksen, — capillary isoelectric focusing (CIEF), — metals.
Occasionally, compounds that can be oxidized and
reduced are called amphoteric [i, ii].
Refs.: [i] Nakasuji K, Yoshida K, Murata I (1983) ] Am Chem Soc
105:5136; [ii] Perepichka DE Bryce MR, Perepichka IF, Lyubchik SB,
Christensen CA, Godbert N, Batsanov AS, Levillain E, Mclnnes EJL,
Zhao JP (2002) ] Am Chem Soc 124:14227
AJB

Amplifiers (amps) — Electronic devices that are used to
increase the current, voltage, or both of a measured sig-
nal. The output of an amplifier is controlled in such a way
that it matches the input signal shape but has a larger am-
plitude. The amplifiers can be inverting (the output is 180
degrees out of phase of the input signal) or non-inverting
(equal phase relationship between the input and out-
put waveforms is maintained). There are several other
classes of amplifiers, e.g., a linear amp is that which pro-
vides a precise amplification factor over a wide range of
frequencies. Operational amplifiers that are widely used
in electrochemical instrumentation are packaged inte-
grated circuits with special properties. They work as cur-
rent (scalers, adders, integrators, differentiators) or volt-
age followers.

Lock-in amplifier — A device that measures an
AC voltage (or current) and transforms it into a DC volt-
age signal proportional to the intensity of the examined
ACssignal. The DC voltage of the output is usually greater
than the AC voltage of the input, therefore the device
is named amplifier. The term ‘lock-in” appears because
this amplifier locks to and measures the preselected fre-
quency while all other signals appearing at the input are
ignored.

The key element of this amplifier is a phase sensitive
detector. It demodulates the frequency of interest and
produces a signal, which is a function of the phase angle
of the input signal. The input circuit of a lock-in ampli-
fier is properly adjusted to achieve the ability of the de-
vise to recover signals that are overloaded with — noise.

Recently developed digital signal-processing (DSP)
lock-in amplifiers open new possibilities in measure-
ment. It is possible, among others, to simultaneously
measure two different frequency components of the in-
put signal.

Refs.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods. Fun-
damentals and applications. 2" edn. Wiley, New York, chap 15;
[iii] http://www.signalrecovery.com/lockinex.htm

A
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Analog filter

Analog filter — An electronic circuit that handles con-
tinuous signals and provides high impedance to a de-
sired range of frequencies. The actual amount of attenu-
ation for each frequency varies from filter to filter [i, ii].
Analog filters can be divided into two broad groups:

« Passive filter A kind of usually simple filters com-
posed of elements such as resistors (R), capaci-
tors (C), and inductors (L) that do not depend
upon an external power supply. There are dif-
ferent passive filters such as the so-called RC,
RL, LC, and RLC varieties. Inductors block high-
frequency signals and conduct low-frequency sig-
nals, while capacitors do the reverse. Resistors have
no frequency-selective properties, but are added to
inductors and capacitors to determine the time-
constant of the circuit.

o Active filter A type of device composed of a com-
bination of passive and active (amplifying) compo-
nents. Frequently, the latter are transistors or op-
erational amplifiers that require an external power
supply to work. Active components commonly
have high Q, and achieve resonance without the use
of inductors. The Q value (goodness factor) is used
to measure the quality of a filter. Thus, a filter has
ahigh Q if it selects or rejects a narrow range of fre-
quencies compared with its center frequency. Other
filters that can be included into this class are:

- Piezoelectric filter A kind of electromechan-
ical device in which electrical signals are con-
verted to a mechanical wave by using a piezo-
electric crystal. Thus, the former electric wave
is delayed as it propagates across the crys-
tal, and this delay is used to reinforce a de-
sired frequency bandwidth with very high Q
values. The quartz crystal is an example of
the piezoelectric elements used for these fil-
ters [i].

- Atomic filter A sort of device with an ultra-
high Q obtained by using the vibrations of
atoms. These systems employ the microwave
amplification by stimulated emission of radi-
ation (maser) of substances such as cesium or
ruby to stabilize the primary oscillator of ex-
tremely precise devices that work at high fre-
quency values [i].

Refs.: [i] Horowitz P, Hill W (2001) The art of electronics. Cambridge
University Press, Cambridge; [ii] Willard HH, Merritt LL, Dean JA, Set-

tle FA (1988) Instrumental methods of analysis. Wadsworth, California
FG

Analog-to-digital converter (ADC or A/D) — A device
that converts continuous signals to discrete binary digi-
tal numbers proportional to the amplitude of the analog
signal. Commonly, these are electronic devices that con-
vert a voltage or current to a digital binary number. The
reverse operation is performed by a — digital-to-analog
converter (DAC). There are two types of resolution re-
lated to these converters. The first indicates the number
of discrete values that it can produce, while the second is
associated with the number of discrete values in which
its overall voltage measurement range can be divided.
Both kinds of resolution are usually expressed in bits.
For example, a resolution of eight bits can be encoded
into 28 = 256 discrete values [i, ii].
Refs.: [i] Horowitz P, Hill W (2001) The art of electronics. Cambridge
University Press, Cambridge; [ii] Engineering Staff Analog Devices Inc
(2005) The data conversion handbook. Newness, Oxford

FG

Analyte — A component of a — sample to be ana-
lyzed [i].
Ref.: [i] Skoog D, West D, Holler F (1996) Fundamentals of analytical
chemistry. Saunders, New York

FG

Anaphoresis — [Greek] Movement of negatively
charged colloidal particles in a suspension towards
the anode (see also: — cataphoresis, — electrokinetic
phenomena).

RH

Anderson cell — This was a — battery with a zinc elec-
trode in sulfuric acid or hydrochloric acid (or salts of
these acids) and a carbon electrode in a solution of ox-
alic acid and chromic acid.

See also — chromic acid battery, — Daniell cell,
— zine, - Zn**/Zn electrodes, -~ Zn** /Zn(Hg) electrodes,
— zinc—-air batteries (cell), and — Leclanché cell.
Ref.: [i] Hauck WP (1883) Die Galvanischen Batterien, Accumulatoren
und Thermosiulen, 2"% edn. Hartleben’s Verlag, Wien

FS

Angular frequency — angular velocity

Angular velocity (angular frequency) — w = d¢/ds,
i.e., the change of the angle of rotation d¢ in time dt
(i.e., first derivative of angle of rotation d¢ in time dt).
In case of a monotonous circular movementitis w = 27 f
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with f being the frequency of rotation (see — rotating
disc electrode, — rotating ring-disc electrode).
RH

Anharmonic oscillator — When the restoring force of an
oscillating system does not depend linearly on the dis-
placement of the system from the equilibrium position,
the oscillator is referred to as anharmonic. The restor-
ing force may correspond to a superposition of first and
higher powers of the displacement.

1N

Anion — A negatively charged ion. An anion has more
electrons than protons and is attracted by a positively
charged — electrode. The name ion was created by
— Faraday, from Greek iév, neutral present participle of
iévai, “to go’, so anion, avidyv, means “(a thing) going
up”.

BM

Anion-induced adsorption — induced adsorption
Anion vacancies — vacancies

Anode — Electrode where — oxidation occurs and elec-
trons flow from electrolyte to electrode. At the other
electrode, which is called a — cathode, electrons flow
from electrode to electrolyte. It follows that in a — bat-
tery, the anode is the negative electrode. In — electrolysis,
to the contrary, the anode is the positive electrode. Note
that the concepts of “anode” and “cathode” are related
only to the direction of electron flow, not to the polar-
ity of the electrodes. The terms “anode” and “cathode”
as well as “anion”, “cation’, “electrolyte”, etc. were intro-
duced by — Faraday, who considered that anions mi-
grated toward the anode, while cations migrated toward
the cathode (see also -~ Whewell). However, it should be
noted that the redox species, which gives electrons to the
anode, is not necessarily an anion.
TO

Anode effect — refers to the sudden increase in
voltage and decrease in current that happens when a gas
film forms on the anode during electrolysis in melted
salts. It is of special importance in — aluminum produc-
tion (— Hall-Hérault process).
Ref.: [i] Haverkamp RG (2000) Aluminum Transactions 2169

FS

Anode, low consumable — This term is used for
different anodes that show a low dissolution rate: (a) in
cathodic protection (— corrosion, and subentry — cor-
rosion protection) that are anodes that form a protective

layer so that they are not or only slowly dissolving when
anodically polarized [i].

(b) In certain technical processes, e.g., the electrolytic
aluminum production, anodes that are not, or only
slowly dissolving. See also — Hall-Héroult process. See
also — dimensional stable electrodes.

Ref.: [i] Juchniewicz R, Jankowski ], Darowicki K (2000) Cathodic and
anodic protection. In: Schiitze M (ed) Corrosion and environmental
degradation, vol. 1. Wiley-VCH, Weinheim, pp 383
FS
Anode mud — During the anodic dissolution
of an impure electrode (e.g., in an — electrorefining or
— electrodeposition process) a residue may form which
is called anode mud or anode slime. It contains elements
which are insoluble under the conditions of the — elec-
trodissolution process and thus sediment near the anode.
Usually the anode mud contains precious metals (Ag,
Au, Pt, etc.) which are recovered from it.
AB
Anode, sacrificial — a rather easily oxidizable
metal, e.g.,, zinc, magnesium, aluminum, electrically
connected with a metal construction to be protected
from corrosion. Due to the formation of a — galvanic cell
the sacrificial anode is oxidized instead of the metal to be
protected. Sacrificial anodes are the oldest and simplest
means for electrochemical corrosion protection.
Ref.: [i] Juchniewicz R, Jankowski ], Darowicki K (2000) Cathodic and
anodic protection. In: Schiitze M (ed) Corrosion and environmental
degradation, vol. 1. Wiley-VCH, Weinheim, pp 383
ES
Anode slime — anode mud

Anodic corrosion protection — corrosion protection

Anodic partial current (density) — For a single — elec-
trode reaction, the total current is composed of an anodic
and a cathodic — partial currents.

When the rate is controlled by the — charge transfer
step according to the — Butler-Volmer equation the an-
odic partial current density (j,) can be expressed as fol-
lows:

a,nFn ) M

Ja = Jo €Xp ( RT
assuming that cg(x = 0) ~ cg which is the case in
intensively stirred solutions; j, is the — exchange cur-
rent density, a, is the anodic — transfer coefficient, n is
the — charge number of the electrode reaction, F is the
— Faraday constant, R is the — gas constant, T is the tem-
perature, 1 is the — overpotential, cg(x = 0) and cj are
the concentrations of the reacting species (reduced form
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Anodic stripping voltammetry

of the redox couple) at the electrode surface and the bulk
solution, respectively.

By using the — formal potential (ES") and the — stan-
dard rate constant (k)

ja = nFkscr(x =0) exp(

a,nF (E-E2") 2)
RT ’

where E is the — electrode potential. When cg (x = 0) is
substantially higher or lower than cy

. r(x=0) exp((xanFq) .

Jam o RT

A3)

In the potential region of — diffusion — limiting current
(jL,a)

jL,a = anmR CE > (4)

where kp,y is the — mass transport coefficient.
In the potential region where mixed kinetic-diffusion
control prevails

. . a,nFn

ja=Jjo (1 Ja/]L,a)eXP( RT ) : )
The anodic partial current may be a sum of several
partial currents when two or more electrode processes
take place simultaneously (see — partial current); for
instance, the evolution of chlorine and oxygen from
aqueous hydrochloride acid solutions at high positive
potentials.

In this case

ja = jl,a + j2,a (6)
. owi(x=0) ((xa,lann)
Ja=Jox R *p RT
cr2(x=0 0 2n2 F
#joa B0 o (208 )

R,2

Refs.: [i] Erdey-Griiz T, Volmer M (1930) Z Phys Chem AI150:203;
[ii] Parsons R (1974) Pure Appl Chem 37:503; [iii] Inzelt G (2002) Ki-
netics of electrochemical reactions. In: Scholz F (ed) Electroanalytical
methods. Springet, Berlin, pp 29-33; [iv] Bard AJ, Faulkner LR (2001)
Electrochemical methods. 2% edn. Wiley, New York, pp 98-103

GI

Anodic stripping voltammetry — Refers to a family of
procedures involving a — preconcentration by electro-
chemical reduction of the — analyte (or a salt or deriva-
tive of the analyte) onto (or into) the working electrode
prior to its direct or indirect determination by means of

an electroanalytical technique (see — stripping voltam-
metry) [i-iv]. An example is the reductive preconcentra-
tion of lead according to Pb** + 2™ — Pb (the lead may
be deposited on the surface of a mercury drop, where
it would dissolve in a surface layer) and its anodic dis-
solution during a voltammetric scan according to Pb —
Pb** + 2e”. The latter scan produces a peak current that
is proportional to the concentration of Pb** in the an-
alyte solution. Due to the preconcentration step, anodic
stripping voltammetry excels in sensitivity, which can be
even enhanced when — differential pulse or — square-
wave-voltammetry are used to perform the voltammetric
dissolution measurement, as these techniques addition-
ally discriminate the — capacitive current in relation to
the — faradaic current.

See also — adsorptive stripping voltammetry, — ca-
thodic stripping voltammetry.
Refs.: [i] Fogg AG, Wang ] (1999) Pure Appl Chem 71:891; [ii] Vydra F,
Stulik K, Julakova E (1976) Electrochemical stripping analysis. Halsted
Press, New York; [iii] Wang J (1985) Stripping analysis. VCH, Deerfield;
[iv] Lovrié M (2002) Stripping voltammetry. In: Scholz F (ed) Electroan-
alytical methods. Springer, Berlin, pp 191-210

AMB

Anodization — Formation of a film on an electrode by
means of an anodic (oxidation) process. Electrooxida-
tion of silver in a chloride-containing solution results
in the formation of an AgCl-film because the solubility
product of AgCl is rapidly surpassed upon oxidation of
silver. The AgCl-coated silver is suitable for preparation
of a Ag/AgCl — reference electrode. Formation of an ox-
ide layer on other metals (e.g., in case of aluminum) may
result in improved surface properties (corrosion resis-
tance, hardness, optical properties).

RH

Anolyte — electrolyte solution in the anodic compart-
ment of an — electrolysis cell or — galvanic cell, i.e., in
that part of the cell where the — anode is placed.

FS

Anti-aliasing filter — aliasing
Anti-Frenkel defects — defects in solids

Antimony electrode (or antimony-antimony oxide
electrode) — pH-sensitive electrodes

Antipolar mass — Upon — deep discharge of a -~ NiCd-
accumulator gas evolution might occur with associated
problems of overpressure inside the cell. Because of pro-
duction tolerances the actual capacity of cells might
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Antipolar mass — Figure. Top: Operation at overcharge; bottom: op-
eration at deep discharge and polarity reversal, path of oxygen move-
ment needed for pressure limitation indicated

vary, thus in series arrangement single cells might un-
dergo polarity reversal even though other cells are still
properly discharged. This problem can be avoided by
adding antipolar mass to one electrode. Commonly an
amount of Cd(OH), is added to the nickel electrode,
the amount being large enough that upon complete
oxidation of cadmium in the negative electrode still
unreduced Cd(OH), is present in the positive nickel
electrode. Thus hydrogen evolution is inhibited. If par-
tial pressure of oxygen developed at the negative elec-
trode by decomposition of water is large enough, oxy-
gen will be reduced at the cadmium of the antipolar
mass.
Ref.: [i] Linden D, Reddy TB (eds) (2002) Handbook of batteries.
McGraw-Hill, New York

RH

Apparent equilibrium constants — equilibrium con-
stant, and — conditional equilibrium constants

Apparent power — power (electrical)

Apparent rate constant — activation energy

Approach curve (SECM) — A current-distance curve
recorded as an — ultramicroelectrode (tip) approaches
a surface in — scanning electrochemical microscopy.
On a surface where the reverse of the tip reaction
occurs on the substrate surface the current increases
as the distance between the tip and substrate, d, de-
creases (positive feedback). On an insulator surface
the tip current decreases with decreasing d (negative
feedback). The approach curve is useful in determin-
ing the absolute magnitude of d and can provide in-
formation about the heterogeneous electron transfer
kinetics on the substrate and the rates of homoge-
neous reactions that occur in the gap between tip and
substrate.
Ref.: [i] Bard AJ], Mirkin, MV (2001) Scanning electrochemical mi-
croscopy. Marcel Dekker, New York

AJB

Aprotic solvents — solvents that contain no acidic hy-
drogen, i.e., solvents that cannot donate — protons. This
term usually refers to polar organic solvents that do not
release protons easily due to chemical or electrochemi-
cal reaction. Common aprotic solvents include nitriles,
e.g., acetonitrile, organic carbonates, e.g., propylene car-
bonate, ethers, e.g., tetrahydrofurane and others. In the
broad sense, many inorganic solvents can be also clas-
sified as aprotic solvents, e.g. thionyl chloride and sul-
furyl chloride. Organic solvents, such as alcohols and
amines are classified as protic solvents, as they react
spontaneously with active metals, yielding metal alco-
holates and amides. Some organic solvents, such as ke-
tons (with o hydrogen of very low acidity) represent in-
termediate cases, and can be regarded as aprotic or pro-
tic, depending on the studied system. Aprotic solvents
are, in general, relatively chemically inert and possess
a wide electrochemical window. See also — nonaqueous
solvents.
Refs.: [i] Aurbach D, Weissman (1999) Nonaqueous electrochemistry:
an overview. In: Aurbach D (ed) Nonaqueous electrochemistry. Mar-
cel Dekker, New York, pp 1-52; [ii] Blomgren GE (1999) Physical and
chemical properties of nonaqueous electrolyte solutions. In: Aurbach D
(ed) Nonaqueous electrochemistry. Marcel Dekker, New York, pp 53-58;
[iii] Izutsu K (2002) Electrochemistry in nonaqueous solutions. Wiley-
VCH, Weinheim, pp 3-24; [iv] Lund H (2001) Practical problems in elec-
trolysis. In: Lund H, Hammerich O (eds) Organic electrochemistry, 4'"
edn. Marcel Dekker, New York, pp 223-292; [v] Linden D (1994) Hand-
book of batteries, 214 edn. McGraw-Hill, New York, Appendix A

YG, DA

Aquadag — Acheson® graphite
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Argentometric titration

Argentometric titration — precipitation titrimetry
Argument of impedance — impedance

Arras cell — This was a chromic acid (carbon electrode) -
zinc — battery used by the military in Arras (France).

See also — chromic acid battery, — Daniell cell,
- zinc, - Zn**/Zn electrodes, —~ Zn**/Zn(Hg) electrodes,
— zinc—-air batteries (cell), and — Leclanché cell.
Ref.: [i] Hauck WP (1883) Die Galvanischen Batterien, Accumulatoren
und Thermosiulen, 2"% edn. Hartleben’s Verlag, Wien

ES

Array electrodes — By replacing a single macroelec-
trode (an electrode with dimensions in the millime-
ter or centimeter range) by an array of — ultrami-
croelectrodes [i] or — nanoelectrodes [ii] the current
density can be increased by orders of magnitude as
well as the ratio of — faradaic to — capacitive cur-
rents. When array electrodes are employed as generator-
collector systems with two distinct potentials applied,
the diffusion distance between electrodes (w) becomes
the main factor in controlling current densities. In-
terdigitated array electrodes are commonly employed
in sensors or polymer coated electrode systems [iii]
as well as in electrosynthesis [iv]. The short path be-
tween anode and cathode in microstructured arrays re-
duces the resistance (and therefore energy costs) and
allows short lived intermediates to react at both elec-
trodes (paired — electrosynthesis). See also — electrode
geometry.

Electrode 1

Electrode 2
Array electrodes — Figure

Refs.: [i] Amatore C (1995) Electrochemistry at ultramicroelectrodes. In:
Rubinstein I (ed) Physical electrochemistry. Marcel Dekker, New York, pp
131-208; [ii] Arrigan DWM (2004) Analyst 129:1157; [iii] Bard AJ (1994)
Integrated chemical systems. Wiley, New York; [iv] Belmont C, Girault
HH (1995) Electrochim Acta 40:2505
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Arrhenius, Svante August

(Courtesy of Michigan State Univer-
sity, Chemistry Department)

(Feb. 19, 1859, Wijk, Sweden - Oct. 2, 1927, Stockholm,
Sweden). Arrhenius developed the theory of — disso-
ciation of — electrolytes in solutions that was first for-
mulated in his Ph.D. thesis in 1884: “Recherches sur
la conductibilité galvanique des électrolytes” (Investiga-
tions on the galvanic conductivity of electrolytes). The
novelty of this theory was based on the assumption that
some molecules can be split into ions in aqueous solu-
tions. The — conductivity of the electrolyte solutions was
explained by their ionic composition. In an extension
of his ionic theory of electrolytes, Arrhenius proposed
definitions for acids and bases as compounds that gen-
erate hydrogen ions and hydroxyl ions upon dissocia-
tion, respectively (— acid-base theories). For the theory
of electrolytes Arrhenius was awarded the Nobel Prize
for Chemistry in 1903 [, ii]. He has popularized the the-
ory of electrolyte dissociation with his textbook on elec-
trochemistry [iv]. Arrhenius worked in the laboratories
of — Boltzmann, L.E., - Kohlrausch, EW.G., - Ostwald,
EW. [v]. See also — Arrhenius equation.
Refs.: [i] Snelders HAM (1970) Arrhenius, Svante August. In: Gillespie
CC (ed) Dictionary of scientific biography, vol. 1. Charles Scribner’s
Sons, New York, pp 296-302; [ii] Jaffe B (1930) Crucibles: The story of
chemistry. Simon and Schuster, New York, pp 219-241; [iii] Riesenfeld
EH (1931) Svante Arrhenius. Akademische Verlagsgesellschaft, Leipzig;
[iv] Arrhenius S (1901) Lehrbuch der Elektrochemie. Quandt & Hiindel,
Leipzig; [v] Laidler KJ (1985) Arch Hist Exact Sci 32:43

EK

Arrhenius equation — The temperature-dependent
form of the rate coefficient

k = Aexp(—E,/RT)

is called the Arrhenius [i-iii] equation after — Arrhenius,
who published a paper in 1889 demonstrating that a wide
range of reactions have temperature dependencies that
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conform to this equation [iv]. In this relationship k is
the — rate coefficient, A is the pre-exponential factor, E,
is the — activation energy, R is the — gas constant, and
T is the — thermodynamic temperature.

It should be mentioned that Arrhenius’s paper [iv]
was preceded by van't Hoft’s book [v] (= Hoff, Ja-
cobus Hendricus van't), in which an equation compati-
ble with that described above, was proposed on the basis
of the relationships between equilibrium constants and
the rate constants for the forward and reverse reactions.
Nevertheless, the equation was named Arrhenius equa-
tion [vi-vii].

Refs.: [i] Mills I, Cvitas T, Homann K, Kallay N, Kuchitsu K (eds) (1993)
IUPAC quantities, units and symbols in physical chemistry. Blackwell
Scientific, Oxford, p 55; [ii] Pilling MJ, Seakins PW (1995) Reaction ki-
netics. Oxford University Press, Oxford, pp 19-21; [iii] Atkins PW (1993)
Physical chemistry. Oxford University Press, Oxford, pp 877-879, 889;
[iv] Arrhenius S (1889) Z phys Chem 4:226; [v] van't Hoff JH (1884)
Etudes de dynamique chimique. Miiller E Amsterdam; [vi] Laidler KJ,
King MC (1984) ] Chem Educ 61:494; [vii] Logan SR (1982) ] Chem Educ
59:279

GI

Association — The assembling of separate — molecu-
lar entities into any aggregate, especially of oppositely
charged free ions into — ion pairs or larger and not nec-
essarily well-defined clusters of ions held together by
electrostatic attraction. The term signifies the reverse of
— dissociation but is not commonly used for the forma-
tion of definite — adducts by colligation or — coordina-
tion.
Ref.: [i] Muller P (1994) Pure Appl Chem 66:1077

WK

Association constant — Solvents having a low dielectric
constant (e.g., benzene & = 2.29) cannot split protons
from acids. The acid/base behavior in these solvents is
based on association reactions between acidic and basic
components in the solution according to:

B+HA =2 BHA.

This usually involves formation of an ion pair BH A~
involving hydrogen bonds, formation of free ions is neg-
ligible. The association constant is thus defined:

Kgua = aBHA/ (aBaHA) ~ CBHA/ (CBCHA) .

Dissociation of a salt in a solvent can similarly be treated
taking into account ion pair formation. An ion asso-
ciation constant associated with the equilibrium estab-
lished between ion pairs and dissociated ions is derived
in the — Bjerrum theory of ion pairs.

Ref.: [i] Bockris JO'M, Reddy AKN (2006) Modern electrochemistry.
Springer, New York
RH

Astatic galvanometer — Galvanoscope with two mag-
netic needles connected to each other with opposite po-
larity and only one of the needles is subjected to the
metal coil through which a current flows. The two nee-
dles have zero net deflection in the magnetic field of the
earth, and hence the measured deflection depends only
on the magnitude of the current and is not affected by
the magnetic field of the earth. The instrument was in-
vented by — Kelvin.
Ref.: http://physics.kenyon.edu/EarlyApparatus/

FS

Asymmetry potential — The glass membrane used in
a — glass electrode may be subject to differences in me-
chanical stress at the inner and the outer surface. In
addition, the chemical composition of the silica frame-
work may be different at the surfaces. Also the glass
membrane is in contact with the interior buffer solu-
tion of well-defined and practically constant composi-
tion, whereas the outer solution may be different not
only in pH-value (the quantity to be measured) but also
in composition, ionic strength etc. These influences may
cause an additional potential difference between the in-
ner and the outer solution. This asymmetry potential
can be measured by using exactly the same solution
on both sides during the calibration procedure, most
frequently the value is electronically compensated (by
adding a suitable voltage to the measured voltage gener-
ated in the — glass electrode using an — operational am-
plifier circuit) assuming that the mentioned factors do
not change significantly in a set of measurements. Asym-
metry potentials can occur at any — membrane-based
— ion selective electrode. See also — potential.

RH

Atomic filter — analog filter

Atomic layer epitaxy (electrochemical) — Electro-
chemical atomic layer epitaxy (ECALE) is a self-limiting
process for the formation of structurally well-ordered
thin film materials. It was introduced by Stickney and
coworkers [i] for the layer by layer growth of compound
semiconductors (CdTe, etc.). Thin layers of compound
semiconductors can be formed by alternating — un-
derpotential deposition steps of the individual elements.
The total number of steps determines the final thick-
ness of the layer. Compared to flux-limited techniques
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Auger electron spectroscopy (AES)

ECALE works close to equilibrium conditions. Because
one deposition step involves the formation of just one
monolayer (or fractions of it) there are no mass trans-
port limitations and the formation of three-dimensional
structures (e.g., “cauliflower”) does not occur. The draw-
back is the relatively low deposition rate and the need
to switch between two or more electrolytes continu-
ously.
Ref.: [i] Gregory BW, Suggs DW, Stickney JL (1991) ] Electrochem Soc
138:1279

AB

Auger electron spectroscopy (AES) — surface analytical
methods

Aurvillius series - BIMEVOX

Autoprotolysis — is a proton transfer reaction between
two identical molecules (usually a solvent), one acting
as a Bronsted acid and the other as a Breonsted base
(— acid-base theory). An example is the well-known au-
toprotolysis of water:

H,0 +H,0 2 H;0" + OH™ .

The equilibrium can be described with the autoprotol-
ysis constant, i.e., the product of the activities of the
species produced as a result of autoprotolysis. For sol-
vents in which no other ionization processes are signifi-
cant the term is synonymous with “ionic product”
Refs.: [i] McNaught AD, Wilkinson A (1997) IUPAC compendium of
chemical terminology, 2" edn. Blackwell Science, Oxford

HK

Autoprotolysis constant — The — ion-product calcu-
lated from the ion activities of the conjugate acidic and
basic species of an — amphiprotic solvent (SH). The
chemical equation of such self-ionization reactions can
be schematized as: 2HS 2 H,S™ +S~, where H,S* is the
conjugate cation, S~ the conjugate anion. The autopro-
tolysis constant can be formulated as: Kyyo = [H2S*] -
(571, [l
Ref.: [i] Reichardt C (2004) Solvents and solvent effects in organic chem-
istry. Wiley-VCH, Weinheim

FG

Auxiliary (counter) electrode — In an — electrolysis cell
(including all 2- and 3-electrode voltammetric cells)
a current flows though the — working electrode and
the counter electrode (or auxiliary electrode because it
serves to allow the proceeding of the processes at the
working electrode). It is made of a conducting and usu-
ally inert material, and should be kept at a sufficiently
long distance or be separated from the working electrode
(with, e.g., a sintered glass disk) to exclude the possibil-
ity of reaching the working electrode surface by the sub-
stances produced at its surface. If during the electroly-
sis process the working electrode becomes the cathode
or the anode it will be turned into the anode and the
cathode, respectively. The real surface area of the auxil-
iary electrode (— electrode surface area) should be larger
than that of the working electrode. This is of special im-
portance in case of 2-electrode cells — voltammetry and
— impedance spectroscopy.
Refs.: [i] Stojek Z (2002) Experimental setup. In: Scholz F (ed) Electro-
analytical methods. Springer, Berlin; [ii] http://www.bioanalytical.com/
products/ec/auxele.html

A
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Bacon, Francis Thomas

(Dec. 21, 1904, Billericay, Essex, UK - May 24, 1992, Lit-
tle Shelford, near Cambridge, UK) Bacon was educated
at Eton College specializing in science and at the Trinity
College in Cambridge obtaining a degree in mechanical
sciences. He started to work on the hydrogen-oxygen
fuel cell in 1932. He constructed the first practical and
efficient — fuel cells. He used potassium hydroxide in-
stead of acids which was less corrosive to the electrodes;
therefore, platinum could be replaced by inexpensive
nickel electrodes. The development of the porous — gas—
diffusion electrodes of high surface area was the other im-
portant step. Beside everyday applications such as trans-
port, the most notable success was that Bacon cells pro-
vided electrical power for the functioning of systems and
the production of drinking water in the manned moon
flights of the Apollo space program.

Francis Thomas Bacon was a direct descendant of Sir
Francis Bacon (1561-1626). Among others he was elected
a fellow of the Royal Society (1973), and awarded the first
Grove Medal (1991) [ii].

Refs.: [i] http://chem.ch.huji.ac.il/~eugenik/history/bacon.html; [ii] Ba-
con FT (1979) ] Electrochem Soc 126:7C
GI

Bacon cell — Hydrogen-oxygen fuel cell initially devel-
oped by — Bacon. — gas-diffusion electrodes were pre-
pared from carbonyl nickel by pressing and subsequent
sintering. The three-phase boundary was fixed inside the
porous electrode body by preparing the electrode as a bi-
layer structure. The “working layer” with pores of about
10-30 um diameter is covered on the electrolyte solu-
tion side by a thin layer with an average pore diameter
of 1.5 pm. Pressure of the feed gas needed for operation
is adjusted to a value at which the large pores are kept

filled with gas whereas the small pores are left filled with
electrolyte solution by capillary action, bubbling of reac-
tant gas is thus avoided. Because of the poor electrocat-
alytic activity of nickel and the limited actual (true) sur-
face area the operation temperature had to be elevated to
about 200 °C. Vapor pressure of the alkaline electrolyte
solution (37-50% KOH) required operation pressures of
20-40 atm. Corrosion of the oxygen-consuming nickel
electrode enhanced at these temperatures was limited
by preoxidation of the porous cathode body. By oxi-
dizing treatment of the electrode in lithium-containing
caustic solution a doped semi-conducting nickel oxide
is formed showing improved corrosion resistance. Cell
voltages of 0.9 V at current densities of 300 mA cm™>
were achieved.
Ref.: [i] Kordesch G, Simader G (1996) Fuel cells and their applications.
VCH, Weinheim

RH

Background current — (i) Generally, in electrochemical
systems, any current other than the wanted one (e.g., see
— dark current in photovoltaics).

(ii) In — voltammetry any current that is not due to
the analyte. At high — potentials the working window
of the — indicator electrode is limited by the — oxida-
tion of — electrode material, or — anions of the — sup-
porting electrolyte, or the — solvent, and at low potentials
it is limited by the — reduction of — hydrogen ions, or
— cations of the supporting electrolyte, or the solvent, or
the electrode material (e.g., > mercury in the presence
of ammonium salts in — non-aqueous media). Within
the window, a — residual current consists of — capacitive
and — faradaic components. A — double layer charging
current can not be avoided, but its influence can be di-
minished by the current sampling procedure in — pulse
voltammetric techniques. Generally, the capacitive cur-
rent is proportional to the rate of changing the — elec-
trode potential (E), - capacitance (C) and — surface area
(8):1=[CS+S(E-Es)3S] 9 + C(E-Eom) &
The first term limits the range of scan rates that can be
applied in — cyclic voltammetry on stationary electrodes
(dS/dt = 0), while the second term is important only in
DC — polarography with — dropping mercury electrode.
However, care must be taken to avoid a leakage of solu-
tion into any gap between the active electrode disk and
the insulating sheath, a porosity of electrode surface, and
the formation of a thin film of the solution surrounding
the lower end of the mercury thread within the tip of
the capillary. In all these cases a fluctuating surface area
may cause the fluctuation of capacitive current. In pulse
voltammetry, the decay of charging current associated
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Back-titration

with these imperfections is slower than the decay of ca-
pacitive current of the electrode surface [i, ii].

Faradaic components of the background current are
caused by the reduction of — oxygen or other impuri-
ties in the supporting electrolyte, and by the formation
of oxide layers on metal electrodes. The concentration of
oxygen in well-aerated electrolyte is about 0.1 mM. Oxy-
gen is reduced at noncatalytic electrodes in two sepa-
rate two-electron steps at potentials that vary between
0.05V and -0.9V vs. SCE, depending on pH and on
electrode material. For the majority of measurements,
oxygen must be removed from the solution. In the lab-
oratory, solutions are saturated with nitrogen or argon
to reduce the partial pressure of oxygen to a very low
value. Ultrapure gases should always be preferred. How-
ever, there is a chance to contaminate solutions with oxy-
gen due to the permeability of most plastic tubes used
to propel nitrogen or argon. In extreme cases full glass
apparatus has to be used. Oxygen adsorbed on particles
of — graphite powder must be removed by heating the
powder in nitrogen prior to the preparation the — car-
bon paste electrode. Otherwise the response may appear
noisy. In — anodic stripping voltammetry the purity of
mercury is very important. It must be ensured that no
traces of investigated element are present in mercury
prior to the accumulation. The supporting electrolyte
should be prepared by using extrapure chemicals. Fi-
nally, the — cell response may appear noisy due to poor
electrical contacts and faults in the interconnecting ca-
bles. The noise can be reduced by placing the cell in
a — Faraday cage.

(iii) In — electrolysis, - coulometry, — electrogravime-
try, — electrosynthesis and — batteries, the term back-
ground current is also used for currents that are not
caused by the main process.

Refs.: [i] Brett CMA, Oliveira Brett AM (1998) Electrochemistry. Oxford
University Press, Oxford; [ii] Pelzer ], Scholz E, Henrion G, Nitschke L
(1989) Electroanalysis 1:437

SKL

Back-titration — A process for quantitative analysis in
which an excess of — titrant is added to the — titrand
and then a second titrant is used to determine the ex-
cess amount. This process is often required when the rate
of reaction between the — analyte and titrant is slow or
when the — standard solution lacks stability [i].
Ref.: [i] Mendham ], Denney R, Barnes J, Thomas M, Denney R (2000)
Vogel’s quantitative chemical analysis. Prentice Hall, New Jersey

FG

Bacterial corrosion — biocorrosion

Baghdad battery — A number of artifacts consisting of
ca. 130 mm long clay jars containing a copper cylinder
made of a rolled-up copper sheet, capped at the bottom,
in turn covering and protecting an iron rod were discov-
ered by Leroy Waterman in the village of Khuyut Rabua
(Tel Omar) near Baghdad, Iraq in 1936. Wilhelm Kénig,
the German director of the National Museum of Iraq
published a paper speculating that they may have been
— galvanic cells, perhaps used for — electroplating gold
onto silver objects. Konig thought the objects might be
Parthian (between 250 Bc and 224 Ap). However, the
style of the pottery is Sassanian (224-640 ap) which
means that they are more recent than Konig thought.
Although there is still a controversy regarding the real
purpose of these artifacts, they could be or could have
been used to generate electricity since the iron rods are
isolated from the copper by asphalt plugs, and if the
jars were filled with a liquid, e.g., with vinegar which
was known also in ancient time, this surrounds the
iron rod as well, therefore it is, in fact, a copper-iron
battery. When filled with vinegar, the jar produces
about 1.1 Volts.
Refs.: [i] Dunsch L (1985) Geschichte der Elektrochemie. VEB Deutscher
Verlag fiir Grundstoffindustrie, Leipzig, pp 9-10; [ii] MacKechnie JC
(1960) ] Inst Electrical Eng 6:356; [iii] Dubpernell G (1978) Evidence of
the use of primitive batteries in antiquity. In: Selected topics in the history
of electrochemistry. The Electrochemical Soc, Princeton, 1-22

GI

Baizer-Monsanto process — (also called Monsanto pro-
cess) is the reductive electrohydrodimerization of acry-
lonitrile, ACN, to adipodinitrile, ADN, an intermediate
in the manufacture of Nylon 66™:

+2e +2H"

—N >
R,N" Cd cathode

ANV Ve

2 hc”

The principle has been known since the 1940s, but
it was M.M. Baizer who initiated in 1959 the use of
quaternary ammonium salts such as tetraethylammo-
nium p-toluenesulfonate in this reaction, leading to
mass yields of 90% ADN. Together with Monsanto
he commercialized and improved the process ever
since. First used process setups consisted of divided
cell reactors with — catholytes of an aqueous solution
of ACN and ADN in 40% tetraethylammonium ethyl
sulfate, an — anolyte of diluted sulfuric acid, separated
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by an ion exchange membrane, and lead electrodes
(anode with 1% silver).

Soon after, the presently used undivided cell (see
Fig.) was developed to overcome the shortcomings of
the former, especially the high energy costs. The cad-
mium cathodes and steel anodes are kept at a 2 to
3mm distance by plastic spacers in a pressure ves-
sel. The aqueous sodium phosphate electrolyte contain-
ing hexamethylene bis(ethyltributyl)ammonium phos-
phate (0.4%) and emulsified acrylonitrile is pumped
continuously through the cells with ca. Ims™ and
at ca. 55°C. The electrochemical process parameters
are: cell voltage: 3.83V, current density: 2.0kAm™2,
power consumption: 2.43kWhkg™'. The crude ADN
is passed through a multi-column distillation sys-
tem, where the pure product is separated from by-
products and ACN, which is returned to the pro-
cess. The adipodinitrile purity must be over 90%
to serve as initial product for the hydrogenation
into hexamethylenediamine. Crucial points of the de-
scribed process setup are a limited life span of the
electrodes of only 2 to 3 months, and the thereby
caused discontinuity of the process, as well as special
safety considerations resulting from oxygen and (by-
product) hydrogen together with other volatile organ-
ics in one single gas phase. Nowadays [iii] produc-
tion capacities of the B.-M. process are (in tons per
year): Solutia (Dakatur, AL, USA): 181,000; BASF (Seal
Sands, UK): 91,000; Asahi Chemical (Nobeoka, Japan):
37,000.

plastic-lined vessel

plastic filler

electrical
connector

bipolar electrode

end electrode

electrolyte flow

Baizer-Monsanto process — Figure

Refs.: [i] Baizer MM (1964) ] Electrochem Soc 111:215; [ii] Baizer MM,
Danly DE (1979) Chem Ind (London) 435:439; [iii] Piitter H (2001)
Industrial electroorganic chemistry. In: Lund H, Hammerich O (eds)
Organic electrochemistry. Marcel Dekker, New York, pp 1259-1307;
[iv] Pletcher D, Walsh FC (1990) Industrial electrochemistry. Chapman
& Hall, London, p 298

MHer

Balbach-Thum cell — Electrolytic cell for silver refin-
ing (— electrorefining). On the bottom of the cell (about
250-300 dm® volume) a silver plate is placed as cath-
ode. The anode made of raw silver is placed in a basket
in a cloth bag. A solution of silver nitrate is employed.
Dissolved silver ions are deposited as a dendritic mass
on the cathode, metal ions less noble than silver stay in
solution, whereas more noble metals are kept as anode
sludge in the cloth bag. This cell is frequently employed
in the USA, the — Mobius cell is used in Europe. As
compared to the Mobius cell the anodes are consumed
completely, only a single-piece cloth is needed, and no
moving mechanical parts are involved. As drawbacks the
large floor space of the cell, the low current density, the
large cell voltage because of the large interelectrode dis-
tance, the need for manual scraping of the cathode on
the bottom of the cell, and the large solution inventory
may be considered.
Refs.: [i] Zirngiebl E (1993) Einfiihrung in die Angewandte Elektro-
chemie. Salle & Sauerldnder, Frankfurt; [ii] Pletcher D, Walsh FC (1993)
Industrial electrochemistry. Blackie Academic & Professional, London
RH

Band bending — “Band bending” is an example of lab-
oratory jargon, and refers to the occurrence of internal
electric fields inside — semiconductor materials, howso-
ever caused. The origin of the term is as follows. A com-
mon way to visualize energy states inside semiconduc-
tors is to draw the positions of both band edges (the va-
lence band edge and the conduction band edge) on an
“energy band diagram” (a plot of energy versus distance).
When an internal electric field exists inside the semicon-
ductor material, the band edges appear curved on this
plot, thus leading to the name “band bending”. Experi-
mentally, band bending arises in two ways. At thermo-
dynamic equilibrium, band bending manifests sponta-
neously at the interface between two semiconductors, or
at the interface between a semiconductor and a metal, if
the — electron work function of each phase is different.
Away from thermodynamic — equilibrium, band bend-
ing can be increased or decreased by applying an elec-
tric potential difference of appropriate sign and magni-
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Band gap

tude between the two phases. See also — flat-band po-
tential.

SF
Band gap — semiconductor
Band-pass filter — signal filtering

Band-stop filter — signal filtering

Bardeen-Cooper-Schrieffer theory — BCS theory

Barker, Geoffrey Cecil

(Reprinted from J. Electroanal
Chem. 75 (1977) 1, Copyright (1977),
with permission from Elsevier)

(Oct. 2, 1915, Belper, Derbyshire, UK - Mar. 31, 2000,
Oxford, UK) invented in 1952 — square-wave polarog-
dio frequency polarography [iv] applying for the first time
— faradaic rectification. Beside these techniques, Barker
developed several other variants of polarography and he
is the father of modern photoemission studies at elec-
trodes [v, vi]. During World War II Barker took part in
the radar development in the UK. The thorough learning
of electronics during that period was certainly the basis
for his great achievements in developing electrochemi-
cal measuring techniques.
Refs.: [i] Barker GC, Jenkins IL (1952) Analyst 77:685; [ii] Barker GC,
Gardner AW (1958) At Energy Res Establ, Harwell, C/R 2297;
[iii] Barker GC, Gardner AW (1960) Fresenius Z Anal Chem 173:79;
[iv] Barker GC (1958) Anal Chim Acta 18:118; [v] Barker GC (1977)
J Electroanal Chem 75:1; [vi] Parsons R (2000) ] Electroanal Chem
494:77

ES

Barker square-wave voltammetry — The protocol of
— square-wave voltammetry developed by — Barker is
based on a square wave potential train with a frequency
that is high compared to the scan rate of the DC po-
tential, i.e., a multiple number of positive and negative

potential pulses is applied during a period where the
DC potential changes only by a negligible increment (for
a linear DC ramp) or not at all (for a staircase ramp).
Refs.: [i] Barker GC, Jenkins IL (1952) Analyst 77:685; [ii] Bond AM
(1980) Modern polarographic methods in analytical chemistry. Marcel
Dekker, pp 391-399; [iii] Lovri¢ M (2002) In: Scholz F (ed) Electroana-
Iytical methods. Springer, Berlin, pp 111-136; [iv] Mirceski V, Komorsky-
Lovri¢ S, Lovri¢ M (2007) Square-wave voltammetry. In: Scholz F (ed)
Monographs in Electrochemistry. Springer, Berlin

FS

Barrier oxide film — When the surface of a metal is an-
odically oxidized, a dense oxide film may grow that pro-
tects the metal underneath. Such barrier films are impor-
tant for - corrosion protection and also for fabricating
— capacitors.
Ref.: [i] Marcus P, Maurice V (2000) Passivity of metals and alloys. In:
Schiitze M (ed) Corrosion and environmental degradation, vol. 1. Wiley-
VCH, Weinheim, pp 131

ES

Barrierless process — is a — charge transfer reaction oc-
curring under small deviation from equilibrium (for ex-
ample at low — overpotential) in the absence of an acti-
vation barrier, and with a — transfer coefficient equal to
unity. In terms of the reaction energy profile, this situ-
ation corresponds to the term of products intersecting
the term of reactants in its minimum. The — activation
energy becomes equal to reaction — free energy. Simul-
taneously, the reverse reaction appears to be an — acti-
vationless process. The problem was addressed systemat-
ically by Krishtalik et al. starting from 1960 (see original
refs. in [i,ii]). In the framework of the slow discharge
theory of — Frumkin (see there — Frumkin’s slow dis-
charge theory), the kinetics of a b.p. is expected to be in-
dependent on solution composition, with a Tafel slope
(= Tafel equation) equal to 2.3RT/F. The cathodic barri-
erless p. can be experimentally observed when one starts
at potentials more negative than the — equilibrium po-
tential, not being screened by a reverse anodic process.
The features of the barrierless p. were observed experi-
mentally for — hydrogen evolution on mercury in acidic
aqueous and ethylene glycol solutions containing certain
strongly adsorbing ions, as well as in concentrated solu-
tions of some acids. The observation of barrierless pro-
cesses opens up possibilities to obtain the latent heat of
the electrode process, the true activation energy, and the
temperature derivative of the — Galvani potential. Sim-
ilar behavior was found for — hydrogen evolution on Ag
and chlorine evolution on graphite. Studies of b.p. stimu-
lated an active development in understanding isotope ef-
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fects [iii, iv] and high temperature electrochemical tech-
niques for aqueous solutions [iv], as well as the analysis
of the preexponential factor in terms of — proton transfer
theory.
Refs.: [i] Krishtalik LI (1968) Electrochim Acta 13:1045; [ii] Krishtalik LI
(2002) Electrochim Acta 48:181; [iii] Krishtalik LI, Tsionsky VM (1971)
] Electroanal Chem 31:363; [iv] Tsionskii VM, Kriksunov LB, Krishtalik
LI (1991) Electrochim Acta 36:411

GT, OP

Batteries — Power sources that produce — direct cur-
rent (DC) by converting chemical energy into electrical
energy. These power sources employ spontaneous elec-
trochemical reactions as the source of the electrical en-
ergy by forcing the electrons to flow from a reductant
(anode) to the oxidant (cathode) externally, through the
consumer. Each single battery cell contains a negative
electrode (— anode) that contains a reducing material in
which an oxidation process takes place upon discharge,
a positive electrode (— cathode) containing an oxidiz-
ing material in which an oxidation process takes place
upon discharge, and an electrolyte system (liquid, gel,
or solid). Batteries can include several electrochemical
cells interconnected in series or in parallel to provide the
required potential and current levels. The main param-
eters that define battery performance are (i) - voltage,
(ii) electrical — energy, (iii) electrical - power. The bat-
tery voltage depends on the electrode chemistry and on
the number of cells in the stack. The overall electrical en-
ergy is usually expressed in watt-hours (Wh) and is cal-
culated as the product of capacity and voltage: E = UIt
(U in volt, I in ampere, and ¢ in hours). The electrical
power is the rate at which a battery can deliver electri-
cal energy. The rate is expressed in watts (W) and calcu-
lated as the product of current and voltage: P = UI (U
in volt and I in ampere). There are two significant types
of batteries, primary and secondary. Primary batteries
are not designed to be recharged. Secondary batteries
are designed for repetitive use, and thus can be charged
and discharged periodically. Batteries can be classified
in different ways: primary vs. rechargeable, aqueous
vs. nonaqueous, solid electrolyte vs. liquid electrolyte
solution, stationary vs. flow, and ambient temperature
vs. high temperature. The most important batteries are
Zn-MnO, (primary) (— alkaline batteries), Li—-MnO,
and Li-SOCl, (primary), Pb/H,SO4/PbO;, (- lead-
acid battery), Cd-NiOOH (Ni-Cd, secondary), Metal-
hydride-based batteries like Ni-Metal-Hydride (NiMH,
secondary) and secondary — lithium batteries (most
common Li-graphite (Li,Cs) vs. Lij—xC0O;, 0 < x < 1).
The field of batteries is very dynamic, and extensive ef-

forts are devoted throughout the world to R&D of new
battery systems and the improvement of existing sys-
tems.
Refs.: [i] Linden D (1994) Handbook of batteries, 2" edn. McGraw-Hill,
New York; [ii] Crompton TR (2000) Battery reference book, 3 edn.
Newness, Oxford; [iii] Dell RM, Rand DAJ (2001) Understanding bat-
teries. Royal Society of Chemistry

OC, DA

Baudet cell — This was a — chromic acid battery with
zinc anodes, and a construction that the chromic acid
solutions could be delivered from vessels containing
solid potassium dichromate and sulfuric acid.

See also — Daniell cell, - zinc, — Zn*>*/Zn electrodes,
— Zn**/Zn(Hg) electrodes, — zinc-air batteries (cell),and
— Leclanché cell.
Ref.: [i] Hauck WP (1883) Die Galvanischen Batterien, Accumulatoren
und Thermosiulen, 2"% edn. Hartleben’s Verlag, Wien

ES

BCS theory — (Bardeen-Cooper-Schrieffer theory) de-
scribes the nature of superconductivity and other prop-
erties of the so-called Type I superconductors, a group
of 30 pure metals such as Al, In, Sn, Hg, V, Pb, etc. These
exhibit zero electrical resistivity below a certain “critical”
temperature, zero internal magnetic field, and a critical
magnetic field leading to the disappearance of supercon-
ductivity. The critical magnetic fields in the Type I super-
conductors are very low, limiting possible applications.
A better stability with respect to temperature and mag-
netic field is characteristic of the so-called Type I super-
conductors, usually alloys such as Nb; (AlGe).

One conceptual element of the BCS theory is the for-
mation of - Cooper pairs, namely pairing of — electrons
close to the — Fermi level due to a slight attraction re-
sulting from phonon interaction with the crystal lattice.
These pairs of electrons act like bosons which can con-
dense into the same energy level. An energy band gap is
to be left above these electrons on the order of 107° €V,
thus inhibiting collision interactions responsible for the
ordinary — resistance. As a result, zero electrical resis-
tivity is observed at low temperatures when the ther-
mal energy is lower than the band gap. The founders of
the BCS theory, J. Bardeen, L. Cooper, and R. Schrieffer,
were awarded by the Nobel Prize in 1972.

See also: — semiconductor, — conductor, — Ohm’s law,
— conductance, — conduction band.

Refs.: [i] Rohlf JW (1994) Modern physics from « to Q. Wiley, New York;
[ii] Cyrot M, Pavuna D (1992) Introduction to superconductivity and
high-T. materials. World Scientific, London

VK
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Beam deflection

Beam deflection — A deviation of the light beam wave-
front when it passes from one medium to another with
a different — refractive index, or through a medium with
an inhomogeneous refractive index. The wavefront ve-
locity is (v = ¢/n) and the wavelength (1) is related to n
by A = vf, where c is the velocity of light in a vacuum,
n is the refractive index of the medium and f is the beam
frequency. Thus, the wavelength of a laser beam wave-
front will increase when the refractive index of the elec-
trolyte decreases [i]. See also — refraction or — mirage
effect.
Refs.: [i] Rosolen JM, Decker E Fracastoro-Decker M, Gorenstein A,
Torresi RM, Cordoba Torresi SI (1993) ] Electroanal Chem 354:273;
[ii] Garay E Barbero CA (2006) Anal Chem 78:6740

FG

Beating mercury heart — Under certain conditions
a drop of mercury pulsates in a rhythmic fashion, resem-
bling a beating heart [i-iv]. It is a demonstration of pe-
riodic behavior in electrochemical systems (see — elec-
trochemical oscillations).

The following procedure has to be applied:

o Place a drop of pure mercury in a watch glass.

« Cover it with 6 mol dm~* H,SO, solution.

o Add 1-2 cm?® 0.1 moldm~2 K,Cr,O; solution.

o Put a steel needle which just touches the Hg drop.

o Add 0.5-2 cm?® 18 moldm ™ H,SO, solution until
the Hg drop starts to pulsate.

During the pulsation the mercury drop will change its
shape. A periodic variation between round and triangle
shapes can be seen.

The phenomenon can be explained as follows.

The — surface tension (y) of the mercury (see — elec-
trocapillary curves) is a function of the potential (i.e., the
— surface charge, 6). When o = 0 y has a maximum
value, consequently the mercury drop will take a spher-
ical or round shape. When |g| > 0 y decreases, and the
drop tends to flatten.

mercury drop steel needle

Solution of K,Cr,0, and H,S0,

Beating mercury heart — Figure. The experimental arrangement

At the two different metals the following reactions
take place [ii]:

2Hg (1) + SO (aq) 2 Hg2S04 (surface film) + 2e”

1)
2— — 3
CI'207 + 14H-(+aq) + 6e” — 2Cr(:q) + 7H20(1) (2)
Fe(s) — Fe%:q) +2e” (3)
24 3+ -
Fe() ) > Feiy+e . (4)

At the iron surface an oxide-hydrate layer may develop.
Hg|Hg,SOy is the positive electrode (with excess pos-
itive charge on its surface), iron is the negative electrode
in the — galvanic cell formed. When the iron nail con-
tacts the mercury, as a consequence of the variation of
the shape of the Hg drop, the cell will be short-circuited.
Therefore, the electrons transferred from the iron to
the Hg|Hg,SO, electrode reduce the surface Hg,SO,4
film back to metallic mercury. The surface tension in-
creases again and the drop becomes rounder and it will
lose the direct contact with the iron nail, i.e., the short-
circuiting will be interrupted. Then, the whole process
starts again.
Refs.: [i] Summerlin LR, Ealy JL Jr (1985) Chemical demonstrations.
American Chem Soc, Washington, pp 93-94; [ii] Marques MI, Zhao Y,
Garcia N (1997) ] Phys Chem B 101:2333; [iii] Smolin S, Imbihl R (1996)
J Phys Chem 100:19055; [iv] Keizer ], Rock PA, Lin SW (1979) ] Am Chem
Soc 101:5637
GI

Beckman, Arnold Orville — (April 10, 1900, Cullom, Illi-
nois, USA - May 18, 2004, La Jolla, California, USA)
Earned his B.Sc. and M.Sc. degrees from the University
of Illinois. Received a Ph.D. from the California Insti-
tute of Technology in 1928. He founded what eventually
became Beckman Instruments in 1935 with the inven-
tion of the acidimeter which was later called a - pH me-
ter. Beckman developed also the UV-VIS (1940) and IR
spectrophotometers (1942) and the Helipot (helical po-
tentiometer) (1940) as well as a dosimeter (1942).
Refs.: [i] http://www.chemheritage.org/explore/Beckman/chptrl-9.htm;
[ii] http://www.beckman.com/hr/memorial/mem_news.asp; [iii] In-
zelt G (2005) J Solid State Electrochem 9:181

GI
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Behrend, Anton Friedrich Robert

(Dec. 17, 1856, Harburg, Germany - Sep. 15, 1926, Han-
nover, Germany) Ph.D. in organic chemistry, Leipzig
1881. In 1893, Behrend performed the first — poten-
tiometric titration (precipitation) in the laboratory of
— Ostwald, EW. in Leipzig, Germany. He titrated a mer-
cury(I) nitrate solution with chloride, bromide, and io-
dide ions [i] using a mercury electrode as — indicator
electrode. From 1894 to 1924 he was Professor of organic
and physical chemistry in Hannover. Behrend is also
well-known for the so-called Behrend rearrangement in
organic chemistry [ii].
Refs.: [i] Behrend R (1893) Z phys Chem 11:466; [ii] Stock JT (1992) ]
Chem Educ 69:197

1N

Becquerel, Antoine César

(© Collections Ecole Polytechnique)

(Mar. 8,1788, Chatillon-sur-Loing, France - Jan. 18, 1878,
Paris, France) French scientist, professor of physics at
the Museum of Natural History (Paris), developed the
“Constant Current Cell’, but received recognition for
this cell only in France whereas elsewhere the almost
identical cell is called — Daniell cell (= Daniell). Bec-
querel helped in validating — Faraday’s law, extensively
studied metal deposition in particular in metallurgy and

surface finishing. He published more than 500 papersin-
cluding studies on the electrocapillary effect and a text-
book on electrochemistry in 1843.
Refs.: [i] Magnusson M (ed) (1990) Chambers biographical dictionary.
We&R Chambers, Edinburgh; [ii] Crystal D (ed) (1998) The Cam-
bridge biographical encyclopedia. Cambridge University Press, Cam-
bridge; [iii] Becquerel AC (1843) Eléments délectro-chimie. Paris (Ger-
man translation: Becquerel AC (1848) Elemente der Electro-Chemie, ond
edn. Otto, Erfurt)

RH

Bending beam method — The principles of the “bend-
ing beam” (“bending cantilever”, “laser beam deflection”,
“wafer curvature”) method were first stated by Stoney [i],
who derived an equation relating the stress in the film
to the radius of curvature of the beam. The bending
beam method can be effectively used in electrochemi-
cal experiments, since the changes of the — surface stress
(Ag) for a thin metal film on one side of an insulator
(e.g. glass) strip (or a metal plate, one side of which is
coated with an insulator layer) in contact with an elec-
trolyte solution (— electrode) can be estimated from the
changes of the radius of curvature of the strip. If the
— electrode potential changes, electrochemical processes
resulting in the change of g can take place exclusively
on the metal side of the sample. The change in g in-
duces a bending moment and the strip bends. In case
of a thin metal film on a substrate if the thickness of
the film f¢ is sufficiently smaller than the thickness at of
the plate, t; > g, the change of g can be obtained by
an expression based on a generalized form of Stoney’s
equation

Ag=kA(1/R) , W

where k; depends on the design of the electrode [ii]. In
most cases

ki = Est?[6(1- 1) , (2)

where E;, 15, and R are Young’s modulus, Poisson’s ratio
and radius of curvature of the plate, respectively.

The derivation of Eq. (1) implies the assumption that
Ag = tiAoy, where Aoy is the change of the film stress.
(In principle, if there are both plastic and elastic contri-
butions to the total strain, the “generalized surface pa-
rameter” (y*) [iii] can be determined (— interfacial ten-
sion).)

According to Eq. (1), for the calculation of Ag the
changes of the reciprocal radius A (1/R) of curvature of
the plate must be known. The values of A(1/R) = Ag/k;
can be calculated, if the changes A8 of the deflection an-
gle 6 of a laser beam mirrored by the metal layer on the
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Berl reaction

position sensitive
photodetector

tical window
optical window (PSD)

solution

Bending beam method — Figure. Scheme of the electrochemical (op-
tical) bending beam setup

plate are measured using an appropriate experimental
setup as shown in Fig. 1 [iv]. The deflection can be deter-
mined also with other methods, e.g., with a — scanning
tunneling microscope [v-vi]. For the geometry shown the
following approximate equation can be derived for large
R and s, and small 6:

A( 1 ) N AG N Ab
R} 2ngs  2ngisw’

where s is the distance between the level of the solu-
tion in the cell (practically the lower end of the elec-
trode holder) and the reflection point of the laser beam
on the glass plate covered by a thin metal layer; w is the
distance between the electrode and the position sensi-
tive photo detector (PSD) and Ab is the change of the
position of the light spot on the PSD. (Equation (3) is
a good approximation only if the distance of the elec-
trode from the optical window can be neglected com-
pared to that of the PSD.) Since the laser beam is re-
flected inside the solution as shown in Fig. 1, and the
deflection is measured outside the cell (in the air), the
refractive index #;; of the solution also must be taken
into account [vii-viii]. Consequently, from Egs. (1) and
(3) at small deflections one obtains with good approxi-
mation the relation

kb
T 2ngsw

©)

A (4)

If the actual values of k; (or £, Es, vs), w, s, and ng; are
known, for the calculation of Ag only the experimental
determination of Ab is necessary.

Refs.: [i] Stoney GG (1909) Proc R Soc London A32:172; [ii] Mor-
cos I (1978) Specialist periodical reports electrochemistry, vol. 6. In:
Thirsk HR (ed) The Chemical Society. Burlington House, London,

pp 65-97; [iii] Trasatti S, Parsons R (1986) Interphases in systems of
conducting phases, Pure & Appl Chem 58:437; [iv] Ling GG, Ueno K,
Ujvdri M, Seo M (2000) ] Phys Chem B104:2785; [v] Ibach H, Bach CE,
Giesen M, Grossmann A (1997) Surf Sci 375:107; [vi] Haiss W (2001)
Rep Prog Phys 64:591; [vii] Lang GG, Seo M (2000) ] Electroanal Chem
490:98; [viii] Rokob TA, Ldng GG (2005) Electrochim Acta 51:93

GGL

Berl reaction — electroreduction reaction of dioxygen
(O7) resulting in the formation of hydrogen peroxide
(H,03) (in acidic solution) or hydrogen peroxide anions
(HO3) (in alkaline solutions).
Refs.: [i] Hoare JP (1974) In: Bard A] (ed) The Encyclopedia of the electro-
chemistry of the elements, vol. 2. Marcel Dekker, New York; [ii] Berl WG
(1943) Trans Electrochem Soc 83:253

RH

Berzelius, Jons Jacob

"\ (Courtesy of History of Technology
Division, Technical University of
Denmark)

(Aug. 20, 1779, near Linkoping, Sweden - Aug. 7, 1848,
Stockholm, Sweden). Berzelius was one of the founders
of modern chemistry [i, ii]. He studied about 2000 com-
pounds; discovered Ce, Se, Si, and Th; first used the
term “organic chemistry”; invented series of — elec-
tronegativities; suggested symbols for elements based on
Latin letters (which have been modernized later) and in-
vented modern chemical formulas; proposed the terms:
isomerism, allotropy, catalysis, protein, polymer, halo-
gen, and electronegative; proved law of definite pro-
portions; generated first accurate list of atomic weights.
Berzelius proposed ionic nature of chemical bonds that
are caused, according to his theory, by electrostatic at-
traction between two atoms if one of the atoms was
positively, and the other negatively charged. His par-
ticular contributions to electrochemistry include the
first electrolysis of salts and the invention of a mercury
cathode.
Refs: [i] Jorpes JE (1970) Jacob Berzelius, his life and work. University
of California Press, Berkeley; [ii] Ihde A] (1961) In: Farber E (ed) Great
chemists. Interscience Publishers, New York, pp 385-402

EK
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Besenhard, Jiirgen Otto

& B

(May 15, 1944, Regensburg, Germany — Nov. 4, 2006 in
Graz, Austria) Besenhard studied chemistry at the Uni-
versity of Munich where he also received his Ph.D. Since
that time he has dedicated his research to — lithium bat-
teries, and he became one of the pioneers in that field. In
1977 he was post-doc with Roger Parsons, and in 1986
he became Full Professor at the University of Miinster,
where he expanded his research activities to a very large
number of research topics from applied electrochem-
istry, and still maintained his activities in lithium elec-
trochemistry. In 1993 he became head of the Institute of
Chemistry and Technology at Graz University of Tech-
nology in Austria. Besenhard is the author or co-author
of more than 800 publications, 50 patents, and was edi-
tor of the ‘Handbook of Battery Materials’ [i].
Refs.: [i] Besenhard JO (ed) (1999) Handbook of Battery Materials.
Wiley-VCH, Weinheim; [ii] Obituary: Winter M (2007) ] Solid State
Electrochem

ES

Beta cell — (also called beta battery or sodium sul-
fur battery) is a high temperature secondary Na/f-
Al,O;/S battery cell. The anode metal Na is especially
attractive on account of its high electrode potential and
low atomic mass, which gives a high specific energy.
— B-alumina (Na,O-11A1,03) is an ideal solid elec-
trolyte with fast Na* conduction. The cell operates at
300 to 350 °C and exhibits improved performance com-
pared to ambient-temperature batteries, i.e., the ionic re-
sistivity of f-alumina at 300 °Cis 2 to 5 Q2 cm, compara-
ble to that of an aqueous NaCl solution. The cell must
be sealed to prevent reaction with water and air. The
preferred phase for battery operation with the highest
ionic conductivity is $”-alumina (typical composition
Nay 67Mgo.67Al10.33017). The beta cell uses a molten Na
cathode, the solid $”'-alumina electrolyte, and a molten
sulfur-sodium polysulfide mixture as the anode, respec-
tively. Discharge involves Na = Na* + e, followed

by diffusion of Na* through S”-alumina ceramic to
the cathode, where reduction of sulfur occurs in two
steps, i.e: 2Na* + 58 + 2¢” 2 Na,Ss, and ZNa* +
(1 - %) Na,Ss + Zs—xe_ 2 Na,Ss5_y, respectively. The first
reaction gives an open-circuit voltage of 2.08 V, whereas
the second reaction gives 2.08 to 1.76 V. A mixture of
Na,Ss and unreacted sulfur in the first stage is con-
verted to Na,Ss, and further reaction proceeds in a sin-
gle phase from Na, S5 to Na,Ss_« by addition of Na*. The
cell voltage decreases linearly with the Na composition
and the discharge is stopped at 1.76 V, corresponding to
the composition of Na,Ss.

Currently, the full size cell (energy density:
200 Whkg™, capacity: 15Ah) is designed for a cycle
of 5h discharge and 7h charging with a round-tip
efficiency of 76%. Individual cells have regularly shown
lives of 1000 to 2000 cycles. Better-quality, fine-grained
materials are now routinely produced, and it has been
found that the addition of ZrO; can refine the grain size
of the ceramic. Also, special sulfur electrode designs,
including the use of graded resistivity shaped graphite
felt current collectors (— carbon electrodes, subentry
— carbon felt electrode), have improved the rechargeabil-
ity of the sulfur electrode. 10 to 50 A h batteries are now
common. Newer beta cell designs comprise a flat solid
electrolyte disc concept instead of a tubular design. This
flat separator, typically 0.3 mm thick, offers uniform
discharge and excellent thermal conduction and allows
high specific power of 600 Wkg™' and 1.65 kW cm™
for a bipolar cell, i.e., a higher performance by a factor 5
to 6 compared to the cylindrical cell design.

Refs.: [i] Julien C (1997) Solid state batteries. In: Gellings PJ,
Bouwmeester HIM (eds) The CRC handbook of solid state electrochem-
istry. CRC Press, Boca Raton, pp 374-410; [ii] Braithwaite JW, Auxer WL
(2002) Sodium-beta batteries. In: Linden D, Reddy TB (eds) Handbook
of batteries, 3" edn. McGraw-Hill, New York, pp 40.00-40.31
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Beutner, Reinhard Heinrich

(Reproduced with permission
of: ‘Archiv zur Geschichte der
Max-Planck-Gesellschaft, Berlin-
Dahlem’)

(April 10, 1885, Berlin, Germany — April 15, 1964, Scran-
ton, PA, USA) Ph.D. 1908 at “Technische Hochschule
Karlsruhe” in the group of — Haber with studies on




46

Biamperometry

— solid electrolyte galvanic cells [i-ii]. Beutner studied
the — electromotive forces at interfaces of solid metals
with solid electrolytes, at that time a newly emerging
field of electrochemistry. Later he performed pioneer-
ing studies on electromotive forces at the interface of
aqueous and non-aqueous solutions [iii]. These stud-
ies were performed at the Rockefeller Institute, New
York, in the group of — Loeb. Beutner reported for the
first time series of electromotive forces at these inter-
faces for different electrolytes and different organic sol-
vents (— interface between two immiscible electrolyte so-
lutions). He published three important books [iii-v] and
held leading position in US Medical Research laborato-
ries [vi].
Refs.: [i] Beutner R (1908) Neue Galvanische Elemente (PhD thesis).
Druck von W Pilz, Berlin; [ii] Haber F (1908) Ann Phys 26:927, esp
pp 947 (together with R Beutner); [iii] Beutner R (1920) Die Entstehung
elektrischer Strome in lebenden Geweben und ihre kiinstliche Nachah-
mung durch synthetische organische Substanzen (The origin of elec-
tric currents in living tissues and their artificial simulation with the
help of synthetic organic compounds). Ferdinand Enke Verlag, Stuttgart;
[iv] Beutner R (1933) Physical chemistry of living tissues and life pro-
cesses. The Williams & Wilkins Company, Baltimore; [v] Beutner R
(1938) Life’s beginning on earth. The Williams & Wilkins Company,
Baltimore; [vi] Wufsing H (ed) (1999) JC Poggendor{f Biographisch-
Literarisches Worterbuch der exakten Naturwissenschaften, vol. 8,
Part 1. Wiley-VCH, Weinheim, p 384

FS

Biamperometry — Whereas in — amperometry the
— current is limited by the electrode process proceed-
ing at one — indicator electrode (and the — counter elec-
trode has no effect), in biamperometry the current flow-
ing between two indicator electrodes is measured, i.e.,
both electrodes can limit the overall current. This ap-
proach is useful in following some — titrations, and it
may lead to zero current (dead-stop) at the equivalence
point (dead-stop titration). Example: iodine in an iodide
solution is titrated with As(III). Two platinum electrodes
with a potential difference of around 100 mV prompt io-
dine to be reduced on one electrode and iodide being
oxidized at the other. The two processes maintain an al-
most constant current until the endpoint when iodine is
exhausted.
Refs.: [i] Foulk CW, Bawden AT (1926) ] Am Chem Soc 48:2045; Bard AJ,
Faulkner LR (2000) Electrochemical methods. Wiley, New York, p 439
ES

Bias — (of error) A measure of the — systematic error as-
sociated with an analysis. It is the difference between the
— population mean and the accepted or — true value [i].

Ref.: [i] Harris D (2002) Quantitative chemical analysis. WH Freeman,
New York
FG

Bifunctional mediator — is a — catalyst containing two
functional groups, both of which are involved in the
rate-controlling step. The corresponding catalytic effect
is larger that expected for catalysis by species containing
only one of these functional groups. See also — mediator.

VM

Biilmann, Einar Christian Saxtorp

(May 10, 1873, Frederiksberg, Copenhagen, Denmark -
Aug. 10, 1946, Copenhagen, Denmark) Biilmann started
to study medicine, but obtained a Master degree in
Chemistry in 1897. Later he became assistant of S. M. Jor-
gensen, a well-known coordination chemist. In 1904 he
obtained his doctorate for studies in organic chemistry.
Biilmann spent one year in the laboratory of Emil Fis-
cher in Berlin, and in 1907 he was appointed professor
of chemistry at the University of Copenhagen. Biilmann
is best known for the introduction of the — quinhydrone
electrode for — pH determinations.
Refs.: [i] Biilmann E (1921) Ann Chim 15:109; [ii] Stock JT (1989) ] Chem
Educ 66:910

ES

Bimetallic electrodes — electrode, materials, subentry
— bimetallic electrodes

BIMEVOX — (bismuth metal vanadium oxide) is a fam-
ily of — solid electrolytes with a high oxygen-ionic con-
ductivity, based on high-temperature polymorph of bis-
muth vanadate, y-Bis V,0Oy, stabilized by partial substi-
tution. The crystal structure of the BIMEVOX family be-
longs to the Aurvillius series and consists of alternat-
ing Bi, 03" and perovskite-like VO3~ layers, with oxy-
gen vacancies in the perovskite layers providing ion mi-
gration. Moderate — doping into the vanadium sites is
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BIMEVOX — Figure. Oxygen ionic conductivity of solid oxide elec-
trolytes at atmospheric oxygen pressure. See Ref. [ii] for details

necessary to stabilize the highly conductive y-BisV,0y;
lattice down to low temperatures [i,ii]. The — solid so-
lutions stabilized by partial substitution with transition
metal cations, such as Bi, Vi_,Me,O5 5_s (Me = Cu, Ni,
and 0.07 < x < 0.12), exhibit very high ionic conduc-
tion and oxygen ion — transport numbers close to unity
at temperatures below 900 K under oxidizing conditions
(see Fig. 1). Major disadvantages of bismuth vanadate-
based ceramics, limiting their application, include a low
mechanical strength, easy reducibility, and extremely
high chemical reactivity.
Refs.: [i] Vanier RN, Mairesse G, Abraham E Nowogrocki G (1994)
Solid State Ionics 70/71:248; [ii] Kharton VV, Marques FMB, Atkinson A
(2004) Solid State Ionics 174:135

VK

Binary electrolyte — An electrolyte consisting of anions
and cations with equal absolute charge numbers, e.g.,
KCI (1:1), MgSOy4 (2:2).
Ref.: [i] Newman ], Thomas-Alyea KE (2004) Electrochemical systems,
3" edn. Wiley Interscience, Hoboken, pp 110, 277, 299

FG

Biochemical standard potential — potential

Biocorrosion — The deterioration of solid materials, or-
ganic as well as inorganic by living organisms. These can

be higher organisms, like barnacles and mussels, and
also microorganisms [i-iii]. Microbial corrosion, or mi-
crobiologically influenced corrosion can be the result of
a direct attack of solid phases, e.g., the reduction of iron
oxides by Shewanella or Geobacter [iii] species, or it may
be the result of corrosive action of metabolites produced
by the microbes. Such metabolites may be inorganic or
organic acids (acidification) or also the production of
corrosive compounds like H,S under anaerobic condi-
tions. Biofilms on metals do not produce a new kind
of corrosion, but they affect the well-known corrosion
mechanisms and may change considerably the rate of
corrosion.
Refs.: [i] Heitz E, Flemming HC, Sand W (eds) (1996) Microbially influ-
enced corrosion of materials. Springer, Berlin; [ii] Dexter SC (2005) Mi-
crobiological effects. In: Baboian R (ed) Corrosion tests and standards,
ASTM manual 20, 2% edn. American Society for Testing and Mate-
rials, Philadelphia, pp 509-522; [iii] Dexter SC (2003) Microbiologi-
cally influenced corrosion. In: Corrosion fundamentals and protection,
ASM Handbook, vol. 13A. ASM International, Metals Park, pp 398-416;
[iv] Lovley DR, Giovannoni SJ, White DC, Champine JE, Phillips EJP,
Gorby YA, Goodwin S (1993) Arch Microbiol 159:336

ES

Bioelectrochemistry — is a discipline that includes all
aspects of the overlap of biology and — electrochem-
istry [i], including all electrochemical phenomena of liv-
ing cells and organisms, as, for instance, — nerve conduc-
tion, muscle contraction, membrane phenomena and
electrical organs. Whereas the modern, interdisciplinary
bioelectrochemistry was established by Giulio Milazzo
(1912-1993), the origin of bioelectrochemistry goes back
to — Galvani and — Volta.

In electrochemistry, the term bioelectrochemistry is
generally used to indicate electrochemistry of or in bio-
logical systems [ii]. Examples are: — enzyme electrodes,
— biofuel cells, - biosensors, — immunoassays, electro-
chemical — protein electrochemistry.

Refs.: [i] Caplan SR, Miller IR, Milazzo G (eds) (1995) Biochemistry:
General introduction. Birkhduser Verlag, Basel; [ii] Bard AJ, Strat-
mann M, Wilson GS (eds) (2002) Bioelectrochemistry. Encyclopedia of
electrochemistry, vol. 9. Wiley-VCH, Wertheim

us

Biofuel cells — also referred to as biochemical, or bio-
electrochemical — fuel cells, exploit biocatalysts for the
direct conversion of chemical energy to electrical energy.
Based on the nature of the biocatalyst, biofuel cells are
generally classified as enzymatic fuel cells and microbial
fuel cells [i]. Enzymatic fuel cells use purified enzymes to
catalyze the oxidation of substrates at the - anode and
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the reduction of an oxidant at the — cathode. Depend-
ing on the targeted substrate (fuel) the oxidative reac-
tions are usually catalyzed using dehydrogenases (e.g.,
lactate dehydrogenase, alcohol dehydrogenase, glucose
dehydrogenase) or oxidases (glucose oxidase GOx) [ii].
For the cathodic reaction various oxidases (cytochrome
oxidase, bilirubin oxidase), laccases (horseradish per-
oxidase), or peroxidases have been used to catalyse
the reduction of oxygen or hydrogen peroxide. Dif-
ferent strategies have been followed to immobilize the
biocatalysts to the fuel cell electrodes, including ad-
sorptive immobilization, cross-linking, and the embed-
ding in — conducting polymer matrices — polyaniline,
— polypyrrole). Electron transfer from the enzyme to the
electrode is achieved either via direct electron transfer
(DET) or mediated electron transfer (MET) [iii].

Based on the high specificity of enzymatic reactions
enzymatic fuel cells can be constructed compartment-
less, i.e., without a physical separation of the anodic and
the cathodic compartments. This allows miniaturization
of the devices, e.g., for biomedical (implantable) devices
and — biosensors [iii].

In microbial fuel cells living microorganisms serve
as biocatalysts for the conversion of chemical energy
to electricity. Since the majority of microorganisms are
electrochemically inactive some early microbial fuel
cells required the use of artificial electron-shuttling com-

Substrate
(Fuel)

CO,, H,0

> Anaerobic microorganism 7YY, Anode

Med®™*¢ \ricrobial redox mediator

d Electrocatalyst

pounds (mediators) such as thionine or neutral red
to be added to the bacterial solution in order to es-
tablish an — electron transfer to the fuel cell anode.
As the use of such redox mediators is technologically
impractical and environmentally questionable, the de-
velopment of mediator-based microbial fuel cell con-
cepts appears abandoned. Recent MFC types are typi-
cally “mediator-less”, i.e., they do not require artificial
redox mediators for their operation. The classification as
mediator-less, however, not exclude electron mediation
via microbial electron shuttling compounds [iv]. Differ-
ent electron transfer mechanisms have been identified
and used (Fig.), however, many mechanisms are still un-
der investigation.

Thus, electrons can be directly transferred (DET)
to the anode via the cell membrane (a) or via so-
called nanowires (b) [vi,vii]. Alternatively, mediated
electron transfer (MET) can take place via bacterial
electron-shuttling compounds [viii] or reduced sec-
ondary metabolites like, e.g., hydrogen, formate, or
ethanol [v, ix].

Refs.: [i] Bullen RA, Arnot TC, Lakeman JB, Walsh FC (2006) Biosens
Bioelectron 21:2015; [ii] Katz E, Shipway AN, Willner I (2003) Bio-
chemical fuel cells. In: Vielstich W, Gasteiger HA, Lamm A (eds) Hand-
book of fuel cells - Fundamentals, technology and applications. Fun-
damentals and survey of systems, vol. 1. Wiley, New York; [iii] Bar-
ton SC, Gallaway ], Atanassov P (2004) Chem Rev 104:4867; [iv] Lo-
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d
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Biofuel cells — Figure. Schematic illustration of identified electron transfer mechanisms in microbial fuel cells. Electron transfer via (a) cell
membrane-bound cytochromes, (b) electrically conductive pili (nanowires), (¢) microbial redox mediators, and (d) via oxidation of reduced

secondary metabolites [v]
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gan BE, Hamelers B, Rozendal R, Schroder U, Keller J, Freguia S, Ael-
terman B, Verstraete W, Rabaey K (2006) Environ Sci Technol 40:5193;
[v] Rosenbaum M, Zhao E Schréder U, Scholz F (2006) Angewandte
Chemie int Ed 45:6658; [vi] Bond DR, Lovley DR (2003) Appl Microbiol
Biotechnol 69:1548; [vii] Gorby YA, Yanina S, McLean JS, Rosso KM,
Moyles D, Dohnalkova A, Beveridge T], Chang IS, Kim BH, Kim KS,
Culley DE, Reed SB, Romine ME, Saffarini DA, Hill EA, Shi L, Elias DA,
Kennedy DW, Pinchuk G, Watanabe K, Ishii SI, Logan B, Nealson KH,
Fredrickson JK (2006) PNAS 103:11358; [viii] Rabaey K, Boon N, Ver-
straete W, Hofte M (2005) Environ Sci Technol 39:3401; [ix] Niessen ],
Schrader U, Rosenbaum M, Scholz F (2004) Electrochem Commun 6:571

uUs

Biosensors — Sense organs have developed during evo-
lution by adapting the organism towards the properties
of their environment. They recognize chemical signals
by the binding to structurally complementary receptor
areas followed by the transduction of this event into elec-
trical nerve impulses. The biosensors represent the tech-
nical counter part [i] by coupling the recognition by a bi-
ological recognition element, e.g., enzymes, antibodies,
nucleic acids, receptors, and recognition systems, e.g.,
organelles, cells, tissues, with a chemical or physical sen-
sor [ii] (Table). Different transducer types, e.g., electro-
chemical, optical, piezoelectric, thermal, or magnetic,
transfer the signal from the recognition part to the elec-
trical domain. Biosensors have been classified according
to the biological recognition mechanism or the mode
of signal transduction or, alternatively, a combination
of the two. The characteristic feature of the biosensor is
(according to the definition of IUPAC) the direct (spa-
tial) contact of the recognition element and the trans-
ducer [ii]. This integration leads to a compact functional

Biosensors — Table. Types of biosensors

Biochemical receptors [ Transducers
Biological: Electrochemical:
Enzymes Amperometric, potentiometric,
Antibodies Conductometric, capacitive
Receptors ISFET
Nucleic acids
Cells Optical:
Photometers, interferometers,
Biomimetic: refractometers, fluorimeters,
Aptamers luminometers
Ribozymes
Mechanical & Thermodynamic:
Thermistors, viscosimeters
Molecularly imprinted polymers | oscillating quartz crystals
(MIPs)
Magnetic:
Toroids

Biosensor
Microanalysis System (uTAS)

Biochip

unit which allows re-usage of the biological component
and miniaturization of the sensor body. These prop-
erties allow for online measurement and are the basis
of the combination of different recognition elements on
one transducer array resulting in the biochip (Figure).
Integration of the biochemical and electronic signal pro-
cessing have been realized in “intelligent biosensors” and
BioFETS, resp. The combination of the biosensor with
microfluidics and actuators on a chip has led to total mi-
croanalysis systems (LTAS).

The IUPAC definition may also be extended in re-
spect to biomimetic recognition elements, e.g., aptamers
and molecularly imprinted polymers, which are derived
from biology (Table).

On the other hand, biochemical tools used for analyt-
ical purposes which do not include sensor components
should not be assigned as a biosensor. This holds for
molecular or cellular recognition systems with biochem-
ical signal generation, e.g., allosteric enzymes, cells car-
rying a reporter gene and for bioassays or bio tests which
do not include a chemical or physical transducer [iii].
Furthermore, plain chemical sensors which do not con-
tain a biological recognition element, e.g., pH or oxygen
electrodes, do not fulfill the criteria of the IUPAC def-
inition in spite of the frequently used term “biological
sensor”. See also — enzyme electrode, — glucose sensor.
Refs.: [i] Thevenot DR, Toth K, Durst RA, Wilson GS (2001) Biosens Bio-
electron 16:121; [ii] Cammann K (1977) Fresenius Z Anal Chem 287:1;
[iii] Scheller E, Schubert F (1992) Biosensors. Elsevier, Amsterdam

FSche

Biosensors, conducting polymer based — Con-
ducting polymer based biosensors [i-xii] make use of the

Configuration
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Bipolaron

electrochemically induced polymerization of suitable
monomers such as pyrrole, N- and 3-substituted pyrrole
derivatives, thiophene, thiophene derivatives, aniline,
phenol and phenol derivatives, and azulene for the for-
mation of polymer films at electrode surfaces under si-
multaneous immobilization of suitable biological recog-
nition elements such as enzymes, antibodies, whole cells,
etc. Initially, main focus was directed on using the
formed conducting polymer films not only as immobi-
lization matrix but additionally as molecular cable for
fast electron transfer between redox sites within the bio-
logical recognition compound and the electrode. How-
ever, electron transfer between, e.g., polymer-entrapped
enzymes and the electrode via the ramified conduct-
ing polymer network was prevented due to the far dis-
tance between the prosthetic group isolated by the pro-
tein shell and the polymer network. In the case of multi-
cofactor enzymes exhibiting an internal fast electron
transfer pathway (e.g., quinohemoprotein alcohol de-
hydrogenase) a direct electron transfer via polypyrrole
chains was observed [xiii].
Refs.: [i] Zotti G (1992) Synthetic Metals 51:373; [ii] Bartlett PN,
Cooper JM (1993) ] Electroanal Chem 362:L [iii] Trojanowicz M,
Krawczynski T, Krawczynski vel T, Krawczyk (1995) Mikrochim Acta
121:167; [iv] Schuhmann W (1995) Mikrochim Acta 121:1; [v] Adeloju SB,
Wallace GG (1996) Analyst 121:699; [vi] Wallace GG, Smyth M, Zhao H
(1999) Trends Anal Chem 18:245; [vii] Cosnier S (1999) Biosensors ¢
Bioelectronics 14:443; [viii] Cosnier S (2000) Appl Biochem Biotech-
nol 89:127; [ix] Palmisano E Zambonin PG, Centonze D (2000) Fre-
senius’ | Anal Chem 366:586; [x] Gerard M, Chaubey A, Malho-
tra BD (2002) Biosensors & Bioelectronics 17:345; [xi] Vidal JC, Garcia-
Ruiz E, Castillo JR (2003) Microchim Acta 143:93; [xii] Trojanowicz M
(2003) Microchim Acta 143:75; [xiii] Ramanavicius A, Habermiiller K,
Csoregi E, Laurinavicius V;, Schuhmann W (1999) Anal Chem 71:3581
WSchu

Biosensors, reagentless — Reagentless biosen-
sors are biosensors in which all components neces-
sary for the overall sensing process are securely im-
mobilized on the transducer surface. Thus, reagent-
less biosensors do not use any free-diffusing compound
with exception of the analyte to be detected. Reagent-
less biosensors are mainly addressed in amperomet-
ric enzyme electrodes and imply an electrode archi-
tecture in which a suitable electron-transfer pathway
between an immobilized redox enzyme and the elec-
trode surface is tailored using either direct — elec-
tron transfer in monolayer arrangements based on
self-assembled monolayers or in redox-polymer based
biosensors in which charge transport is achieved by
means of electron hopping between polymer bound re-
dox relays.

Refs.: [i] Heller A (1990) Acc Chem Res 23:128; [ii] Kulys ], Bilitewski U,
Schmid RD (1991) Anal Lett 24:181; [iii] Heller A (1992) ] Phys Chem
96:3579; [iv] Schuhmann W, Kranz C, Huber ], Wohlschlager H (1993)
Synth Met 61:3L; [v] Schmidt HL, Schuhmann W (1996) Biosens Bioelec-
tron 11:127; [vi] Schuhmann W (2002) Rev Mol Biotechnol 82:425
WSchu

Bipolaron — Bipolarons are double-charged, spinless
quasiparticles introduced in solid state physics [i].
A bipolaron is formed from two — polarons (charged
defects in the solid). For chemists the double-charged
states mean dications or dianions, however, bipolarons
are not localized sites, they alter and move together with
their environment. By the help of the polaron-bipolaron
model the high conductivity of — conducting polymers
can be explained.

The interaction of polarons produce bipolarons
which are uncorrelated charged — solitons, e.g., in
— polyacetylene, and correlated dications, e.g., in
— poly(p-phenylene) [i]. The bipolarons can take part in
both the intrachain and interchain — charge transport in
conducting polymers, which is called spinless conduc-
(doping) levels creating bipolaron bands within the gap
of the valence and conducting bands. At high doping lev-
els the electronic structure of the polymer entirely differs
from that of the original polymer, and the charged de-
fects overlap spatially along the polymer chain. It causes
an elimination of the energy gap between occupied and
unoccupied states.

Refs.: [i] Chance RR, Boundreaux DS, Brédas J-L, Silbey R (1986) Soli-
tons, polarons and bipolarons in conjugated polymers. In: Skotheim TA
(Ed) Handbook of conducting polymers, vol. 2, Marcel Dekker, p 825;
[ii] Inzelt G (1994) Mechanism of charge transport in polymer-modified
electrodes. In: Bard AJ (Ed) Electroanalytical chemistry, vol. 18, Marcel
Dekker; [iii] Lyons MEG (1994) Charge percolation in electroactive poly-
mers. In: Lyons MEG (ed) Electroactive polymer electrochemistry, Part 1,
Plenum, New York, p 1

GI

Bipolar electrode — An electrode shared between two
neighboring electrolysis cells, this way acting as anode in
one and as cathode in the second cell. Useful if cells are
series-coupled, since the electrode material itself forms
the interconnection between cells. Applied preferably in
— secondary batteries, in — fuel cells, and in — alkali chlo-
ride electrolysis.

PG

Bipotentiometry — Whereas in — potentiometry the
— potential of one — indicator electrode is measured ver-
sus the constant potential of a — reference electrode, in
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bipotentiometry the potential difference between two
indicator electrodes is measured. This approach is es-
pecially useful in following — titrations provided that
the response of the two indicator electrodes differs and
that difference should be largest at the equivalence point.
The two indicator electrodes may be made from differ-
ent materials (metals), or in some cases it is sufficient
to have two electrodes of the same metal; however, with
different surface layers.
Refs.: [i] Kékedy L (1975) Rev Anal Chem (Tel Aviv) 3:27; [ii] Schu-
macher E, Umland F (1977) Mikrochim Acta 449:60; [iii] Schumacher E,
Umland F (1981) Neue Titrationen mit elektrochemischer Endpunk-
tanzeige. In: Bock R, Fresenius W, Giinzler H, Huber W, Tolg G (eds)
Analytiker Taschenbuch, vol. 2. Springer Verlag, Berlin, pp 197

ES

Bipotentiostat — An instrument that can control the
potential of two independent — working electrodes.
A — reference electrode and an — auxiliary electrode are
also needed; therefore the cell is of the four-electrode
type. Bipotentiostats are most often employed in electro-
chemical work with — rotating ring-disk electrodes and
— scanning electrochemical microscopes. They are also
needed for monitoring the electrode-reaction products
with probe electrodes that are independently polarized.
All major producers of electrochemical equipment offer
this type of — potentiostat. The instruments that can con-
trol the potential of more than two working electrodes
are called multipotentiostats.
Refs.: [i] Bard AJ, Faulkner LR (2000) Electrochemical methods. Wiley,
New York; [ii] http://www.ijcambria.com/CHI700C_series_
%20bipotentiostats.htm

ZS

Biradical (or diradical) — An even-electron — molecular
entity with two (possibly delocalized) — radical centers
which act nearly independently of each other, e.g.,

Cl

(CH)),C

1,

Cl

Cl

Species in which the two radical centers interact sig-
nificantly are often referred to as “biradicaloids” If the
two radical centers are located on the same atom, the
species are more properly referred to by their generic
names: carbenes, nitrenes, etc. The lowest-energy triplet

state of a biradical lies below or at most only a little above
its lowest singlet state (usually judged relative to kg T, the
product of the — Boltzmann constant, kg, and the abso-
lute temperature, T). The states of those biradicals whose
— radical centers interact particularly weakly are most
easily understood in terms of a pair of local doublets.
Theoretical descriptions of low-energy states of biradi-
cals display the presence of two unsaturated valences (bi-
radicals contain one fewer bond than permitted by the
rules of valence): the dominant valence bond structures
have two dots, the low-energy molecular orbital config-
urations have only two electrons in two approximately
nonbonding molecular orbitals, two of the natural or-
bitals have occupancies close to one, etc.
Ref.: [i] Muller P (1994) Pure Appl Chem 66:1077

WK

Bismuth electrode (or bismuth-bismuth oxide elec-
trode) - pH-sensitive electrodes

Bismuth film electrodes — The development of reli-
able non-mercury electrodes is considered a major chal-
lenge for electroanalysis. Bismuth-film electrodes offer
an attractive alternative to the use of mercury-coated
electrodes in — stripping voltammetry of trace metals,
with an attractive analytical performance. Bismuth-film
electrodes offer a well-defined, undistorted and highly
reproducible response, excellent resolution of neigh-
boring peaks, high hydrogen evolution, with signal-to-
background characteristics comparable to those of com-
mon mercury electrodes. Among the alternative (‘non-
mercury’) electrodes, the bismuth one thus offers the
closest stripping-voltammetric performance to mercury.
Such favorable stripping behavior of bismuth electrodes
reflects the ability of bismuth to form ‘fused’ alloys with
heavy metals.

The design of the bismuth electrode plays a major role
in the resulting stripping performance. In most cases,
a carbon substrate is used to support the bismuth film.
A variety of - carbon electrodes, of different sizes and ge-
ometries, can be used (with the majority of studies em-
ploying a glassy carbon disk). Such films can be prepared
ex-situ (preplated) or in-situ (by adding 0.25-1.0 ppm
bismuth(III) directly to the sample solution, and simul-
taneously depositing the target heavy metals and bis-
muth).

Different versions of stripping analysis have been suc-
cessfully employed in connection to bismuth-film elec-
trodes. While most early studies have been devoted
to conventional stripping-voltammetric measurements,
recent activity expanded the scope of bismuth elec-
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Bismuth oxide

trodes to adsorptive- and potentiometric stripping ex-
periments.
Refs.: [i] Wang ], Lu ], Hocevar S, Farias P, Ogorevc B (2000) Anal Chem
72:3218; [ii] Economou A (2005) Trends Anal Chem 24:334; [iii] Wang ]
(2005) Electroanalysis 17:1341

I\

Bismuth oxide — Bismuth (Bi) forms a variety of ox-
ide compounds with the Bi cations oxidation state from
+2 to +5 [i, ii]. Bismuth oxides, particularly Bi, O3, have
numerous applications as components of ceramic ma-
terials, glasses, and films having specific electrical and
electrochemical properties (— solid electrolytes, — mixed
ionic—electronic conductors, — electrochromic devices,
high-temperature superconductors, various coatings,
glass-ceramic sealants etc.). One attractive phenomenon
relates to the very high oxygen-ionic conductivity of
the high-temperature polymorph of bismuth (III) oxide,
§-Bi, O3, which has a disordered cubic fluorite-like lat-
tice and forms at temperatures above 978-1013 K [i, iii].
The level of oxygen-ionic transport in undoped 8-Bi, O3
is highest among known oxygen — ion conductors. The
stabilization of the §-Bi,O; phase down to moderate
temperatures can be achieved by substitution of bismuth
with rare-earth dopants, such as Y, Dy, or Er, and their
combinations with higher-valence cations, such as W or
Nb. The maximum conductivity in the binary systems
is observed for Er- and Y-containing phases, namely
Bil_xEI'xOL5 (.X ~ 020) and Bil_xYxOLS (.X = 0.23-
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Bismuth oxide — Figure. Comparison of the — electrolytic domain
boundaries for solid oxide electrolyte materials. See ref. [iv] for details

0.25). However, either binary or ternary — solid solu-
tions with disordered fluorite structure are metastable at
temperatures below 770-870 K, exhibiting a slow phase
decomposition and a decrease in the conductivity with
time. Other disadvantages of Bi,O3-based solid elec-
trolytes include a low stability towards reduction (see
Figure), high thermal expansion and chemical reactivity,
and a significant electronic transport. Bismuth oxide is
also a component of other ion-conducting phases, such
as -~ BIMEVOX.
Refs.: [i] Kharton V'V, Naumovich EN, Yaremchenko AA, Marques FMB
(2001) J Solid State Electrochem 5:160; [ii] http://www.marketresearch.
com/map/prod/1190139.html; [iii] Sammes NM, Tompsett GA, Nafe H,
Aldinger F (1999) ] Europ Ceram Soc 19:1801; [iv] Kharton V'V, Marques
FMB, Atkinson A (2004) Solid State Ionics 174:135

VK

Bjerrum, Niels Janniksen

(© Morten J. Bjerrum)

(Mar. 11, 1879, Copenhagen, Denmark - Sep. 30, 1958,
Copenhagen, Denmark) Bjerrum studied chemistry in
1905 in Leipzig (Germany), 1907 in Zurich (Switzer-
land), 1910 in Paris (France), and 1911 in Berlin (Ger-
many). Full doctorate in 1908, University of Copenhagen
(Denmark). 1914-1949 Professor at the Royal Veteri-
nary and Agricultural College in Copenhagen. Bjerrum
worked on protolysis equilibria [i], amphoteric elec-
trolytes, indicators, activity coeflicients of concentrated
electrolytes [ii], heat capacity of gases, infrared spec-
troscopy, colloid chemistry, kinetic theory, salt effects in
kinetics, and complex formation equilibria. Bjerrum in-
troduced the — log c-pH diagrams [iii]. In 1909 he was
the first to suggest that strong electrolytes are completely
dissociated, which was strongly debated by — Arrhenius.
On the basis of spectroscopic evidence he attributed the
conductivity changes to interionic forces. He also cor-
roborated the theory of ion-pair formation (association
of ions) [iii]. For more biographical details see [iv, v].
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Refs.: [i] Bjerrum N (1914) Die Theorie der alkalimetrischen und
azidimetrischen Titrierungen. Verlag von Ferninand Enke, Stuttgart;
[ii] Bjerrum N (1918) Z Elektrochem 24:32I; [iii] Bjerrum N (1915)
Sammlung chemisch und chemisch-technischer Vortrige 21:1; [iv] Bjer-
rum N (1926) K dansk vidensk Selsk 7 No 9; [v] Nielsen AK (2001) Dansk
Kemi 82:38; [v] Brosset C, Sillén LG (1958) Svensk Kem Tidskr 70:432;
[vi] Nielsen AK (ed) (2004) Niels Bjerrum (1879-1958). Liv og veerk. The
Danish Society for History of Chemistry, Copenhagen

FS

Blank determination — A process in which all steps of
an analysis are performed in the absence of the - ana-
Iyte [i].
Ref.: [i] Skoog D, West D, Holler E Crouch SR (2003) Fundamentals of
analytical chemistry, 8" edn. Brooks/Cole, Belmont

FG

Blocking boundary/interface (also called “reflective
boundary”) — A conducting media contains mobile
charge carriers which are not bound to a certain spa-
tial region and may be transported to distances well be-
yond the molecular scale, contrary to bound charges
(induced or permanently existing) which can only be
displaced at the molecular scale under the influence of
an external electric field. The mobile charges can be of
ionic or electronic type (the latter includes “free” elec-
trons in metals, hopping electrons, or — holes in semi-
conductors, delocalized charged segments of a conduct-
ing polymer matrix called — polarons and — bipolarons,
or cation-radicals and dications, etc.). This conduct-
ing phase forms boundaries with other media (which
may also be conducting or insulating). Frequently, such
a boundary is “blocking’, i.e., it does not allow an ex-
change by charged species across the — interface and
consequently the passage of a — faradaic current. It is
usually the case of an interface between a conducting
and an insulating phase (or two insulating ones). This
situation may also occur at the contact of two conduct-
ing media which possess mobile charge carriers of dif-
ferent types. Important examples are: electronic conduc-
tor (metal, semiconductor... )|electrolyte solution (with-
out solute electroactive species), two ionic conductors
with different types of mobile ions in these phases, in-
terface of two immiscible liquids (each liquid must con-
tain “specific” ions which cannot penetrate in significant
amounts into another phase). The concept of a blocking
interface may also be applicable for a contact of two me-
dia having one or several corresponding mobile charge
carriers so that one could theoretically expect an — elec-
tron or/and — ion transfer across the boundary but in
practice this exchange is so slow due to an interfacial

barrier that it can be disregarded (a thin insulating layer

between two electronic conductors, an adsorbed layer of m

nonpolar molecules for the ion exchange...).

An important example of a system with a blocking
boundary is an electrode coated with a conducting layer
(whose thickness is sufficiently great compared to the in-
ternal Debye screening length) in contact with a solution
if the film|solution boundary does not allow the interfa-
cial exchange of the electroactive species diffusing inside
the layer. The nonstationary distribution of this species
inside the layer corresponds to — finite diffusion prob-
lem. Its solution for the film with a blocking external
boundary and with the concentration modulation at the
electrodelfilm contact in the course of the passage of an
alternating current results in one of two expressions for
“finite-Warburg impedance” for the contribution of the
layer: Zjayer = 74(C(0)) ! coth(iwt4)"/?/ (iw74)"/? con-
taining the characteristic — diffusion time, Ty = L*/D
(L, layer thickness, D, — diffusion coefficient), and the
low-frequency capacitance, C(0) = dQ/dE, this deriva-
tive being equal to the ratio of the charge, dQ, to pass
through the circuit to change the equilibrium concentra-
tion of electroactive species inside the film, to the small-
amplitude change of the external potential, dE.

Ref.: [i] Retter U, Lohse H (2005) Electrochemical impedance spec-
troscopy. In: Scholz F (ed) Electroanalytical methods. Springer, Berlin
MAV

Blodgett, Katharine Burr — (Jan. 10, 1898 Schenectady,
NY., USA - Oct. 12, 1979, Schenectady, N.Y., USA)
Katharine Blodgett attended the Bryn Mawr College,
a womenss college in Pennsylvania, where she received
a degree in physics. - Langmuir, whom she met at a visit
of the General Electric Company, encouraged her to
continue her education and aim at a position at GE.
In 1917 she entered the University of Chicago and in
1918 she received a MS. Langmuir hired her as his as-
sistant at GE, and in 1924 she was accepted at Sir Ernest
Rutherford’s Cavendish Laboratory. In 1926 she was the
first woman to receive a Ph.D. in physics from the Uni-
versity of Cambridge. In 1926 she returned to GE to
continue her work with Langmuir. Langmuir had pre-
viously developed a technique to transfer monolayers
from a water surface to a metal plate. Blodgett developed
the technique for multilayer films which are now known
as - Langmuir-Blodgett films [i, ii].
Refs.: [i] Blodgett KB (1932) ] Am Chem Soc 57:1007; [ii] Blodgett KB,
Langmuir I (1937) Phys Rev 51:964

FS

Bockris-Devanathan-Miiller model — double-layer
models
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Bode plot

Bode plot — Experimental data for complex
— impedance, Z, measured for a set of — frequency
values, w = 27 f (f, in hertz), may be analyzed with the
use of various coordinates. One of the most popular
treatments is based on Bode plots: the absolute value of
Z (“magnitude of impedance”) and its argument (“phase
angle”), |Z| and arg Z (or their logarithms), respectively,
are presented as a function of the decimal logarithm
of frequency, log f (called “Bode magnitude and Bode
phase plots”). Sometimes, the same terminology is
used for similar graphs for other complex character-
istics, - admittance: Y = Z~', complex capacitance:
C(w) = Y(w)/iw or C(w) = (iw (Z(w) — R(0)))7},
R(0) being the high-frequency limit of impedance,
e.g., |C| and arg C as functions of log f.
Refs.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods. Wiley,
New York; [ii] Retter U, Lohse H (2005) Electrochemical impedance spec-
troscopy. In: Scholz F (ed) Electroanalytical methods. Springer, Berlin;
[iii] Barsoukov E, Macdonald JR (ed) (2005) Impedance spectroscopy.
Theory, experiment, and applications. Wiley, Hoboken

MAV

Bois-Reymond, Emil Heinrich du

(Nov. 7, 1818, Berlin, Germany - Dec. 26, 1896, Berlin,
Germany) The son of a family of French refugees in Ger-
many; studied theology, philosophy, mathematics, geol-
ogy, and finally medicine in Berlin and Bonn. In 1843 he
wrote his doctoral thesis about the understanding the
old Greeks and Romans had of electric fishes. In 1845
founded together with EW. von Briicke and H. Dove
the Physical Society in Berlin. In 1846 he finished his
habilitation as physiologist, became in 1855 extraordi-
nary Professor, and in 1858 full Professor of Physiol-
ogy at the University of Berlin. Throughout his life du
Bois-Reymond studied electric phenomena in the living
world and he is regarded as one of the founders of — elec-
trophysiology.
Ref.: Beneke K (1999) Mitteilungen der Kolloid-Gesellschaft 8:92

FS

Boltzmann, Ludwig Eduard

(Feb. 20, 1844, Vienna, Austria — Sep. 5, 1906 in Duino,
Austro-Hungarian Empire, now Italy) is justly famous
for his invention of statistical mechanics. At different
times in his life he held chairs in theoretical physics at
Graz, and in mathematics at Vienna. He also lectured in
philosophy. His principal achievement, and the trigger
for innumerable vitriolic attacks from the scientific es-
tablishment, was his introduction of probability theory
into the fundamental laws of physics. This radical pro-
gram demolished two centuries of confidence that the
fundamental laws of Nature were deterministic. Aston-
ishingly, he also introduced the concept of discrete en-
ergy levels more th an thirty years before the develop-
ment of quantum mechanics.

Among Boltzmann’s discoveries were the logarith-
mic law connecting entropy and probability, the Stefan-
Boltzmann law giving the energy flux emitted by a black
body at temperature T, the Maxwell-Boltzmann for-
mula for the distribution of molecular speeds in a gas,
and the Boltzmann distribution formula for the frac-
tional number of particles occupying discrete energy
levels in a closed system at equilibrium. In 1906, while on
holiday with his wife and daughter at the Bay of Duino,
near Trieste, he hanged himself. A version of the entropy
formula that he inspired, viz.

S:th’lW

is engraved on his tombstone. Here, S is the — entropy,
kg is the — Boltzmann constant, and W is the number of
possible microstates corresponding to the macrostate of
the system.

“When a true genius appears in the world, you may
know him by this sign, that the dunces are all in confed-
eracy against him.” Jonathan Swift, Thoughts on Various
Subjects (1706).

SE

Boltzmann constant — (k or kg) is the physical constant
relating the thermal energy of an equilibrium system
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(per accessible degree of freedom) to the practical ther-
mometric temperature scale (based on absolute zero and
the triple point of water). Its units are joules per kelvin.
Although widely attributed to Boltzmann, it was actu-
ally Max — Planck who first introduced the symbol k,
and gave an accurate value for it, in his famous deriva-
tion of the law of black body radiation [i]. The 2006 CO-
DATA recommended value [ii] of k is 1.3806504(24) x
1072 JK ™.
Refs.: [i] Planck M (1901) Annalen der Physik, 4:553; [ii] Mohr PJ, Tay-
lor BN, Newell DB (2007) The 2006 CODATA Recommended Values of
the Fundamental Physical Constants (Web Version 5.0)

SF

Boltzmann distribution — The Boltzmann distribution
describes the number N; of indistinguishable particles
that have energy E;, after N of them have been indepen-
dently and identically distributed among a set of states i.
The probability density function is

Ni _giexp(=Ei/ksT)

N Z(T) ’ M

where kg is the Boltzmann constant, T is the thermo-
metric temperature (assumed uniform), g; is the num-
ber of states having energy E; (ie., the degeneracy of
the states), and Z(T) is the partition function (Zustand-
summe). An important insight from the Boltzmann dis-
tribution is that the energy in a collection of molecules at
equilibrium is not distributed uniformly, it is distributed
exponentially. This means that a small fraction of the
molecules have energies that are very much higher than
the average.

SE

Born, Max

(© The Nobel Foundation)

(Dec. 11, 1882, Breslau, Germany, now Wroctaw, Poland,
- Jan. 5, 1970, Gottingen, Germany) He studied in
Breslau, Heidelberg, Zurich, Cambridge, and Géttin-
gen, first law and philosophy, later mathematics (among

his teachers were Felix Klein, David Hilbert and Her-
mann Minkowski), and finally physics and astronomy
(under Karl Schwarzschild). He received his Ph.D. in
1907 and habilitation in 1909 at the University of Got-
tingen. In 1919, after a period in the German army, he
became a professor at the University of Frankfurt am
Main, and then professor at Géttingen in 1921. In 1920
he showed that the free energy of solvation of an ion
had a very simple dependence on the ionic charge, the
ionic radius, and the dielectric constant of the solvent [i].
In 1926, in collaboration with Robert Oppenheimer, he
propounded the now-famous “Born-Oppenheimer ap-
proximation” which provides the foundation for nearly
all modern computational studies of chemical binding
and reactivity [ii]. Finally, throughout the same period,
he maintained a famous correspondence with — Ein-
stein, in which he argued in favor of his (Born’s) statisti-
cal interpretation of the wavefunction in quantum me-
chanics. Born belatedly received the Nobel Prize for this
work in 1954 [iv]. Tragically, Born was forced to leave
Gottingen in 1933 because of his Jewish descent. In 1935-
1936 he worked for six months in Bangalore at the In-
dian Institute of Science with C. V. Raman. From 1936 to
1953 he stayed in Edinburgh, Scotland, as Tait Professor
of Natural Philosophy. Following his retirement he re-
turned to Germany, where he died in 1970 [vi]. See also
— Born equation, - Born-Haber cycle, -~ Born-Mayer
equation, and — Born solvation energy.
Refs.: [i] Born M (1920) Z Phys 1:45; [ii] Born M, Oppen-
heimer JR (1927) Ann Phys 84:457; [iii] Born M (1954) The
statistical interpretation of quantum mechanics. Nobel Lecture;
[iv] http://nobelprize.org/index.html; [vi] Thorndike Greenspan N
(2005) The end of the certain world. The life and science of Max Born.
The Nobel physicist who ignited the quantum revolution. Basic Books
(German translation: Thorndike Greenspan N (2006) Max Born -
Baumeister der Quantenwelt. Elsevier, Miinchen)

FS, SF

Born equation — This equation gives the free energy
of a sphere of charge ze and radius r, immersed in
amedium of permittivity, ¢, relative to the gaseous ion as
the reference state. The solvent is assumed to be a contin-
uum, and no specific solvent-solvent or solvent-ion in-
teractions are considered. This assumption is inadequate
in aqueous solution, however, on the basis of the - Gibbs
energy that can be calculated by the Born equation [i],
a useful approximation of the relative hydration of ions
can be made:

Nz e? 1
AGS:—ﬂ(l )
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Born-Haber's cycle

& is the — permittivity of the vacuum; ¢, is the — dielec-
tric constant of the medium; z is the charge of the ions;
e is the — elementary electric charge; Ny is the Avogadro
constant.

AG; is also referred to as the free energy of - solva-
tion of the ions in the respective medium. The Born en-
ergy (AG;) required to transfer one mole of ions from
one phase with dielectric constant ¢; into another phase
of dielectric constant €5, is given by [ii]:

AGS:_NAzzeZ (1 1 ) .

8megr \& &

The last equation, with several correction factors, has
been used to accurately calculate the solvation energies
of spherically distributed charges [iii], and to nonspheri-
cal charged and polar groups [iv, v]. Those equations are
known as Modified Born Equations [iv-vi]. It is worth
noting that the Born equation has been also used by
Marcus for the description of the kinetics of the outer-
shell electron transfer [vii, viii].
Refs.: [i] Born M (1920) Z Phys 1:45; [ii] Marcus Y (1997) Ion proper-
ties. Marcel Dekker, New York; [iii] Rashin AA, Honig B (1985) ] Phys
Chem 89:5588; [iv] Stilly WC, Tempczyk A, Hawley RC, Hendrickson TA
(1990) ] Am Chem Soc 112:6127; [v] Rashin AA (1990) ] Phys Chem
94:1725; [vi] Shoichet BK, Leach AR, Kuntz ID (1999) Proteins 34:4;
[vii] Marcus RA (1977) Theory and application of electron transfer at
electrodes and in solutions. In: Rock PA (ed) Special topics in electro-
chemistry. Elsevier, Amsterdam, pp 61; [viii] Millery CJ (1995) Hetero-
geneous electron transfer kinetics at metallic electrodes. In: Rubinstein I
(ed) Physical electrochemistry. Marcel Dekker, New York, pp 46-47

RG

Born-Haber’s cycle — Hess’s law establishes that the en-
thalpy of a reaction is the same independently whether
the reaction proceeds in one or several steps. It is a con-
sequence of the first law of thermodynamics, which
states the conservation of energy. — Born and — Haber
applied Hess’s law to determine the — enthalpy of forma-
tion of an jonic solid. The formation of an jonic crystal
from its elements according to Born-Haber’s cycle can
be represented by the following diagram.
It is necessary that

AHf:AHAM +AHAx+AHEI + AHpg + Uy .

The terms AHaym and AHax constitute the enthalpies
of atomization of the element and the nonmetal re-
spectively, AHg; is the ionization enthalpy of the metal,
AH,g is the ionization enthalpy of the nonmetal, and
U, is the lattice energy. For gaseous diatomic nonmetals,
AH,x is the enthalpy for dissociation (i.e., bond energy

M(g) > Mng)
A
+
?(g) > j(g)
M(s) +%X2(-v) > MX(S)

Born-Haber’s cycle — Figure

plus RT) of the diatomic molecule. In the cases of metals
evaporated to form monatomic gases, AHuy is identical
to the sublimation energy. If the sublimation takes place
for a diatomic molecule, M, then it is necessary to in-
clude the enthalpy of reaction.
Ref.: [i] Huheey JE (1972) Inorganic chemistry, principles of structure and
reactivity. Harper ¢ Row, New York

MBS

Born-Mayer equation — This equation predicts the lat-
tice energy of crystalline solids [i]. It is based on a simple
model, in which the attraction and repulsion for a given
arrangement of ions is calculated. The Born-Mayer en-
ergy (Eg-wm) is given by [i]:

Nae?A d*
Ep y = Nae Azazp (1 ) ,

4meyd, Cd,

4 @

where ¢, is the — permittivity of the vacuum; z, is the
charge of the ions “A”, while zg is the charge of the ions
“B”; e is the — elementary electric charge; N is the Avo-
gadro constant; A is the Madelung constant (which re-
sults from large positive and negative Coulomb interac-
tions); d,, is the distance between the cations and anions
(in Angstroms); d* is the exponential scaling factor for
repulsive term (0.345 x 107" m).
Ref.: [i] Born M, Huang K (1954) Dynamical theory of crystal lattices.
Oxford University Press, Oxford

RG

Born solvation energy — Born equation

Boron-doped diamond electrodes — Electrode mate-
rial made from synthetic diamond (— diamond elec-
trode) for example via vapor deposition techniques. In
an atmosphere of methane (as a carbon source) and hy-
drogen (as etchant) at ca. 600 °C diamond seeds tend
to grow whereas graphitic carbon deposits are etched
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away. As a result thin polycrystalline films of diamond
are grown (with a growth rate of ca. 1 to 10umh™) di-
rectly onto suitable substrates (silicon, niobium, tung-
sten, etc.). By introducing traces of boron into the gas
phase (e.g., B,Hg or trimethylborate), effective boron-
doping of the diamond is achieved. At a boron-doping
level of ca. 10* cm™ a blue-black diamond material
with good electrical conductivity and unique electrode
characteristics is obtained [i-iii]. At lower doping lev-
els p-type — semiconductor characteristics are observed.
The diamond electrode surface is mechanically inert (to-
wards polishing, or cavitation under exposure to ultra-
sound) and chemically inert (towards aggressive chem-
icals and under extreme polarization).

Applications of this electrode material include (i) the
anodic formation of hydroxyl radicals, (ii) the anodic
formation of ozone and peroxo species, (iii) waste degra-
dation in aqueous solution (hazardous and a range of
organic wastes have been broken down without toxic
intermediates), (iv) as a mechanically robust electrode
for solid state electrochemistry or in the presence of
power ultrasound, (v) as a dimensionally stable elec-
trode, (vi) as a IR and Vis transparent electrode material,
and (vii) as an inert substrate for electro-catalysts.

Refs.: [i] Pleskov YV (2002) Russ ] Electrochem 38:1275; [ii] Swain GM,
Anderson AB, Angus JC (1998) MRS Bull 23:56; [iii] Rao TN, Ivan-
dini TA, Terashima C, Sarada BV, Fujishima A (2003) New Diamond
Frontier Carbon Technol 13:79

M

Bottger, Wilhelm Carl

(Universititsarchiv Leipzig)

(Oct. 2, 1871, Leising, Germany - Oct. 23, 1949, Han-
nover, Germany) From 1893 to 1895 Bottger studied
pharmacy in Leipzig. He continued by studying chem-
istry in the institute of - Ostwald, FW. and devoted his
further work to electrochemistry. His Ph.D. (1897) con-
cerned the “application of the — electrometer asindicator
for acid and base titrations”. Following a one-year assis-
tantship in Goéttingen (with Otto Wallach) he returned

to the Ostwald institute and habilitated in 1903 for an-
alytical and physical chemistry. In 1904/05 he was Re-
search Associate at the Institute of Technology, Boston,
USA (with A. A. Noyes). In 1910 he became extraordi-
nary Professor at the University of Leipzig and from 1922
until his retirement he was ‘ordentlicher Honorarprofes-
sor’ (full honorary Professor) and chief of the chemical
department of the Institute of Physical Chemistry [i].
Three years following the first potentiometric precipi-
tation titration by — Behrend, Bottger performed the
first potentiometric acid-base titration [ii]. Bottger con-
tributed to the establishment of potentiometric analysis
and further development — electrogravimetry [iii].
Refs.: [i] Brennecke E (1950) Angew Chem 62:279; [ii] Bittger W
(1897) Z Physik Chem 24:253; [iii] Bottger W (1949) Elektroanalyse. In:
Physikalische Methoden der Analytischen Chemie. Bottger W (ed) 2"
part, Geest & Portig, Leipzig, pp 315

FS

Bottcher’s accumulator — This was an — accumulator
with a lead and a zinc electrode in a zinc sulfate elec-
trolyte. Upon discharge zinc ions are reduced to the
metal, and lead is oxidized to lead sulfate. These pro-
cesses are reversed upon charging.
Ref.: [i] Hauck WP (1883) Die Galvanischen Batterien, Accumulatoren
und Thermosdulen, 2" edn. Hartleben's Verlag, Wien

ES

Boundary layer — hydrodynamic boundary layer

Boundary value — A boundary value is the value of a pa-
rameter in a differential equation at a particular loca-
tion and/or time. In electrochemistry a boundary value
could refer to a concentration or concentration gradient
at x = 0 and/or x = oo or to the concentration or to
the time derivative of the concentration at t = oo (for
example, the steady-state boundary condition requires
that (dc/dt)s—e0 = 0). Some examples: (dc/dx) -0 =0
for any species that is not consumed or produced at the
electrode surface; (dc/dx)y—o = —frzo/D where fy—¢ is
the flux of the species, perhaps defined by application
of a constant current (— von Neumann boundary condi-
tion) and D is its diffusion coeflicient; c,—¢ is defined by
the electrode potential (— Dirichlet boundary condition);
Cx=c0> the concentration at x = co (commonly referred
to as the bulk concentration) is a constant.

SWE

Boxcar averaging — digital filter
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Braun, Ferdinand

Braun, Ferdinand

(© The Nobel Foundation)

(June 6, 1850, Fulda, Germany - Apr. 20, 1918, Brook-
lyn, NY, USA) German physicist, Ph.D. 1872. In 1874
Braun discovered the non-ohmic behavior of metal-
semiconductor contacts, and in 1878 he disproved the
Thompson-Berthellot principle (assumption that the
heat of a reaction is the driving force) in studies of the
— Daniell element [i]. This work was an important impe-
tus for - Helmholtz to develop independent of — Gibbs
the idea of the — free energy of a reaction as the driv-
ing force. In 1897/98, B. developed the wireless telegra-
phy for which he was awarded together with Guglielmo
Marconi the Nobel Prize in physics in 1909. Braun also
invented the cathode ray tube.
Refs.: [i] Braun F (1878) Wied Ann 5:182; [ii] http://nobelprize.org/
index.html

FS

Bravais lattice — used to describe atomic structure of
crystalline — solid materials [i,ii], is an infinite array
of points generated by a set of discrete translation op-
erations, providing the same arrangement and orien-
tation when viewed from any lattice point. A three-
dimensional Bravais lattice consists of all points with po-
sition vectors Ry

RL:NI'W1+N2'W2+N3'W3,

where the three primitive lattice vectors w; are not all in
the same plane, and the lattice can be generated varying
the integers N;. The smallest parallelepiped with a lattice
point (site) at each corner corresponds to the so-called
primitive unit cell. A crystal structure may also be de-
scribed in terms of non-primitive unit cells, which are
larger than the primitive cell. There are 14 possible three-
dimensional Bravais lattices. These are named for French
physicist Auguste Bravais (1811-1863), who made a great
contribution in the crystal lattice theory.

Refs.: [i] West AR (1984) Solid state chemistry and its applications. Wiley,
Chichester; [ii] Kittel C (1996) Introduction to solid state physics, 7t edn.
Wiley, Chichester

VK

Brdicka, Rudolf

(Feb. 25, 1906, Prague, Austro-Hungarian Empire, now
Czech Republic - June 25, 1970, Maridnské Lazné, then
Czechoslovakia) Student, assistant, and finally successor
of - Heyrovsky at Charles University in Prague, later
director of the Institute of Physical Chemistry, Academy
of Sciences, Prague. Introduced polarographic “Brdicka
reaction” - sensitive — catalytic current signal due to
evolution of hydrogen at — mercury electrodes from
cobalt-containing solutions of proteins, used in analysis
of proteins and in medical diagnostics, esp. in treatment
of cancer [i-ix]. Besides, he studied and expressed
quantitatively adsorption of electroactive substances
at the electrode [x], and contributed essentially to
exact formulation of the effect of chemical reactions in
electrode processes [xi-xiii]. Author of a comprehensive
textbook of physical chemistry, which was translated
into several languages.

Refs.: [i] Brdicka R (1933) Coll Czech Chem Commun 5:112;
[ii] Brdicka R (1937) Nature 139:1020; [iii] Brdicka R (1947) Research
1:25; [iv] Brdi¢ka R, Bfezina M, Kalous V (1965) Talanta 12:1149; [v]
Miiller OH (1963) Polarographic analysis of proteins, amino acids
and other compounds by means of Brdicka reaction. In: Glick D
(ed) Methods of biochemical analysis, vol. 11. Interscience, New York,
pp 329-403; [vi] Homolka ] (1971) Polarography of proteins, analytical
principles and applications in biological and clinical chemistry. In:
Glick D (ed) Methods in biochemical analysis, vol. 19. Wiley, New
York, pp 436-555; [vii] Hart JP (1990) Electroanalysis of biologically
important compounds. Ellis Horwood, New York, p 92; [viii] Brabec V,
Vetterl V, Vrana O (1996) Electroanalysis of biomacromolecules. In:
Brabec V, Walz D, Milazzo G (eds) Techniques in bioelectrochemistry,
vol. 3. Birkhiuser Verlag, Basel, p 287; [ix] Luo D, Lan J, Zhou C,
Luo C (2003) Anal Chem 75:6346; [x] Brdicka R (1942) Z Elektrochem
48:278; [xi] Brdicka R, Wiesner K (1947) Coll Czech Chem Commun
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12:138; [xii] Brdicka R (1955) Z Elektrochem 59:787; [xiii] Brdicka R,
Hanu$ 'V, Koutecky ] (1962) General theoretical treatment of the
polarographic kinetic currents. In: Zuman B, Kolthoff IM (eds) Progress
in Polarography, vol. 1. Interscience, New York London, pp 145-199
MHey

Breyer, Bruno Zdenko

(Courtesy of Petr Zuman, USA)

(Nov. 14, 1900, Zabieh, then Austro-Hungarian Empire,
now Czech Republic - Nov. 12, 1967, Milano, Italy) Ph.D.
(Bonn), MD (Padua), from 1941 professor of agricultural
chemistry, University of Sydney, author of “alternating
(or AC) polarography” - i.e., - polarography with su-
perimposed alternating voltage of small amplitude, and
of “— tensammetry” - i.e., AC polarography of surface-
active substances.
Ref.: [i] Breyer B, Bauer HH (1963) Alternating current polarography
and tensammetry. Interscience, New York

MHey

Bridge, electrical — An electrical bridge is the connec-
tion between two points of an electrical network through
which no current will pass when the bridge is “bal-
anced”. A number of electrical bridge circuits, i.e., cir-
cuits with such connecting bridge, have been developed
for the purpose of measuring — resistance, — capacity,
— impedance, inductance, etc. The most prominent is the
— Wheatstone bridge.

ES

Briggs-Haldane conditions — Michaelis—Menten kinet-
ics

Brighteners — electroplating additives

Bronsted, Johannes Nicolaus

(Feb. 22, 1879, Varde, Denmark - Dec. 17, 1947, Copen-
hagen, Denmark) Ph.D. Copenhagen 1908, since 1908
Professor of Chemistry (the 3™ chair, i.e., the chair
of Physical Chemistry at the Univ. of Copenhagen).
1926/27 visiting Professor at Yale Univ., New Haven,
Connecticut, USA. Famous for his work on chemical re-
action kinetics, chemical affinity, indicators, and ther-
modynamics of solutions. He could explain the effect of
activity coeflicients on reaction rates in solutions. In1923
he developed independently of — Lowry, and — Bjerrum
a new — acid-base theory, the so-called Bronsted acid-
base theory.
Ref.: [i] Bronsted JN (1923) Rec Trav Chim Pays-Bas 42:718

FS

Bronsted acid-base theory — acid-base theories

Brgnsted-Bjerrum equation — The rate constant k of
a chemical reaction involving ionic species A and B may
be influenced by other ionic species in solution not di-
rectly participating in this reaction (i.e., a dissolved salt,
thus the associated observation is called primary salt ef-
fect). The change of the rate as a function of the ionic
charge of the involved species and the — ionic strength
of the solution is given by the Brensted-Bjerrum equa-
tion

Ink=Inky + 1.0182A2311/2

with the rate constant k, in the absence of other species;
k in the presence of other species, zo andzp are the
ionic charge of the reacting species, and I is the — ionic
strength. In case of reactants having charges of equal
sign the reaction is accelerated, in case of opposite signs
the rate decreases. Reactions involving both neutral and
charged reactants show no dependency.
Ref.: [i] Weston RE, Schwarz HA (1972) Chemical kinetics. Prentice-Hall,
Englewood Cliffs

RH
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Brensted’s salt effect

Bronsted’s salt effect — Bronsted-Bjerrum equation,
— charge transfer reaction

Brown-Walker reaction — Important generalization
and extension of the Kolbe reaction (1891) (— Kolbe syn-
thesis) leading to the synthesis of a variety of long-chain
dicarboxylic acids and esters using monoesters of dicar-
boxylic precursors. Among the most used application
belongs the production of sebacic acid diethylester from
hydrogen ethyladipate

C2H5 -00C- (CH2)4 -COO™ -¢e -
1/2C2H5 -00C- (CHz)g - COO - C2H5 + C02

Refs.: [i] Torii S, Tanaka H (1991) Carboxylic acids. In: Lund H, Baizer M
(eds) Organic electrochemistry. Marcel Dekker, New York; [ii] Schae-
fer HJ (1991) Electrolytic oxidative coupling. In: Lund H, Baizer M (eds)
Organic electrochemistry. Marcel Dekker, New York

JL

Bubble electrodes — Mercury electrodes constructed
in such a way that an electrolyte solution is entering
a mercury-filled vessel through one or many small ori-
fices in the bottom (cf. Fig. 1). The solution bubbles grow
and will finally ascend in the mercury. The counter and
the reference electrode have to be situated in the tubing
fed to the orifice. Bubble electrodes have been developed
as flow-through detectors for HPLC and FIA [i-iii, vi],
as electrodes to generate ESR-active species [iii-iv], for
— tensammetry [vii], and for electrosynthesis [v]. The
fact that they are mercury based impeded further devel-
opments of this electrode type.

T
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Bubble electrodes — Figure 1. Bubble electrode for analytical mea-
surements (reproduced from [vii])
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Bubble electrodes — Figure 2. Bubble electrode for electrosynthesis:
I - bubble electrode, 2 - ion exchange membrane, 3 — PbO, anode.
Arrangement A is for single-phase operation, and arrangement B and
C are for two-phase electrolysis (electrolysis of emulsion) (reproduced
from [v])

Refs.: [i] Scholz E, Henrion G (1983) Z Chem 23:152; [ii] Trojének A,
Krestan L (1983) ] Liq Chromatog 6:1759; [iii] Scholz E Henrion G
(1984) Z Chem 25:121; [iv] StofSer R, Scholz F, Pragst F, Henrion G
(1985) Z Chem 25:157; [v] Pragst E, Scholz E, Woitke P, Kollek V, Hen-
rion G (1985) J prakt Chem 327:1028; [vi] Trojanek A (1985) ] Chro-
matog 323:406; [vii] Scholz E Kupfer M, Seelisch J, Glowacz G, Hen-
rion G (1987) Fresenius Z Anal Chem 326:774

FS

Buckingham’s 7-theorem and dimensional analysis —
Buckingham’s 7-theorem [i] predicts the number of
— dimensionless parameters that are required to charac-
terize a given physical system. A relationship between m
different physical parameters (e.g., flux, — diffusion co-
efficient, time, concentration) can be expressed in terms
of m-n dimensionless parameters (which Buckingham
dubbed “7 groups”), where n is the total number of fun-
damental units (such as m, s, mol) required to express
the variables. For an electrochemical system with semi-
infinite linear geometry involving a diffusion coefficient
(D, units: cm?s7™"), flux at x = 0 (fy=o, units: moles
cm~2s7!), bulk concentration (coo, units: moles cm™)
and time (¢, units: s), m = 4 (D, fy=0, Ceo» t) and n = 3
(cm, s, moles). Thus m — n = 1; therefore only one di-
mensionless parameter can be constructed and that is
fezo (t/D)"?/cos. Dimensional analysis is a powerful
tool for characterizing the behavior of complex physi-
cal systems and in many cases can define relationships
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without any additional computation (see - dimensional
analysis). For the most economical graphical or tabu-
lar representation, parameter correlations should be ex-
pressed in terms of the relevant 7 groups. This will be-
come particularly important when a system’s behavior
has been quantified using numerical analysis and no an-
alytic mathematical expressions are available. A dimen-
sionless group which can be produced by combination
of two or more other dimensionless groups may be more
convenient in form for a particular application but is not
counted as a new group.
Ref.: [i] Buckingham, E (1914) Phys. Rev. 4:345

SWEF

Buffer — A solution that, by virtue of containing suffi-
ciently high concentrations of certain species, tends to
resist changes in some solution property, such as — pH,
— equilibrium potential, or — ionic strength.
DT
pH buffer — A solution containing appreciable
concentrations of a conjugate acid/base pair that re-
sists changes in — pH upon further addition of small
amounts of acid or base. Example conjugate acid/base
pairs include CH; COOH/CH;COO~, H,PO; /HPO?™,
and NH} /NHj3, where the ionic species are typically in-
troduced as salts. An accurate expression relating the pH
of the buffer to the — acidity constant for the conjugate
pair (pK,) and the analytical concentrations of the acid
(cyp) and base (cp) forms is given by:

VB cg + [H30%] - [OH7]
H =pK, +log — + 1o R
PH = PRa 708 YHB 8 cup — [H30"] + [OH™]

where yp and yyp are the — activity coefficients for the
base and acid forms and [X] represents the molar con-
centration of species X. The above expression is of-
ten simplified to give the approximate — Henderson-
Hasselbalch equation [i]:

pHmpKa+logc—B .
CHB
The buffer capacity 3, defined as the moles of acid or base
necessary to change the pH of one liter of solution by one
unit, is given by

_ 2.3cK,107PH
(K, +107PH)?’

where c¢ is the sum of the molar concentrations of the
acid and its conjugate base (cyp + ¢p) [ii]. The buffer

capacity increases with ¢ and is at maximum when
pH = pK,. The above expressions are approximations for

a conjugate pair formed from a polyprotic system (capa-
ble of multiple ionization steps).
DT
ionic strength buffer — Sometimes referred to as
an ionic strength adjustment buffer (ISAB), thisis a solu-
tion that attempts to minimize differences (or changes)
in — ionic strength. — Ion selective electrode (ISE) mea-
surements often involve standards and samples that have
differing ionic strengths. Therefore, the — activity coef-
ficient (y) of the target ion (and, hence, the response of
the ISE to a given concentration of ion) also differs from
standard to standard, from standard to sample, and from
sample to sample. To overcome the effect of variable
ionic strength, a solution of high ionic strength (which
does not contain the ion to be measured or any likely
interferent) is added to all standards and samples. This
solution (the ISAB) effectively swamps out the ionic ef-
fects of the host solutions, resulting in a uniform ionic
strength in all standards and samples [iii].

In — voltammetry, the electrode redox reaction nec-
essarily involves a change in ionic strength near the elec-
trode (i.e., an ion is consumed, produced, or undergoes
a change in charge number). Therefore, the activity co-
efficients of the electroactive species vary as a function
of time and distance from the electrode. In this case, the
presence of an excess of a — supporting electrolyte serves
as an ionic strength buffer [iv].

DT
redox buffer — A solution containing apprecia-
ble concentrations of two species (a — redox couple) that
are rapidly interconvertable by an electron exchange.
The interconversion may involve chemical species (e.g.,
protons) as well as electrons. The equilibrium (redox)
potential (E) of the solution is fixed by the ratio of
the concentrations of the two species (as given by the
— Nernst equation) and resists change upon further ad-
dition of small amounts of oxidant or reductant. By anal-
ogy with — pH buffer capacity, the redox buffer capac-
ity B for a single redox couple involving a one-electron
transfer and having — formal potential EZ' is given by:

2.3¢107/ (F+ES)
(10 + 10-E' )

where f = F/2.3RT and c is the sum of the molar con-
centrations of the two redox species. The buffer capacity
increases with ¢ and is a maximum when E = EZ’. Ex-
pressions are also available for redox systems involving
several one-electron steps or one multielectron step [v].
Refs.: [i] Segal IH (1976) Biochemical calculations, 214 edy, Wiley, New
York; [ii] van Slyke DD (1922) ] Biol Chem 52:525; [iii] Frant MS, Ross
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Bugarszky, Istvan

JW Jr (1968) Anal Chem 40:1169; [iv] Oldham KB, Myland JC (1994)
Fundamentals of electrochemical science, 1%t edn. Academic Press, San
Diego, p 265; [v] de Levie R (1999) ] Chem Educ 76:574

DT

Bugarszky, Istvdan — (May 21, 1868, Zenta, Hungary -
March 3, 1941, Budapest, Hungary) Bugarszky received
his doctoral diploma in chemistry at the Budapest Uni-
versity in 1891. He was appointed lecturer at the Veteri-
nary College, Budapest and awarded the title of profes-
sor of chemistry in 1902. He worked at — Nernst’s lab-
oratory in Gottingen in 1896. He became a professor at
the Budapest University in 1913 where he remained until
his retirement in 1935.

His most famous achievement was the discovery of
the — endothermic galvanic cells in 1897 [i,ii]. It was
the first evidence that endothermic reactions can pro-
ceed spontaneously. Therefore, it supplied a verification
of the concept of — Gibbs and — Helmholtz regarding
the nature of affinity, i.e., the Gibbs free energy of reac-
tion is of importance and not the heat of reaction (en-
thalpy) as claimed by Pierre Eugéne Marcellin Berthe-
lot (1827-1907) and Hans Peter Jorgen Julius Thomsen
(1826-1909).

Refs.: [i] Bugarszky I (1897) Magyar Chem Folyéirat 3:38, Z anorg Chem
14:145; [ii] Nernst W (1926) Theoretische Chemie. Stuttgart
GI

Bunsen, Robert Wilhelm

(March 30, 1811, Gottingen, Germany - Aug. 16, 1899,
Heidelberg, Germany)' Bunsen started his chemistry
studies in Gottingen 1828, obtained his Ph.D. in 1831,
and habilitation in 1833. In 1836 he became successor of
Friedrich Wohler in Kassel (Germany), was appointed as
Professor and Director of the Chemical Institute of Mar-
burg University in 1839, in 1851 he was in Breslau, Ger-
many (now Wroctaw, Poland), and from 1852 until 1889
he was Professor at Heidelberg University [i]. At the start
of his scientific career he performed some research in the

field of organic chemistry (with cacodyls compounds).
Later his activities were most diverse and he contributed
to many fields of chemistry: He is one of the founders
of gas analysis, and, together with Gustav Kirchhoff, he
is the founder of spectral analysis. Together with Kirch-
hoff he discovered the chemical elements cesium and ru-
bidium. He invented what is now known as the ‘Bun-
sen burner, and also the water suction pump. In elec-
trochemistry he is remembered for two kinds of batter-
ies (= Bunsen cell [ii], and — Bunsen’s chromic acid bat-
tery [iii] developed to produce electric sparks for spec-
tral analysis). He was the first to point out the possibil-
ity to use electricity for lighting. Bunsen also pioneered
studies in photochemistry (together with H.E. Roscoe).
His collected works have been published [iv] and a very
detailed memorial lecture given by Henry Roscoe is also
available [v].
! Most sources wrongly give March 31* as his birth-
day [i].
Refs.: [i] Lockemann G (1949) Robert Wilhelm Bunsen - Lebens-
bild eines deutschen Naturforschers. In: Frickhinger HW (ed)
Grofle Naturforscher, vol. 6. Wissenschaftliche Verlagsgesellschaft,
Stuttgart; [ii] Bunsen R (1841) Annal Chem Pharm 38:311 (DOL:
10.1002/jlac.18410380306); [iii] Bunsen R (1875) Pogg Ann Phys
155:230; [iv] Ostwald W, Bodenstein M (eds) (1904) Gesammelte
Abhandlungen von Robert Bunsen, 3 vols. Engelmann, Leipzig; [iii]
Roscoe H (1901) Bunsen Memorial Lecture. In: Memorial lectures
delivered before the Chemical Society 1893-1900. Gurney and Jackson,
London, pp 513
FS

Bunsen cell - Bunsen replaced the platinum electrode
in the — Grove cell by a — carbon electrode [i]. The Bun-
sen battery contained a zinc electrode in sulfuric acid
and a carbon electrode in nitric acid. The two electrode
compartments were separated by a ceramic pot. Bunsen
discovered a way to carbonize a mixture of powdered
coke and hard coal by strong heating; thus foreshadow-
Refs.: [i] Bunsen R (1841) Annal Chem Pharm 38:311 (DOI:
10.1002/jlac.18410380306); [ii] Hauck WP (1883) Die Galvanischen
Batterien, Accumulatoren und Thermosdulen, 2" edn. Hartleben’s
Verlag, Wien; [iii] Roscoe H (1901) Bunsen memorial lecture. In:
Memorial lectures delivered before the Chemical Society 1893-1900.
Gurney and Jackson, London, pp 513

ES

Bunsen’s chromic acid battery — Bunsen constructed
a — chromic acid battery with zinc anodes for the pur-
pose of producing electric sparks for spectral analysis [i].
The electrodes (carbon and zinc) could be immersed in
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the electrolyte in a controlled way as to regulate the cur-
rent [ii-iv].

See also — Daniell cell, — zinc, — Zn*>*/Zn electrodes,
— Zn**/Zn(Hg) electrodes, — zinc-air batteries (cell),and
— Leclanché cell.
Refs.: [i] Bunsen R (1875) Pogg Ann Phys 155:230; [ii] Hauck WP (1883)
Die Galvanischen Batterien, Accumulatoren und Thermosdiulen. 2%
edn. Hartleber's Verlag, Wien; [iii] Pfaundler L (1888-1890) Miiller-
Pouillet’s Lehrbuch der Physik und Meteorologie, 9" edn., vol. 3. Vieweg
und Sohn, Braunschweig, p 381; [iv] Roscoe H (1901) Bunsen memo-
rial lecture. In: Memorial lectures delivered before the Chemical Society
1893-1900. Gurney and Jackson, London, pp 513

FS

Burger’s vector — is used to characterize dislocations,
a very important class of extended — defects in solids.
Dislocations are stoichiometric line imperfections, with
two extreme cases: edge and screw [i]. An edge disloca-
tion can be visualized as an extra half-plane of atoms,
i.e., one plane that only passes a part of the way through
a crystal lattice. The center of the distorted region where
the extra half-plane terminates, is the so-called line
of the dislocation. The Burger’s vector is perpendicu-
lar to this line; its magnitude corresponds to the dis-
tance between the extra and regular planes. A screw dis-
location transforms successive atom planes into a he-
lix surface; the Burger’s vector has the same physical
meaning, but is parallel to the dislocation line. Other
forms of dislocations may be constructed from seg-
ments of these two extreme forms. As for other ex-
tended defects, dislocations may affect mechanical be-
havior, ion intercalation and transport at low tempera-
tures, grain-growth and texturing in ceramic materials,
electronic conduction, and other properties of — solid
materials.
Refs.: [i] West AR (1984) Solid state chemistry and its applications. Wiley,
Chichester; [ii] Bacon DJ, Hull D (1984) Introduction to dislocations, 3"
edn. Pergamon, New York

VK

Butler, John Alfred Valentine — (Feb. 14, 1899, Winch-
combe, Gloucestershire, England - July 16, 1977). Butler
greatly contributed to theoretical electrochemistry, par-
ticularly, to connection of electrochemical kinetics and
thermodynamics [i,ii]. The famous — Butler-Volmer
equation (1924) showing the exponential relation be-
tween current and potential was named after him (and
— Volmer) [ili-vii]. It should be noted that — Erdey-
Griz (Volmer’s student at that time) significantly con-
tributed to this work, but his name is, unfortunately, al-
most forgotten now. Butler also introduced (along with

— Gurney) the energy-level thinking into electrochem-
istry (1951) similarly to — photochemistry [viii].
Refs.: [i] Bockris JO'M, Reddy AKN, Gamboa-Aldeco M (2000) Modern
electrochemistry, fundamentals of electrodics, 2"% ed, vol. 2A. Kluwer,
New York, p 1048; [ii] Mayneord WV (1979) Biographical memoirs of
fellows of the Royal Society 25:144; [iii] Butler JAV (1924) Trans Faraday
Soc 19:729; [iv] Butler JAV (1924) Trans Faraday Soc 19:734; [v] Erdey-
Gruz T, Volmer M (1930) Z phys Chem 150A:203; [vi] Butler JAV (1935)
The fundamentals of chemical thermodynamics: elementary theory and
electrochemistry, 2" edn. Macmillan, London; [vii] Delahay P (1965)
Double layer and electrode kinetics. Interscience, New York, pp 154-159;
[viii] Butler JAV (1951) (ed) Electrical phenomena at interfaces, in chem-
istry, physics and biology. Methuen, London

EK

Butler-Volmer equation — The Butler-Volmer or
— Erdey-Griiz-Volmer or Butler-Erdey-Gruz-Volmer
equation is the fundamental equation of — electrode
kinetics that describes the exponential relationship be-
tween the — current density and the — electrode poten-
tial. Based on this model the — equilibrium electrode po-
tential (or the reversible electrode potential) can also be
interpreted.

The seminal paper by Erdey-Gruz and — Volmer ap-
peared in 1930 [i] in that the “hydrogen overpotential”
was elucidated by using a kinetic model for the — elec-
trode processes when the — charge transfer step, i.e., the
— electrode reaction is the — rate-determining step.

Although such terms as Butler—Volmer equation or
Butler-Volmer expression or Butler-Volmer kinetics or
Butler-Volmer model are widely used in the literature,
see e.g., Refs. [ii—xii], its definition is ambiguous and
even the name is questionable in the light of the histori-
cal facts [viii, xiii, xiv].

Nevertheless, the most acceptable form of the
current-electrode potential equation that may be called
Butler—Volmer equation for a one-step, one-electron
process (O + e~ 2 R7) is as follows:

F(E-E®'
j=k°F [—co(x =0)exp (—%)

‘xaF(E _Ece,))] , (1)

+cr(x=0) exp( RT

where j is the — current density, k® is the standard rate
coefficient, F is the - Faraday constant, co(x = 0) and
cr(x = 0) are the concentrations of the oxidized and
reduced forms of the species at the site of the reaction
(at the electrode surface) taking part in the electron ex-
change process, respectively, «, and a. are the anodic
and cathodic — transfer coefficients, respectively, R is the
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Butler-Volmer equation

— gas constant, T is the thermodynamic temperature, E
is the electrode potential, and EZ” is the — formal poten-
tial.

In the other version of the Butler—Volmer equation
the potential term is expressed by using the — overpoten-
tial () and the — exchange current density (j,) instead
of E, EZ’, and k*®, respectively:

j=Jo [——CO(XZO) eXP(—“C—FU)

5 RT

yax=0) exp((xaFﬂ)] ,

ch RT

)

where ¢, and ¢y are the bulk concentration of the re-
spective species.

The two equations are equivalent and easy to trans-
form Eq. (1) into Eq. (2) by using the appropriate
— Nernst equation

RT O
E.=E”+~ <, (3)
r
the definition of the overpotential
n=E-Ee (4)

and the relationship between the exchange current den-
sity and the standard rate coeflicient

«.F (E. - Ef")]

RT )

jo =k®Fcgexp [—
If the solution is well stirred and the currents are kept
so low that the concentrations at the site of the reac-
tions (at the electrode surface) do not differ substantially
from the bulk values, i.e., the difference between ¢ and
co(x =0) and cj and cg (x = 0) is less than 10%, Eq. (2)
becomes

el ) (]

In many cases Eq. (6) is called the Butler-Volmer equa-
tion since it describes the case when the charge-transfer
step exclusively determines the rate of the reaction (cur-
rent), i.e., the rate of mass transport is very high in com-
parison with the rate of the charge transfer.

It usually happens when the charge transfer step is
very sluggish (k® and j, are very small), and large — ac-
tivation overpotential is needed to drive the reaction in
any direction. In this case, the anodic and cathodic reac-
tions are never simultaneously significant.

This type of kinetics is called — irreversible or quasire-
versible in electrochemistry.

It is easy the recognize that a linear — Tafel plot can
be obtained only in this case. This formalism can also

be applied for more complex reaction mechanisms when
the rate-determining step is the charge transfer reaction,
e.g., when the overall process involving a change of n
electrons, i.e., the — charge number of the electrode re-
action (n) differs from one. In this case Eq. (6) can be
written as follows:

a.nF anF
i=jo [—exp(— CRTn)+exp(—aRTl7)] (7)

and Egs. (1) and (2) can also be rewritten in a similar
manner. A more complicated case is when the order of
the reaction with respect of species i (v;) differs from
unity, i.e., the — partial currents are related to a prod-
uct of IT;¢;". For this case it is difficult to give a general
definition since not all reaction rates can be expressed
in this form, e.g., the rate of multistep reaction or re-
actions involving adsorbed species may not be express-
ible [xv,xvi]. By using the — stoichiometric number (v)
Eq. (6) becomes

. acFn a,Fn

]_J°[eXp( VRT)+eXp[uRT]] ®)
and j, = (n/v)Fk®II;c]" where v; = acv; o + Qv

When reactants or intermediates are adsorbed, the
rate of the reaction may no longer be related to the con-
centration by a simple law. This situation is best un-
derstood where a reactant is nonspecifically adsorbed
in the outer — Helmholtz plane. The effect of such ad-
sorption on the electrode kinetics is usually termed the
— Frumkin effect. Physical and chemical adsorption on
the electrode surface is usually described by means of
an — adsorption isotherm and kinetic equations com-
patible with various isotherms such as the — Langmuir,
— Temkin, — Frumkin isotherms are known.
Refs.: [i] Erdey-Griiz T, Volmer M (1930) Z phys Chem A150:203; [ii]
Bard AJ, Faulkner LR (2001) Electrochemical methods. 2"? edn. Wiley,
New York, pp 87-135; [iii] Inzelt G (2002) Kinetics of electrochemical
reactions. In: Scholz F (ed) Electroanalytical methods. Springer, Berlin,
pp 29-49; [iv] Brett CMA, Oliveira Brett AM (1993) Electrochemistry.
Oxford University Press, Oxford, pp 70-81, 104-105; [v] Bockris JO'M,
Razumney GA (1967) Electrocrystallization. Plenum, New York, p 1I;
[vi] Bockris JO’M, Reddy AKN (1970) Modern electrochemistry. Plenum,
New York; [vii] Bockris JO'M, Rand DA]J, Welch BJ (1977) Trends in
electrochemistry. Plenum, New York, p 10; [viii] Bockris JO'M, Khan
SUM (1993) Surface electrochemistry. Plenum, New York, pp 213-215;
[ix] Christensen PA, Hamnett A (1994) Techniques and mechanism in
electrochemistry. Blackie Academic & Professional, London, pp 16-18;
[x] Oldham KB, Myland JC (1994) Fundamentals of electrochemical sci-
ence. Academic Press, San Diego, pp 167-186; [xi] Hamann CH, Ham-
nett A, Vielstich W (1998) Electrochemistry. Wiley-VCH, Weinheim, pp
152-168; [xii] Rieger PH (1994) Electrochemistry. Chapman & Hall, New
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Butyronitrile — Table. Comparison of low-temperature electrochemical solvent systems employing NBu4ClO4 electrolyte [ii]

Solvent system

Temperature threshold for

electrochemical experiments/°C

butyronitrile -105
69 wt % butyronitrile/31 wt % propionitrile -118
50 wt % butyronitrile/50 wt % ethylbromide -145
33 wt % butyronitrile/33 wt % ethylbromide/ -158
17 wt % isopentane/17 wt % methylcyclopentane

50 wt % butyronitrile/50 wt % ethylchloride -185

York, p 318; [xiii] Erdey-Griiz T (1972) Kinetics of electrode processes.
Akadémiai Kiadé, Budapest, pp 22-79, 150-202; [xiv] De Levie R (2000)
J Chem Educ 77:610; [xv] Parsons R (1974) Manual of symbols and termi-
nology for physicochemical quantities and units, Appendix III. Electro-
chemical nomenclature. Pure Appl Chem 37:503; [xvi] Parsons R (1979)
Pure Appl Chem 52:233

GI

Button cell — Type of button-shaped cell construction
most frequently employed with small cells as used in

ANODE CAP

SEPARATOR
CATHODE

CELL CAN GASKET

ANODE

Button cell — Figure. Schematic design of a button cell (alkali-
manganese type)

watches, hearing-aid devices, and other small electronic
appliances.
RH

Butyronitrile — Propyl cyanide, (CH;CH,CH,CN),
organic solvent, melting point —112 °C, boiling point
117.5°C with a density (0.795gcm™ at 15°C) lighter
than water and somewhat soluble in water (3g in
100 cm?® water at 25 °C). Butyronitrile is readily purified
and dried over neutral activated alumina or molecular
sieves similar to acetonitrile [i]. Due to its low melting
point, butyronitrile is an excellent solvent for low tem-
perature studies [ii]. Solvent mixtures containing buty-
ronitrile can be employed to reach extremely low tem-
peratures.
Refs.: [i] Reichardt C (2003) Solvents and solvent effects in organic chem-
istry. Wiley-VCH, Weinheim; [ii] McDevitt, Ching S, Sullivan M, Mur-
ray RW (1989) ] Am Chem Soc 111:4528

FM

Byrne cell — This was a chromic acid-zinc — battery
where the inert electrode was made from copper with
alead coverage on which the platinum electrode was sol-
dered. The copper and lead base was used to reduce the
resistance of the, usually, thin platinum wires.

See also — chromic acid battery, — Daniell cell,
- zinc, - Zn**/Zn electrodes, ~ Zn**/Zn(Hg) electrodes,
— zinc-air batteries (cell), and — Leclanché cell.
Ref.: [i] Hauck WP (1883) Die Galvanischen Batterien, Accumulatoren
und Thermosiulen, 2"% edn. Hartleben’s Verlag, Wien

FS
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C

Cadmium cell — Weston normal element

Cadmium telluride — A II-IV compound — semicon-
ductor frequently employed in infrared systems (active
component in infrared detectors) and — photovoltaic de-
vices. Electrochemical — passivation has been employed
to improve surface recombination behavior.
Refs.: [i] Wei C, Mishra KK, Rajeshwar K (1992) Chem Mater 4:77;
[ii] Lemasson P (1989) J Phys D: Appl Phys 22:952; [iii] Forni F, Inno-
centi M, Pezzatini G, Foresti ML (2000) Electrochim Acta 45:3225

RH

Calibration — A set of operations that establishes, un-
der specified conditions, a suitable relationship between
values of quantities indicated by the measuring system,
and the corresponding values realized by standards [i].
The measuring system can involve a simple volumetric
flask [ii] or sophisticated instrumental techniques [iii].
Most instrumental methods of analysis are relative since
they register a signal due to some physical property of
the — analyte. Spectrometers, for example, measure the
fraction of electromagnetic radiation that is absorbed
from a light source by the sample. This fraction must be
related to the analyte concentration by its comparison
against the fraction of light absorbed by a known con-
centration of the analyte.
Refs.: [i] McNaught AD, Wilkinson A (1997) IUPAC compendium of
chemical terminology, 2% edn. Blackwell Scienctific Publications, Ox-
ford; [ii] Day RA, Underwood AL (1991) Quantitative analysis. Prentice
Hall, New Jersey; [iii] Willard HH, Merritt LL, Dean JA, Settle FA (1988)
Instrumental methods of analysis. Wadsworth, California

FG

Callan cell — This was a - Grove battery where a pla-
tinized lead electrode was used instead of the platinized
platinum electrode.
Ref.: [i] Hauck WP (1883) Die Galvanischen Batterien, Accumulatoren
und Thermosiulen, 2" edn. Hartleben's Verlag, Wien

FS

Callaud cell — This was a variant of the — Daniell cell.
See also — zinc, - Zn**/Zn electrodes, — Zn**/Zn(Hg)
electrodes, — zinc-air batteries (cell), and — Leclanché
cell.
Ref.: [i] Hauck WP (1883) Die Galvanischen Batterien, Accumulatoren
und Thermosiulen, 2" edn. Hartleben's Verlag, Wien

EFS

Calomel electrode — is an — electrode of the second kind.
It was introduced in 1890 by — Ostwald, EW. As a — ref-
erence electrode of fixed, well-known, and very repro-
ducible — potential, it is still a commonly used reference
electrode in electrochemistry [i-iii]. It consists of mer-
cury, sparingly soluble mercurous chloride (calomel),
and a chloride-containing solution. The electrode net re-
action can be formulated in the following way:

HgZCIZ(s) +2e 2 2Hg(l) + ZCI(_aq) .

The potential of the electrode against the — standard hy-
drogen electrode is given by the equation:

RT
E = ce(;'IgZClz,Hg) — ? 11’1 acl- »

o/ : .
where Ec(HgZClz,Hg) is the — formal potential of the

calomel electrode (0.26816 V at 25°C) taking into ac-
count the — standard potential E?Hg Hg) and the
— solubility product of calomel, Kyg ci, according to

o/ — Ee +

<(Hg,Cl2,Hg) ~ ™ (Hg/Hg;")
constant, T is the absolute temperature, F is the — Fara-
day constant, and ac- is the — activity of the chloride
ions. Commonly, saturated potassium chloride solution
is used, however, sodium chloride is advisable to apply
when working with perchlorate-containing media. Prin-
ciples, preparation, and potentials at different tempera-
tures have been given in monographs.

At 25 °C the experimentally determined potential of

the KCl-saturated calomel electrode (SCE) is 0.2444 V
vs — standard hydrogen electrode (SHE) when the lig-
uid junction potential between the KCl saturated solu-
tion and a buffer solution is taken into account [i]. With-
out the liquid junction potential that value is 0.2412 V vs.
SHE [i].
Refs.: [i] Ives DJG, Janz GJ (1961) Reference electrodes, theory and prac-
tice. Academic Press, New York; [ii] Zhang XN (1993) Reference elec-
trodes. In: Yu TR, Ji GL (eds) Electrochemical methods in soil and water
research. Pergamon Press, Oxford, pp 73-81; [iii] Kahlert H (2005) Ref-
erence electrodes. In: Scholz F (ed) Electroanalytical methods. Springer,
Berlin, pp 264-266

RT .
57 In Kyg c1,, R is the — gas

HK

Camacho cell — This was a — chromic acid battery
with zinc anodes, and a construction that the chromic
acid solutions flowed through the cathode compartment
housing the inert carbon electrodes. See also — Daniell
cell, - zinc, ~ Zn**/Zn electrodes, —~ Zn**/Zn(Hg) elec-
trodes, — zinc-air batteries (cell), and — Leclanché cell.
Ref.: [i] Hauck WP (1883) Die Galvanischen Batterien, Accumulatoren
und Thermosiulen, 2" edn. Hartleben's Verlag, Wien

ES
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Candido cell

Candido cell — This was a variant of the — Daniell cell.
See also — zinc, - Zn**/Zn electrodes, —~ Zn**/Zn(Hg)
electrodes, — zinc-air batteries (cell), and — Leclanché
cell.
Ref.: [i] Hauck WP (1883) Die Galvanischen Batterien, Accumulatoren
und Thermosiulen, 2" edn. Hartleben's Verlag, Wien

ES

Capacitance — Symbol: C, unit: farad F (CV™! =
AsV7L, in SI base units m 2 kg™ s* A?). Measure of the
capability of a — capacitor to store electrical charge at
a potential difference AU (voltage) between the two
plates of the device:

c--L.
AU

RH

Capacitance, stray — is the undesired and unintentional
— capacitance parts of an experimental setup or instru-
ment, as, e.g., an electrical conducting wire and the chas-
sis.

ES

Capacitive current — charging current

Capacitive deionization — In capacitive deionization,
water flows between parallel pairs of porous — carbon
electrodes (such as carbon aerogel electrodes) that are
maintained at a potential difference greater than 1.0 V.
Ions (and other charged particles such as colloids and
microorganisms) become electrostatically immobilized
on the charged surfaces, thus allowing pure water to pass
through. When the electrodes are fully coated, they are
regenerated simply by removing the potential difference,
thus allowing the charged impurities to flow away.
Refs.: [i] Tran TD, Farmer JC, Murguia L (2001) Method and apparatus
for capacitive deionization, electrochemical purification, and regenera-
tion of electrodes. US 5,954,937; [ii] Farmer JC, Fix DV, Mack GV, Pekala
RW, Poco JF (1996) ] Electrochem Soc 143:159

SF

Capacitor

(a) The physical phenomenon:
If a point-shaped object or a conducting sphere
with the — potential E carries a — charge Q, its
— capacity C is defined as C = Q/E. The capac-
ity of a sphere in vacuum with the radius r is given
by

C =4dnegyr

with the — dielectric constant ¢,. C is measured in
F(farad),IF=1CV™' =1C*s*kg' m™2. More rel-
evant for electrochemical environments is the sepa-
ration of two conducting phases (ionic or electronic
conductors, e.g., electrolyte and metal) by an insu-
lating layer (e.g., adsorbate or passive layer). Then
an insulating layer with a constant thickness d is
formally the dielectric of a parallel plate capacitor
with a capacity

C' = Aegg/d ,

where ¢ is the relative dielectric number (the — per-
mittivity) of the insulator and A is the correspond-
ing area. The capacity is usually normalized to the
area A:

C=C'[|A=c¢g/d .

The dimension of C is now Fm™2.

The electronic device:

(b)
Capacitors are used to store electric energy, espe-
cially for shorter periods of time, and substitute
— batteries in some cases. They smooth the output
of full or half-wave rectifiers in power supplies or
are part of electric frequency — filters.

Capacitors can be polarized or non-polarized, de-
pending on the — dielectric. Non-polarized devices
have dielectrics consisting of ceramics or polymers
(such as polystyrene, polyester, or polypropylene).
They are normally box-shaped and their capacity
is usually in the range from pF to pF, the max-
imum voltage up to 1000 V. Polarized capacitors
are electrochemical devices; the dielectric is an an-
odic oxide of Al (uF to 100 mF, potentials up to
1000 V), Ta (capacities uF to 100 uF, potentials up
t0 20 V), or Nb (— electrolytic capacitor) or a double
layer (— supercapacitor, capacities up to some 10 F
and potentials up to 2.5V or 5 V). Aluminum elec-
trolytic capacitors are normally of cylindrical shape
with radial or axial leads. Tantalum capacitors are
of spherical shape and super capacitors form flat
cylinders.

MML
Capacity — capacitance, and — capacitor.
Capacity (of batteries) — The total amount of — charge

stored in a cell or a — battery, which can be withdrawn
under specified discharge conditions, and commonly
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expressed in terms of ampere-hours. This term pertains
both for primary and secondary batteries. In the latter
case, the term relates to the capacity of a fully charged
battery.
See also — charge capacity of a battery.
Refs.: [i] Linden D (1994) Basic concepts. In: Linden D (ed) Hand-
book of batteries, 2"% edn. McGraw-Hill, New York, p 1.8 and Appendix
A, p AL [ii] Nagy Z (ed) (2005) Online electrochemistry dictionary.
http://electrochem.cwru.edu/ed/dict. htm
YG
Practical (actual) capacity — The amount of elec-
tricity (— charge), usually expressed in Ah, that can be
withdrawn from a — battery at specific discharge con-
ditions. Contrary to theoretical capacity and theoretical
capacity of a practical battery, the practical capacity of
a battery is a measured quantity, and intrinsically incor-
porates all the losses to the theoretical capacity due to
the mass of the nonactive components of the cell, and
the electrochemical and chemical limitations of the elec-
trochemical system. The practical capacity of a cell is
exceedingly dependent on the measurement conditions,
e.g., temperature, — cut-off voltage, — discharge rate, etc.
Refs.: [i] Linden D (1994) Factors affecting battery performance. In: Lin-
den D (ed) Handbook of batteries, 2" edn, McGraw-Hill, New York,
p 3.3; [ii] Nazri GA, Julien C (1994) Solid state batteries: Materials, de-
sign and optimization. Kluwer, Dordrecht, p 6
YG
Theoretical capacity of a practical battery —
The calculated maximum amount of — charge (in
Ahkg™) that can be withdrawn from a — battery based
on its theoretical capacity, and the minimum neces-
sary nonactive components, i.e., electrolyte, separator,
current-collectors, container, etc. Obviously, the theo-
retical capacity of a practical battery is considerably
lower than its theoretical capacity, and is higher than the
actual capacity.
Refs.: [i] Linden D (1994) Factors affecting battery performance. In: Lin-
den D (ed) Handbook of batteries, 2" edn. McGraw-Hill, New York,
p 3.3; [ii] Nazri GA, Julien C (1994) Solid state batteries: Materials, de-
sign and optimization. Kluwer, Dordrecht, p 6
YG
Theoretical capacity — A calculated amount of
electricity (— charge) involved in a specific electrochem-
ical reaction (expressed for — battery — discharge), and
usually expressed in terms of — ampere-hours per kg
or — coulombs per kg. The theoretical capacity for one
gram-equivalent weight of material amounts to 96,487 C
(see — Faraday constant) or 26.8 Ah. The general expres-
sion for the calculation of the theoretical capacity (in
Ahkg™) for a given — anode material and — cathode
material and their combination as full cell is given by

cth = ’}\5, in which 7 is the number of — electrons in-

volved in the electrochemical reaction, M is the molec-
ular weight of the electroactive materials, and F stands
for the — Faraday constant. In calculating the theoret-
ical capacity for a battery, only the cathode and anode
material masses are taken into consideration, ignoring
the — electrolyte, separator (see — diaphragm), current-
collectors, container, etc.
Refs.: [i] Linden D (1994) Basic concepts. In: Linden D (ed) Hand-
book of batteries, 2" edn. McGraw-Hill, New York, p 1.8 and Ap-
pendix A, p AL [ii] Nagy Z (ed) (2005) Online electrochemistry
dictionary. http://electrochem.cwru.edu/ed/dict.htm; [iii] Hamann CH,
Hampnett A, Vielstich W (2004) Electrochemistry. Wiley-VCH, Wein-
heim, p 343

YG

Capacity fading — Loss of faradaic — capacity of the
— active mass in a — secondary battery, i.e., reduction of
the amount of electric charge which can be stored and
retrieved. Numerous causes depending on the type of
secondary battery may be effective; mechanical disinte-
gration, loss of electrical contact between particles con-
stituting the active mass, changes in chemical composi-
tion, and partial dissolution are only a few.

RH

Capacity intermittent titration technique (CITT) — is
a method to assess the chemical — diffusion coefficient
of potential-determining species intercalated in or dein-
tercalated from an — insertion electrode, using con-
sequent galvanostatic and potentiostatic measurement
steps in relatively narrow potential ranges. The measure-
ment step includes galvanostatic charging/discharging
until a certain — electrode potential is achieved, with
subsequent potentiostatic process until the — current
becomes equal to zero. The analysis based on sec-
ond — Fick’s law, requires obtaining experimentally the
charging/discharging capacity vs. - voltage and the volt-
age vs. time dependencies for electrode with a definite
geometry. Typical assumptions are that the (i) powdered
electrode consists of ideally spherical particles having
equal diameter, (ii) the times are relatively short, (iii) the
diffusion coefficient under the given conditions is inde-
pendent of — concentration, and (iv) the effects of elec-
tronic transport in the electrode, mass-transport in the
— electrolyte, and insertion reaction kinetics are all neg-
ligible. When these conditions are observed, the calcu-
lations can be performed by the equation

Z-DtG

R? ® 1
z _f ]R2 >

ISDtG
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Capenhurst electrolytic etchant regeneration process

where q is the ratio of charging/discharging capacities in
the potentiostatic and galvanostatic steps, R is the parti-
cle radius, D is the chemical diffusion coefficient, fg is
the duration of the galvanostatic step, and «; is a con-
stant.

See also: — ambipolar conductivity, — diffusion: de-
termination in solids, - Wagner factor, — insertion elec-
trodes, — batteries.

Refs.: [i] Tang XC, Song XW, Shen PZ, Jia DZ (2005) Electrochim Acta
50:5581; [ii] Tang XC, Pan CY, He LB, Li LQ, Chen ZZ (2004) Electrochim
Acta 49:3113

XCT

Capenhurst electrolytic etchant regeneration process
— CEER process

Capillarity — (a) as a branch of science, it concerns the
thermodynamics of surfaces and — interfaces. It is of
utmost importance for — electrochemistry, e.g., treat-
ing the electrode|solution interface (— electrode, — solu-
tion), and it extends to several other branches of physics,
chemistry, and technical sciences [i]. The thermody-
namic theory of capillarity goes back to the work of
— Gibbs. (b) In a practical sense ‘capillarity’ means the
rise or fall of a liquid column in a capillary caused by
the interplay of gravity and — interfacial tension and also
phenomena like capillary condensation [ii].

See also — adhesion, — Dupré equation, — Lippmann
equation, — Lippmann capillary electrometer, — point of
zero charge, - Young equation.

Refs.: [i] Goodrich FC, Rusanov Al (eds) (1981) The modern theory of
capillarity. Akademie-Verlag, Berlin; [ii] Hunter R] (2004) Foundations
of colloid science. Oxford University Press, Oxford, pp 84

FS

Capillary affinity electrophoresis (CAE) or affinity capil-
lary electrophoresis (ACE) — An electrophoretic separa-
tion technique (— electrophoresis), in which — analytes
are separated in a capillary, with the — supporting (back-
ground) electrolyte containing substances capable of spe-
cific, often biospecific, interactions with the analytes.
Ref.: [i] Riekkola ML, Jonsson JA, Smith RM (2004) Pure Appl Chem
76:443

WK

Capillary based microcells — Capillary based microcells
are used for electrochemical surface analysis or surface
modification in the um range. Capillaries made from
glass, plastics, or metal are filled with electrolyte and
used to address well-defined, minute areas of a sample by
the tip. The tip determines the spatial resolution; typical

diameters vary from 1 pum to some 100 um, which corre-
sponds to accessed areas in the range from 10® cm? to
107 cm®. The capillaries electrolyte channel is an electric
connection of low resistance to another electrode sys-
tem, e.g., = counter electrode and — reference electrodes,
while the glass wall insulates the system from the envi-
ronment. The capillaries can be used at single positions
or as scanning probes. The complete range of common
2- or 3-electrode techniques is covered: potential mea-
surement, potentiostatic control, transients such as pulse
and sweep techniques, or — impedance spectroscopy. Lo-
cal current densities in the range from pA cm ™ to some
100 A cm™? are possible. The figure shows a schematic of
applications of capillaries: (a) a reference electrode for
local potential measurements in the electrolyte, (b) an
electrolyte droplet on the investigated surface, addressed
by a capillary, (c) a micro — ion-sensitive electrode for
local analysis of electrolyte composition, (d) local elec-
trochemical analysis with a free droplet, simply held by
surface tension, (e) similar concept, but a metal capil-
lary serves as counter electrode, (f) the wetted sample
area is well defined by a silicone rubber gasket at the
capillary’s mouth, (g) a twin-barreled capillary enables
electrolyte flow to remove products, (h) the surface is
stimulated by a jet flow, or (i) particle impact. Further
applications such as stimulation by friction, light, and
more complex applications such as concentration mea-
surements, pH control, and microreactors have been
realized.
Refs.: [i] Bohni H, Suter T, Schreyer A (1994) Electrochim Acta
40:1361; [ii] Hassel AW, Lohrengel MM (1997) Electrochim Acta 42:3327;
[iii] Suter T, Bohni H (2001) Electrochim Acta 47:191; [iv] Lohrengel
MM, Moehring A (2002) In: Schultze JW, Osaka T, Datta M (eds)
New trends in electrochemical technologies. Electrochemical microsystem
technologies, vol. 2. Taylor & Francis, Andover, p 104; [v] Lohrengel MM,
Moehring A, Pilaski M (2004) Electrochim Acta 47:137; [vi] Lohrengel
MM (2004) Corr Engin Sci Technol 39:53

MML

Capillary electrochromatography (CEC) — A special
case of capillary liquid chromatography, in which the
mobile phase motion is driven by — electroosmotic vol-
ume flow through a capillary, filled, packed, or coated
with a stationary phase, (which may be assisted by pres-
sure). The retention time is determined by a combina-
tion of — electrophoretic mobility and chromatographic
retention.

Refs.: [i] Riekkola ML, Jonsson JA, Smith RM (2004) Pure Appl Chem
76:443; [ii] Bartle KD, Myers P (eds) (2001) Capillary electrochromatog-
raphy (Chromatography Monographs). Royal Society of Chemistry, Lon-
don; [iii] Krull IS, Stevenson RL, Mistry K, Swartz ME (2000) Capillary
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electrochromatography and pressurized flow capillary electrochromatog-
raphy. HMB Publishing, New York
WK

Capillary electrometer — Lippmann capillary electrom-
eter

Capillary electromigration techniques — Flow ana-
lytical techniques in which analytes are separated in
narrow capillaries by employing high — electric field
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strength. They include — capillary electrophoresis tech-
niques and electrically driven capillary chromatographic
techniques, based on different separation principles.
Ref.: [i] Riekkola ML, Jonsson JA, Smith RM (2004) Pure Appl Chem
76:443

WK

Capillary electrophoresis (CE) or capillary zone elec-
trophoresis (CZE) — A capillary electrophoretic sepa-
ration technique solely based on the differences in the
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Capillary gap cell

— electrophoretic mobilities of charged species (analytes)
either in aqueous or non-aqueous — supporting (back-
ground) electrolyte solutions. These can contain addi-
tives, which can interact with the analytes and alter their
— electrophoretic mobility.
Ref.: [i] Riekkola ML, Jonsson JA, Smith RM (2004) Pure Appl Chem
76:443

WK

Capillary gap cell — The undivided capillary gap (or
disc-stack) cell design is frequently used in industrial-
scale electroorganic syntheses, but is also applicable for
laboratory-scale experiments when a large space-time
yield is required. Only the top and bottom electrodes
of c.g.c. (see Figure) are electrically connected to — an-
ode and — cathode, respectively, whereas the other elec-
trodes are polarized in the electrical field and act as
— bipolar electrodes. This makes c.g.c’s appropriate for
dual electrosynthesis, i.e., product-generating on both
electrodes.

Thin plastic strips, mostly of PTFE, of 0.3 to 0.5 mm
thickness act as spacers between the electrodes. The
latter usually consist of circular graphite plates. The
reactant/electrolyte flows through the central channel,
and from there radially outward through the gaps, re-
combining in the upper cell part. The small electrode
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Capillary gap cell — Figure

distance between the electrode plates enables the appli-
cation of low-conductive electrolytes. C.g.c. design can
be modified for solid polymer electrolyte technology,
i.e., graphite felt electrodes (— carbon electrodes, suben-
try — carbon felt electrode) separated by ion-exchange
membranes or diaphragms only (instead of plates and
gaps), are utilized.
Refs.: [i] Steckhan E (1996) Electroorganic synthesis. In: Kissinger PT,
Heineman WR (eds) Laboratory techniques in analytical chemistry, 2"
edn. Marcel Dekker, New York, pp. 641-682; [ii] Jorissen J (2004) Prac-
tical aspects of preparative scale electrolysis. In: Bard AJ, Stratmann M,
Schifer HJ (eds) Organic electrochemistry. Encyclopedia of electrochem-
istry, vol. 8. Wiley-VCH, Weinheim, pp 29

MHer

Capillary gel electrophoresis (CGE) — A special case of
— capillary sieving electrophoresis in which the capillary
is filled with a cross-linked gel.
Ref.: [i] Riekkola ML, Jonsson JA, Smith RM (2004) Pure Appl Chem
76:443

WK

Capillary isoelectric focusing (CIEF) — An elec-
trophoretic separation technique (— electrophoresis) for
the separation of amphoteric analytes (— ampholyte)
according to their — isoelectric points by the application
of an electric field along a pH gradient formed in
a capillary.
Ref.: [i] Riekkola ML, Jonsson JA, Smith RM (2004) Pure Appl Chem
76:443

WK

Capillary isotachophoresis (CITP) — An electrophoretic
separation technique (— electrophoresis) in a discontin-
uous — buffer system, in which the analytes migrate
according to their — electrophoretic mobilities, forming
a chain of adjacent zones moving with equal velocity be-
tween two solutions, i.e., leading and terminating elec-
trolyte, which bracket the mobility range of the analytes.
Ref.: [i] Riekkola ML, Jonsson JA, Smith RM (2004) Pure Appl Chem
76:443

WK

Capillary sieving electrophoresis (CSE) — An — elec-
trophoresis technique, in which analytes are separated in
a capillary, containing a sieving medium (e.g., an entan-
gled polymer network) in the — supporting (background)
electrolyte. The separation is based on differences in size
and shape of the charged analytes.
Ref.: [i] Riekkola ML, Jonsson JA, Smith RM (2004) Pure Appl Chem
76:443

WK
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Capillary waves — Capillary waves are triggered by ther-
mal fluctuation and recovered by — surface tension on an
— interface between liquid phases rather than by grav-
ity [i]. They propagate along the interface [ii], and they
distort the sharp boundary at immiscible oil|water inter-
faces. The frequency of capillary waves, which has been
determined with light scattering measurements [iii, iv],
is predicted to evaluate time-dependent local surface
tensions without any contact with the surface.
Refs.: [i] Levich VG (1962) Physicochemical hydrodynamics. Prentice-
Hall, Englewood Cliffs, p 591 [ii] Adamson AW (1976) Physical chem-
istry of surface, 3" edn. Wiley, New York, pp 179-182; [iii] Byrne D,
Earnshaw JC (1979) ] Phys D 12:1133; [iv] Hard S, Hamnerius Y, Nils-
son O (1976) ] Appl Phys 47:2433

KA

Carbon — Carbon atoms have 4 unpaired electrons
and therefore readily form covalently linked chains, net-
works, and structures. Carbon sublimes at ca. 4000 °C
and forms a liquid only under extremely high pressures.
The element carbon exists in several allotropic forms,
i.e., diamond, graphite, the — fullerenes, and a number
of specific materials, as active carbon(s) (charcoal(s)),
carbon blacks, pyrolytic carbon, glassy carbon, graphite
fibers, whiskers, etc. that have more or less a graphite
structure but differ in their agglomeration, particle size,
size distribution, degree of graphitization, and therefore
in their physical and chemical properties. Of course, all
these carbon materials are the result of specific synthesis
routes. From a technical point of view, graphite is by far
the most important electrode material because it com-
bines good electrical conductivity with a relatively high
chemical and electrochemical stability and low price
(— graphite electrodes). Graphite is also used as electrode
material because it can undergo insertion electrochem-
ical reactions (— insertion electrochemistry). Even dia-
mond can be used as electrode material provided it is
doped to achieve a sufficient - conductivity (— boron-
doped diamond, — diamond electrode). See also — car-
bon electrodes, — carbon felt electrode, — carbon fiber
electrode, — carbon paste electrode, — carbon nanotubes,
— electrode materials, — paraffin impregnated graphite
electrode, — porous electrode.
Refs.: [i] Pierson HO (1993) Handbook of carbon, graphite, diamond,
and fullerenes. Noyes Publications, New Jersey; [ii] Yoshimura S, Chang
RPH (eds) (1998) Supercarbon. Synthesis, properties and applications.
Springer, Berlin; [iii] Kinoshita K (1988) Carbon. Electrochemical and
physicochemical properties. Wiley, New York

FS, FM

Carbon black — carbon

Carbon dioxide sensor — An electrochemical device for
measuring the — partial pressure of carbon dioxide, orig-
inally developed for measurements with blood by Sever-
inghaus and Bradley [i]. It consists of a — glass electrode
as used for - pH measurements covered with a mem-
brane selectively permeable for CO,, e.g., silicone. Be-
tween membrane and glass electrode an electrolyte so-
lution containing NaCl and Na,COj is entrapped.
When CO; penetrates from the exterior environment
through the membrane into the solution the chemical
equilibrium is shifted, the pH values is lowered:

CO; +2H,0 2 HCO;3 + H;0* .

This change is detected by the glass electrode. The poten-
tial difference AE at the glass electrode is thus controlled
by the CO; concentration according to

AE = const. + (RT/F) Incco, -

At room temperature — Nernstian slope (59 mV/decade
of concentration change) is usually observed. Par-
tial pressure can be derived by applying Henry’s law.
A catheter configuration suitable for measurements in-
side blood vessels has been described [ii]. Using other
electrolyte constituents and membranes semipermeable
for other types of gas sensors for other analytes were de-
veloped (including NO,, SO,, H,S, HF [iii]). Various
CO;, sensors with galvanic solid electrolyte cells have
been designed [iv].
Refs.: [i] Severinghaus JW, Bradley AF (1958) ] Appl Physiolog 13:515;
[ii] Opdycke W, Meyerhoff ME (1986) Anal Chem 58:950; [iii] Wang ]
(1994) Analytical electrochemistry. VCH, New York; [iv] Mobius HH
(2004) ] Solid State Electrochem 8:94

RH
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Carbon dioxide sensor — Figure. Schematic cross section of a carbon
dioxide sensor




74

Carbon electrodes

Carbon electrodes — Carbon is selected for many elec-
trochemical applications because of its good electrical
and thermal conductivity, low density, adequate corro-
sion resistance, low thermal expansion, low elasticity,
and high purity. In addition, carbon materials can be
produced in a variety of structures, such as powders,
fibers, large blocks, thin solid and porous sheets, nan-
otubes, fullerenes, graphite, and diamond. Furthermore,
carbon materials are readily available and are generally
low-cost materials.

There are three common forms of carbon: diamond,
graphite, and amorphous carbon. All three are impor-
tant for electrochemical applications. The ideal graphite
structure consists of layers of carbon atoms arranged in
hexagonal rings. Metallic properties are exhibited in the
direction parallel to the layer planes, while semiconduct-
ing properties are exhibited in a perpendicular direction.
Because of the anisotropic structure of graphite, it in-
deed possesses anisotropic properties.

Amorphous carbon may be considered as sections of
hexagonal carbon layers of varying size, with very lit-
tle order parallel to the layers. Between the extremes of
graphite and amorphous carbon there is a wide range
of carbons with properties that can be tailored, to some
extent, for a specific application by controlling the man-
ufacturing conditions and subsequent treatments (heat
treatment, chemical oxidation, etc.).

Diamond doped with boron is conductive, and hence
can serve as a highly inert and robust electrode material.
Indeed, there are many reports on the study of electro-
chemical reactions with — boron-doped diamond elec-
trodes.

Because of the wide variety of carbons that are avail-
able, there is a whole range of promising electrochemi-
cal applications for these materials, such as — fuel cells,
— batteries, industrial electrochemistry, and — electro-
analytical chemistry.

In fuel cells, carbon (or graphite) is an acceptable ma-
terial of construction for electrode substrates, electrocat-
alyst support, bipolar electrode separators, current col-
lectors, and cooling plates.

Carbon and graphite are used in batteries as elec-
trodes or as additives in order to enhance the electronic
conductivity of the electrodes. As electrodes, graphites
and disordered carbons reversibly insert lithium, and
hence they may serve as the anode material in — lithium
batteries. Graphitic carbons intercalate lithium in a re-
versible multi-stage process up to LiCe (a theoretical ca-
pacity of 372mAhg™") and are used as the main anode
material in commercial rechargeable Li ion batteries. As
additives, carbon and graphite can be found in most of

the composite electrodes of batteries, such as lithium
and — alkaline batteries. Flow batteries are also batteries
where carbon and graphite can be found, both as elec-
trodes and as bipolar separators. For the bipolar separa-
tors, nonporous carbon or graphite is required (for ex-
ample, carbon-polymer composites, dense graphite, or
other nonporous carbon such as glassy carbon). Acti-
vated carbon and graphite are used as electrodes in these
batteries, where the high surface area of these electrodes
is used to store the electroactive species. One example is
the storage of bromine molecules in the activated carbon
electrodes in Zn/Br; batteries.

Highly porous carbons can serve as electrodes in
— super (EDL = electric double layer) capacitors. Their
very wide electrochemical window allows their use in
nonaqueous (relative) high energy-high power density
super (EDL) capacitors.

A wide range of applications of carbon materials can
be seen in what is termed industrial electrochemistry.
These applications include the use of carbon electrodes
in reactions involving inorganic compounds (e.g., chlo-
rine evolution, ozone generation, etc.), the synthesis of
organic materials using electrochemical methods, elec-
trochemical treatment of solutions (removal and recov-
ery of charged and uncharged species by electroadsorp-
tion and ion exchange in the porous structure of the car-
bon electrodes), and carbon capacitors, where the high
and specific surface area leads to an extremely high dou-
ble layer capacitance.

Last, but not least, is the field of electroanalytical
chemistry, in which carbon electrodes can be found.
This field includes — voltammetry, — potentiometry,
— coulometry, etc., for measuring the concentration and
detecting the presence of specific chemical species.

Refs.: [i] Kinoshita K, Berkeley L (1988) CARBON-Electrochemical and
physicochemical properties. Laboratory, Berkeley; [ii] Nishino A (1996)
J Power Sources 60:137; [iii] Pleskov YV (2006) Protection of materials
42:103; [iv] Nazri GA, Pistoia G (2003) Lithium batteries: Science and
technology. Kluwer, Boston
NL, DA
Carbon felt electrode — High surface area — car-
bon electrodes (— graphite electrodes) made by car-
bonization of organic felts or fibers. Precursor materials
such as polyacrylonitrile, cellulose, etc. are heated un-
der a reducing or inert atmosphere and complex pyro-
carbon structures [i] are formed depending on the tem-
perature. At higher temperatures more graphitic mate-
rials are obtained. Applications of carbon felt electrodes
are in — fuel cells [ii], as high surface area electrodes in
water decontamination and — electrosynthesis [iii], and
in carbon felt composite — sensors [iv].
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Refs.: [i] Oberlin A (2002) Carbon 40:7; [ii] Escribano S, Bla-
chot JE Etheve M, Morin A, Mosdale R (2006) ] Power Sources 15:8;
[iii] Gonzalez-Garcia ], Montiel V, Aldaz A, Conesa JA, Perez JR, Cod-
ina G (1998) Ind Enginee Chem Res 37:4501; [iv] Tobalina F, Pariente E,
Hernandez L, Abruna HD, Lorenzo EL (1998) Anal Chim Acta 358:15
M
Carbon fiber electrode — Edison produced the
first carbon fibers by carbonization of cotton threads in
1879. Today polyacrylonitrile (as well as Rayon and var-
ious other organic precursors) is the most common pre-
cursor for carbon fiber formation [i]. Carbonization of
polyacrylonitrile is carried out at 1500 °C to give highly
electrically conducting fibers with 5-10 pm diameter.
Fibers carbonized at up to 2500 °C are more graphitic
with a carbon content of >99%. Carbon fiber-based ma-
terials have found many applications due to their excep-
tionally high tensile strength. In electrochemistry car-
bon fiber — microelectrodes are very important in analyt-
ical detection [ii] and for in vivo electrochemical stud-
ies [iii]. Carbon fiber textiles are employed in — carbon
felt electrodes.
Refs.: [i] Pierson HO (1993) Handbook of carbon, graphite, diamond,
and fullerenes. Noyes Publications, New Jersey; [ii] Zoski CG (2002)
Electroanalysis 14:1041; [iii] Phillips PEM, Wightman RM (2003) Trends
Anal Chem 22:509
M
Carbon nanotubes — nanotubes composed of
sp?-hybridized carbon atoms arranged in graphite type
sheets building-up seamless hollow tubes capped by
— fullerene-type hemispheres. Their length ranges from
tens of nanometers to several microns. They can be
divided into two classes; single-walled carbon nan-
otubes (SWNTs) and multiwalled-carbon nanotubes
(MWNTs). SWNTs consist of single hollow tubes with
diameter 0.4 to 2 nm. They can be metallic conductors
or semiconductors. The conductivity depends on their
chirality, presence of catalytic particles, ion doping, and
functionalization. MWNTs are composed of concentric
tubes. Their diameter ranges from 2 to 100 nm and they
can be regarded as metallic conductors. Both classes of
carbon nanotubes are already recognized as attractive
— electrode material.
Refs.: [i] Ijima S (1991) Nature 354:56; [ii] Saito R, Dresselhaus R
(1998) Physical properties of carbon nanotubes. Imperial College Press,
London; [iii] Niyogi S, Hamon HA, Hu H, Zhao B, Bhownik P,
Sen R, Itkis ME, Haddon RC (2002) Acc Chem Res 35:1105;
[iv] www.pa.msu.edu/cmp/csc/nanotube.htm
MO
Carbon paste electrodes — Carbon paste elec-
trodes have been described first by — Adams in 1958 [i].
He has used graphite powder mixed with a mulling liq-

uid. As such bromoform, bromonaphthalene, and - Nu-
jol have been used. The paste is housed in a Teflon
holder, contacted by a platinum wire, and occasionally
a piston is used to renew the surface by extrusion of
the used paste. Kuwana and French were the first to
modify carbon paste electrodes with electroactive com-
pounds [ii] to measure the response of water insolu-
ble compounds in an aqueous electrolyte solution. Later
this approach has been expanded to study the electro-
chemical behavior of inorganic insoluble compounds
that may or may not be electron conductors [iii]. Carbon
paste electrodes have been developed in the last decades
mainly to incorporate reagents and enzymes to prepare
specific electrodes for analytical applications [iv-vi]. The
long-term stability of the pastes is a problem, as well as
the fact that the binder can affect the electrochemistry
of solid embedded particles, if that is the goal of studies.
Refs.: [i] Adams RN (1958) Anal Chem 30:1576; [ii] Kuwana T,
French WG (1964) Anal Chem 36:241; [iii] Scholz F, Meyer B (1998)
Voltammetry of solid microparticles immobilized on electrode surfaces.
In: Bard AJ, Rubinstein I (eds) Electroanalytical chemistry, vol. 20. Mar-
cel Dekker, New York; [iv] Svancara I, Vytias K, Barek ], Zima ] (2001)
Crit Rev Anal Chem 31:31L; [v] Gorton L (1995) Electroanalysis 7:23;
[vi] Kalcher K, Kauffmann JM, Wang J, Svancara I, Vyttas K, Neuhold C,
Yang Z (1995) Electroanalysis 7:5

FS

Carlisle, Anthony — (Feb. 15, 1768, Stillington/Durham,
England - Nov. 2, 1840, London, England) He studied
medicine in York, Durham, and London. He became
a successful surgeon, was knighted in 1821, and served as
the President of the College of Surgeons in 1829. Never-
theless, he is now chiefly remembered for the first elec-
trolysis of water, with — Nicholson, in 1800. Nicholson
and Carlisle’s discovery that electricity can cause water
to produce hydrogen and oxygen was a milestone in the
history of chemistry [i-iii].
Refs.: [i] Nicholson W, Carlisle A (1800) Nicholson’s Journal (] Natl Phil
Chem Arts) 4:179; [ii] Laidler K] (1993) The world of physical chemistry.
Oxford University Press, Oxford, pp 199, 200, 424; [iii] Dunsch L (1985)
Geschichte der Elektrochemie. VEB Deutscher Verlag fiir Grundstoff-
industrie, Leipzig, pp 31, 131

GI

Carré pile — Assembly of — Daniell cells with dia-
phragms made of paper. See also — zinc, > Zn**/Zn
electrodes, —~ Zn**/Zn(Hg) electrodes, — zinc-air batter-
ies (cell), and — Leclanché cell.
Ref.: [i] Hauck WP (1883) Die Galvanischen Batterien, Accumulatoren
und Thermosiulen, 2" edn. Hartleben's Verlag, Wien

ES
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Casimir force

Casimir force — A force that appears between two flat,
uncharged, and parallel metal plates which are close to
one another. It is clear that two charged plates attract or
repel each other depending on whether they are oppo-
sitely or identically charged. This electric force dimin-
ishes relatively slowly vs. the distance between the plates.
The Casimir force is related to the electrons in the two
plates which are more or less mobile, and move rather
randomly. Some fluctuations in the electron density ap-
pear and this leads to the same effect as in the case of
a positive or negative charge at the plates. Casimir force
is weak, depends on temperature, and can be eventually
considered as similar to the — van der Waals forces be-
tween two uncharged atoms. It decreases much stronger
with the distance between the plates compared to the
electric forces between two charged plates.

The attractive Casimir force between two plates of
area A can be calculated approximately using the for-
mula F = (phcA)/(480r*), where h is — Planck con-
stant, c is the speed of light, and r is the distance between
the plates.

Casimir force was predicted by H.B.G. Casimir in
1948. The first experimental confirmation came in 1958,
and it was rigorously described in 1997 [ii].

Refs.: [i] Bressi G, Carugno G, Onofrio R, Ruoso G (2002) Phys Rev Lett
88:1804; [ii] Lamoreaux SK (1997) Phys Rev Lett 78:5
Zs

Castner, Hamilton Young — (Sep. 11, 1858, Brooklyn,
New York, USA - Oct. 11, 1899, Saranac Lake, New York,
USA) Castner studied at the Brooklyn Polytechnic In-
stitute and at the School of Mines of Columbia Uni-
versity. He started as an analytical chemist, however,
later he devoted himself to the design and the improve-
ment of industrial chemical processes. He worked on
the production of charcoal, and it led him to investigate
the Deville’s aluminum process. He discovered an effi-
cient way to produce sodium in 1886 which made also
the production of aluminum much cheaper. He could
make aluminum on a substantial industrial scale at the
Oldbury plant of The Aluminium Company Limited
founded in England. However, — Hall and — Héroult in-
vented their electrochemical process which could manu-
facture aluminum at an even lower price, and the chem-
ical process became obsolete. Castner also started to use
electricity, which became available and cheap after the
invention of the dynamo by — Siemens in 1866, and
elaborated the — chlor-alkali electrolysis process by us-
ing a mercury cathode. Since Karl Kellner (1851-1905)
also patented an almost identical procedure, the pro-
cess became known as Castner-Kellner process. Cast-

ner bought Kellner’s patent, and the production of pure
NaOH and Cl, started at Oldbury in 1894. The mass pro-
duction of these two chemicals revolutionized the textile
and in general the chemical industry.
Refs.: [i] Williams TI (1993) Endeavour 17:89; [ii] Dunsch L (1985)
Geschichte der Elektrochemie. VEB Deutscher Verlag fiir Grundstoff-
industrie, Leipzig, pp 88, 134

GI

Castner cell — (also Castner—Kellner cell) Electrochem-
ical cell employed in sodium winning by electrolysis of
molten NaOH. According to

NaOH — Na +1/2H; +1/20,
with the cathode reaction
Na* +e” — Na
the anode reaction
20H™ - H,0 +1/20, + 2¢”
and the chemical reaction in the melt
Na + H,O - 1/2H, + NaOH

the faradaic yield with respect to the produced sodium is
only 50%. The moderate cell voltage of 4.3 to 5 V kept the
process competitive until the — Downs cell (process) was
sufficiently advanced. In the Castner cell an iron cylin-
der serves as anode, it is surrounded by an iron cylinder
used as cathode. Molten sodium with lower density than
molten NaOH rises and is separated from the melt; oxy-
gen rises separately and does not meet molten sodium.
Hydrogen cogenerated with sodium leaves the cell to-
gether with the rising sodium. Operating temperature
is low, between 310 and 330 °C. At lower temperatures
the melt solidifies, at higher temperatures sodium is dis-
solved in the melt. Because the NaOH has to be manu-
factured electrolytically itself the energy needed for elec-
trolysis and dehydration of the solution of NaOH adds
to the unfavorable energy balance, thus the — Downs
process dominates because NaCl needed for this process
does not need further purification resulting in a better
energy balance.

RH

Catalymetry — A kinetic method for chemical analysis
in which the — analyte is the — catalyst whose concen-
tration is determined from its effect upon the — reac-
tion rate data of the — indicator. Thus, conditions are
provided in such a way that the concentration of the
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— analyte can be determined from an — indicator re-
action involving reactants or products that can be easily
measured. This method of quantification is among the
most sensitive ones [i]. The use of — catalytic currents in
— voltammetry (— polarography) can be considered as
Refs.: [i] Skoog D, West D, Holler F (1996) Fundamentals of analyti-
cal chemistry. Saunders College Publishing, New York; [ii] Henrion G,
Scholz E, Schmidt R, Fabian I (1981) Z Chem 21:104; [iii] Tur’yan YI,
Ruvinskiy OE, Zaitsev PM (1998) Polarograficheskaya katalimetriya.
Khimiya, Moscow

FG

Catalysis — is a phenomenon of augmentation of the
rate of a chemical reaction caused by addition of a for-
eign substance, called a catalyst, which remains uncon-
sumed at the end of the reaction. The catalyst does
not enter into the overall reaction and does not mod-
ify the overall — Gibbs energy change in the reaction.
The catalyst is both a reactant and a product of the re-
action. Catalysis can be divided into homogeneous and
heterogeneous catalysis. In homogeneous catalysis, only
one phase exists. In heterogeneous catalysis, the reac-
tion takes place at the interface between phases. See also
— electrocatalysis, - Brdicka, — catalymetry, — catalytic
current, — catalytic hydrogen evolution, and — Maira-
novskii.
Refs.: [i] Svehla G (1993) Pure Appl Chem 65:2291; [ii] Cornils B, Herr-
mann WA, Schlogl R, Wong C (eds) (2003) Catalysis from A to Z: A con-
cise encyclopedia, 2% edn. Wiley-VCH, Weinheim

VM

Catalytic current — is a — faradaic current that is ob-
tained as a result of a catalytic electrode mechanism (see
— electrocatalysis) in which the catalyst (Cat) is either
dissolved in the bulk solution or adsorbed or immo-
bilized at the electrode surface, or it is electrochemi-
cally generated at the electrode-electrolyte solution in-
terface [i]. The current obtained in the presence of the
catalyst and the substrate (S) must exceed the sum of the
currents obtained with Cat and S separately, provided
the currents are measured under identical experimen-
tal conditions. The catalytic current is obtained in either
of the two following general situations:

(1) The Cat is either oxidized (see — oxidation) or
reduced (see — reduction) at the electrode surface to
give a product Cat, which then undergoes chemical
— redox reaction with S. One of the products of the
chemical redox reaction between Cat’ and S is either
Cat or an — intermediate of the overall — electrode
reaction in which Cat’ is produced at the electrode

surface. In this regenerative electrode mechanism the
Cat/Cat’ — redox couple serves as a — redox media-
tor to shuttle electrons between the S and the — elec-
trode (Scheme 1). As a consequence, S undergoes elec-
trochemical transformation at the — formal potential
of the redox mediator Cat/Cat’. In the absence of the
catalyst, the substrate requires a higher — overpoten-
tial to exchange electrons directly with the electrode
compared to the formal potential of the redox medi-
ator Cat/Cat’, ie., the system has to possess an ap-
preciable degree of electrochemical irreversibility. Typ-
ical examples are electrode mechanisms involving in-
organic oxidants as substrates (hydrogen peroxide, hy-
droxyl amine, chlorate, chlorite, perchlorate, bromate,
iodate, nitrate, nitrite, persulfate) and transition metal
ions showing two stable oxidation states as catalysts (Cu,
Ti(IV), V(V), Cr(IIT), Mo(VI), W(VI), Fe(III), Co(III),
Ru(III), Os(VIII), Y(III), and U(VTI)) [ii]. Furthermore,
numerous examples for a regenerative catalytic electrode
mechanism are related to — chemically modified elec-
trodes, where the catalyst (e.g., ferrocene, cyano com-
plexes of iron and ruthenijum, organic molecules with
a large 7-bond system such as phenoxazine, tetrathia-
fulvalinium tetracyanoquinodimethane) is immobilized
at the electrode surface and undergoes a very fast elec-
tron transfer reaction [iii] with the electrode and the
substrate present in the electrolyte solution. The utiliza-
tion of catalytic currents for analytical purposes allows
reaching extremely low detection limits [iv].

Cat + e & Cat'

Cat+S&Cat+ P

Catalytic current — Figure. Reaction scheme of a reductive regener-
ative catalytic electrode mechanism (the charge of the species is omit-
ted)

(2) The Cat, or its product of electrode oxidation or
reduction Cat’, is immobilized at the electrode surface
and decreases the overpotential for oxidation or reduc-
tion of the S, without being involved in the chemical re-
dox reaction with the S. Typical example is the catalytic
effect of underpotential deposited layer of lead on a plat-
inum electrode, on anodic oxidation of methanol [v].
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Catalytic hydrogen evolution

Further examples are electrode mechanisms involving
ligand-catalyzed metal ion reduction (e.g., reduction of
Ni?* at the mercury electrode catalyzed by adsorbed cys-
teine [vi]) hydrogen evolution reaction at the mercury
electrode catalyzed by adsorbed organic bases, platinum
metal particles, and transition metal complexes [vii].
Refs.: [i] Banicd FG, Ion A (2000) Electrocatalysis-based kinetic de-
termination. In: Meyers RA (ed) Encyclopedia of analytical chemistry.
Wiley, Chichester, p 11115; [ii] Zaitsev PM, Zhdanov SI, Nikolaeva TD
(1982) Russ Chem Rev 51:968; [iii] Wring SA, Hart JP (1992) Analyst
117:1215; [iv] Pelzer ], Scholz F, Henrion G, Heininger P (1989) Frese-
nius Z Anal Chem 334:331; [v] Beden B, Kadirgan E, Lamy C, Leger JM
(1982) ] Electroanal Chem 142:171; [vi] Bdnicd FG (1985) Talanta 32:1145;
[vii] Banicd FG, Ion A (2000) Electrocatalysis-based kinetic determina-
tion. In: Meyers RA (ed) Encyclopedia of analytical chemistry. Wiley,
Chichester, p 11128

VM

Catalytic hydrogen evolution — Hydrogen is formed by
reduction of protons in acidic or by reduction of water
in alkaline solutions at electrode potentials sufficiently
more negative than Esyg = 0V in the former and at
Esyp = —0.828 V in the latter electrolyte solution. The
actual rate of hydrogen evolution depends on the prop-
erties of the employed electrode material [i]. An elec-
trode material showing a high rate at a selected elec-
trode potential is considered a good (active) electrocat-
alyst (— electrocatalysis), a low rate indicates a low cat-
alytic activity. Platinum and some other metals of the
platinum group are good electrocatalysts whereas mer-
cury is a poor catalyst. The activity is expressed by giving
the — standard exchange current density jo or the stan-
dard rate constant k.

In — polarography sometimes — faradaic currents
are observed which cannot be attributed to diffusion-
limited reduction of electroactive species under investi-
gation. Sometimes substances (which are not necessar-
ily electroactive themselves) lower the hydrogen over-
potential of the mercury electrode in various ways (by
adsorption, by acting as a redox mediator), thus a hy-
drogen evolution current (a catalytic hydrogen wave) is
observed [ii-iv]. See also — Mairanovskii.

Refs.: [i] Norskov JK, Bligaard T, Logadottir A, Kitchin JR, Chen JG, Pan-
delov S, Stimming U (2005) ] Electrochem Soc 152:]23; [ii] Mairanovskii
SG (1964) Russ Chem Rev 33:38; [iii] Leibzon VN, Churilina AP, Mend-
kovich AS, Gul’tyai VP (1986) Russ Chem Bull 35:1743; [iv] Mairanovskii
SG (1968) Catalytic and kinetic waves in polarography. Plenum Press,
New York

RH

Catalytic hydrogen wave — catalytic hydrogen evolution

Catalytic reactions in electrochemistry — chemical re-
actions in electrochemistry

Cataphoresis — [Greek] Movement of positively
charged colloidal particles in a suspension towards
the cathode (see also: — anaphoresis, — electrokinetic
phenomena).

RH

Cation — A positively charged ion. A cation has fewer
electrons than protons and is attracted by a negatively
charged — electrode. The name ion was created by
— Faraday, from Greek i6v, neutral present participle of
fevau, “to go’, so cation, kaT16v, means “(a thing) going
down”.

BM

Cation vacancies — vacancies

Cathode — electrode where — reduction occurs and elec-
trons flow from electrode to electrolyte. At the other
electrode, which is called an — anode, electrons flow
from electrolyte to electrode. It follows that in a — bat-
tery, the cathode is the positive electrode. In — electroly-
sis, to the contrary, the cathode is the negative electrode.
See also — anode, -~ Faraday, - Whewell.

TO

Cathodic corrosion protection — corrosion protection

Cathodic partial current (density) — For a single — elec-
trode reaction, the total current is composed of anodic
and cathodic — partial currents.

When the rate is controlled by the — charge transfer
step according to the — Butler-Volmer equation the ca-
thodic partial current density (j.) can be expressed as
follows:

. . acnFy
Je= ]oeXP( RT ) 1)
assuming that co(x = 0) »~ ¢ (O stands for oxidized
form) which is the case in intensively stirred solutions;
jo is the — exchange current density, a. is the cathodic
— transfer coefficient, n is the — charge number of the
electrode reaction, F is the — Faraday constant, R is the
— gas constant, T is the absolute temperature, # is the
— overpotential, co(x = 0) and ¢§ are the concentra-
tions of the reacting species (oxidized form of the redox
couple) at the electrode surface and the bulk solution,
respectively.
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By using the — formal potential (EZ') and the — stan-
dard rate constant (k)

je =—nFksco (x =0) exp (—M) » (2)

RT

where E is the — electrode potential. When co(x = 0) is
substantially higher or lower than ¢

(52 o

c =

. co(x=0
e o( i )
‘o

In the potential region of — diffusion — limiting current
(jL,c)

jL,c = _anmocé) 5 (4)

where kp,, is the — mass transport coefficient.
In the potential region where mixed kinetic-diffusion
control prevails

ocanq)

RT ©)

o= =io (1= jef v exp (-
The cathodic partial current may be a sum of several
partial currents when two or more electrode processes
take place simultaneously (see — partial current), e.g.,
in - hydrogen evolution that accompanies metal depo-
sition at high negative potentials.

In this case

Je =Jue+ jac (6)
co1 (x=0) exp (_occ,lann)

Je="Jo1 "
o1 RT
Con (x=0) ( (xc,znqu)
02— exp (=221 7
— exp (- )

— Jo,2
€o,2

Refs.: [i] Erdey-Griiz T, Volmer M (1930) Z phys Chem Al150:203;
[ii] Parsons R (1974) Pure Appl Chem 37:503; [iii] Inzelt G (2002) Ki-
netics of electrochemical reactions. In: Scholz F (ed) Electroanalytical
methods. Springer, Berlin, pp 29-33; [iv] Bard AJ, Faulkner LR (2001)
Electrochemical methods. Wiley, New York, pp 98-103

GI

Cathodic stripping voltammetry — Refers to a family
of procedures involving a — preconcentration by elec-
trochemical oxidation (or reduction) of the analyte (or
a salt or derivative of the analyte) onto (or into) the
working electrode prior to its direct or indirect deter-
mination by means of an electroanalytical technique
(see also — stripping voltammetry, and — anodic strip-
ping voltammetry) [i]. During the stripping step, i.e.,

a voltammetric scan, the deposit is dissolved by reduc-
tion. A typical example is the oxidative deposition of
Hg,Cl, ata — mercury electrode from a solution contain-
ing chloride ions followed by the reductive dissolution
of the deposit. Another example is the reductive deposi-
tion of Cu,Se from a Se(IV) solution spiked with Cu?*,
and its reductive dissolution with formation of copper
and H,Se.
Ref.: [i] Fogg AG, Wang J (1999) Pure Appl Chem 71:891

AMB

Catholyte — electrolyte solution in the cathodic com-
partment of an electrolysis cell (see — electrochemical
cells, > electrolyzer) or — galvanic cell, i.e., in that part
of the cell where the — cathode is placed.

ES

CrevErev diagnostics in cyclic voltammetry — Consider-
ing the Cyey Erey mechanism given with the following re-
action scheme for the case of a reduction — see CE pro-
cess,

ky
Cstep: A20
ky

Estep: O+mne” 2R
the following simple diagnostic criteria apply [i-iii]:

a) if the chemical step (C) is fast relative to the scan
rate, then the cyclic voltammogram shows the fea-
tures of a simple reversible electron transfer, with
a potential shift due to the pre-equilibrium (Fig. 1a)

= Erey.

b) if the chemical step (C) is slow relative to the scan
rate, then:

scan rate increases

fw‘ ﬁlm trom : i
T U T T U 1 T T U
01 0.0 01 01 00 01 -01 0.0 01
E/V E/V E/V
a b c

CrevErev diagnostics in cyclic voltammetry — Figure. The effect
of the scan rate on the current components of the simulated cyclic
voltammograms of a Cyey Erey reaction
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CE process

- the cathodic current (at more negative poten-
tials) starts to diminish with increasing scan
rate (Figs. 1b and ¢)

- the ratio I rea/ 19> decreases as the scan rate
increases

- the ratio Iy rea/Ip,0x <1 (for a reduction pro-
cesses) and it decreases by increasing the scan
rate

- in the region of kinetic control, the half-
wave peak potential AE,, (for reduction
processes) shifts in negative direction for
30 mV/n per decade increase of the scan rate.

Refs.: [i] Nicholson RS, Shain I (1964) Anal Chem 36:706; [ii] Marken F,
Neudeck A, Bond AM (2001) Cyclic voltammetry. In: Scholz F (ed)
Electroanalytical methods. Springer, Berlin, pp 50-97; [iii] Bard A],
Faulkner L (2001) Electrochemical methods. Wiley, New York, pp 471-
533

RG

CE process — These are coupled reactions, where the
electroactive compound O is produced by a chemical re-
action C, which precedes the electron transfer step E:

A=20
O+ne 2&R.

C step:
E step:

A classical example for a CE process is the reduction of
formaldehyde to methanol, where the formaldehyde is
formed by dehydration of methan-di-ol [i, ii] - chemical
reactions in electrochemistry, preceding reaction.
Refs.: [i] Bilewicz R, Wikiel K, Osteryoung R, Osteryoung J (1989) Anal
Chem 61:965; [ii] Bard AJ, Faulkner L (2001) Electrochemical methods.
Wiley, New York, pp 471-533

RG

CEER process — (Capenhurst electrolytic etchant
regeneration process) Electrochemical process for
continuous copper removal from printed circuit board
etching solutions employing either cupric chloride
or ammoniacal etchant. In a cell divided by a cation
exchange membrane the etching process is essentially
reversed. In case of the cupric chloride etchant the
etchant solution is pumped to the anode, the processes
are at the

Anode:
Cathode:

Cell reaction:

2CuCl™ - 2Cu** + 6CI™ + 2e™
Cu®* +2¢” - Cu

2CuCl3™ - Cu®* + Cu + 6Cl™ .

Copper ions generated at the anode pass through the
membrane and are deposited at the cathode in dendritic
form, they are recovered from the bottom of the cell. The
respective etching process is

Cu + Cu** + 6Cl~ - 2CuCl3™ .

In the etching process employing a slightly acidic am-
moniacal etchant the etching reaction is

Cu + [Cu(NH3)]3" - 2[Cu(NH;),]*
and

Z[CU(NH3)2]+ + 1/202 + 4NHZ -
2[Cu(NH;)4]* + 2H" + H,O .

The etchant solution is pumped to the cathode of the re-
generation cell, electrode reactions are at the

Anode: H,0 - 1/20; + 2H* + 2¢~

Cathode: ~ Cu** +2¢” - Cu

Cell reaction (including homogeneous steps):
[Cu(NH;)4]*" + H,O — Cu + 4NH3 + 2H*+1/20;.

In the CEER cell the etchant is pumped to the cathode
where copper removal proceeds.
Ref.: [i] Pletcher D, Walsh FC (1993) Industrial electrochemistry. Blackie
Academic & Professional, London

RH

Cell constant — The specific conductivity of matter
is defined as the conductivity measured between two
conducting plates (electrodes in measurements of ionic
conduction) of 1cm? area spaced at a distance of 1cm
(— conductivity cell). In practical construction these ge-
ometrical specifications are not easily obtained, and the
actual dimension may differ. To convert conductivity
data obtained with a real cell having different geometric
dimension the conductivity y,c of a solution with well-
known specific conductivity yy.f is measured with this
cell. Taking the reference value yy.r the cell constant « is
obtained by & = jref/ Yact- Subsequently measured con-
ductivity yac: employing this cell can easily be converted
into specific conductivities y according to x = K Yact.
Ref.: [i] Bockris JO'M, Reddy AKN (2006) Modern electrochemistry.
Springer, New York

RH

Cell diagram — A — galvanic cell is represented by a dia-
gram. Thus, the chemical cell, consisting of an aqueous
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solution of hydrogen chloride (activity: a, concentra-
tion: ¢), a platinum-hydrogen electrode (partial pres-
sure of hydrogen: p), and a silver-silver chloride elec-
trode, both with copper terminals is represented by the
diagram

Cu(s) IPt(s)[Hs (8) HCI(aq)| AgCI(s) Ag(s)[Cus)

Although this diagram has been recommended by the
IUPAC Commission of Electrochemistry [i] it is not en-
tirely correct. It would be better to write as follows

...[Hs(g) |HClC§aq) EEHClcgaq) |AgCl(s)

since — liquid junction potential may arise even in this
case because at the — hydrogen electrode HCl solution is
saturated by H,, while at the silver-silver chloride elec-
trode HCI solution is saturated by AgCl.

The cell diagram of the — Daniell cell is

Cu(s)|Zn(s)|ZnSO4(aq):CuSO4(aq)|Cu(s) .

The diagram of the cell for pH measurements when
a glass electrode is used [ii]:

Cu(s)|Hg(1)|Hg,Cl, (s)|KCl(aq):solution|glass|

m>3.5 molkg~! a,=2pH=?

HCl(aq)or buffer|AgCl(s)|Ag(s)|Cu(s) .

A single vertical bar (|) should be used to represent
a phase boundary, a dashed vertical bar (:) to represent
ajunction between miscible liquids, and double, dashed
vertical bars (i) to represent a liquid junction, in which
the liquid junction potential has been assumed to be
eliminated (see also — concentration cells).
Refs.: [i] Parsons R (1974) Pure Appl Chem 37:503; [ii] IUPAC quan-
tities, units and symbols in physical chemistry (1993) Mills I, Cvitas T,
Homann K, Kallay N, Kuchitsu K (eds), Blackwell Sci Publ, Oxford, p 62
GI

Cell reaction — A chemical reaction occurring spon-
taneously in a — galvanic cell is called the cell reac-
tion. The — Gibbs energy change of the reaction (AG)
is converted into electrical energy (via the current) and
heat. The cell reaction in a galvanic cell is spontaneous,
ie, AG is negative. The reaction equation should be
written in such a way that AG < 0 when it proceeds
from left to right. The peculiarity of the cell reaction is
that the chemical processes (oxidation and reduction)

take place spatially separated at the — electrodes in such
a way that they are interconnected by the ion transport
through the solution separating the two electrodes. They
are called half-reactions or — electrode reactions. Oxi-
dation takes place at the — anode, and reduction at the
— cathode.

The reaction to which AG and the potential of the cell
reaction (E.) refers should be clearly indicated, for ex-
ample

CuSO4(aq) + Zn(s) —» Cu(s) + ZnSO4(aq) (1

2H,(g) + 02(g) ~ 2H,0(1) 2)
Ha(g) +1/201(g) — Ha(1) (3)
(4)

The respective half-reactions are as follows

Cu®*(aq) +2e~ — Cu(s) (3.1a)
Zn(s) - Zn**(aq) + 2e” (3.1b)
0,(g) +4e” +4H* - 2H,0(1) (3.2a)
2H,(g) — 4H"(aq) + 4e” (3.2b)
1/20,(g) +2e~ +2H*(aq) - H,0(1) (3.3a)
Hy(g) - 2H"(aq) + 2¢” (3.3b)
30,(g) +12¢~ +12H*(aq) — 6H,0O(1) (3.4a)
2CH;0H(aq) + 2H,0(1) —

2C0O,(g) +12H* (aq) + 126~ . (3.4b)

The expression “cell reaction” is used almost exclusively
for the spontaneous reactions occurring in galvanic
cells [i-iv]. However, also in electrolysis cells (— elec-
trochemical cells) chemical transformations take place,
when current is passed through the cell from an exter-
nal source. Evidently, we may also speak of cell reactions
even in this case, albeit additional energy is needed for
the reaction to proceed since AG > 0.
Refs.: [i] Parsons R (1974) Pure Appl Chem 37:503; [ii] Atkins PW
(1995) Physical chemistry. Oxford University Press, Oxford, pp 330-332;
[iii] Rieger PH (1993) Electrochemistry. Chapman & Hall, New York, pp
5-9; [iv] Bard AJ, Faulkner LR (2001) Electrochemical methods. Wiley,
New York, pp 2-5, 48-52

GI

Cell voltage — electric potential difference of a galvanic
cell
GI
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Cementation

Cementation — displacement deposition
Ceria — cerium dioxide

Cerium dioxide — Cerium dioxide (ceria), CeO,_4, with
a cubic fluorite-type structure is the only thermodynam-
ically stable phase in the binary Ce-O system at oxy-
gen partial pressures close to atmospheric. The materials
derived from CeO; by — doping, find numerous appli-
cations in electrochemistry, particularly as oxygen ion-
conducting — solid electrolytes, — mixed ionic-electronic
conductors, and components of — solid oxide fuel cell
(SOFC) — electrodes and catalysts [i,ii]. At tempera-
tures below 1700 K in air, oxygen nonstoichiometry (&)
in ceria is relatively small; the concentration of — point
defects determining the transport properties depends
strongly on the pre-history and on the dopant/impurity
content. The oxygen — ion conductivity can be substan-
tially increased by increasing the concentration of oxy-
gen — vacancies via doping with lower-valence cations,
in particular rare-earth and alkaline-earth metal ions.
A highest level of oxygen ionic transport is character-
istic of the — solid solutions Ce;_yM;O,_s, where M =
Gd or Sm, x = 0.10-0.20. The main advantages of these
electrolytes include a higher ionic conductivity with re-
spect to — stabilized zirconia, a better stability compared
to — bismuth oxide based materials and - BIMEVOX,
and a lower cost in comparison with lanthanum gallate-
based — perovskites. The main problems in using doped
ceria as SOFC electrolyte arise from the partial reduc-
tion of Ce** to Ce** under the reducing conditions, re-
sulting in a significant electronic conductivity and lattice
expansion. An important feature of ceria-based materi-
als relates to their high catalytic activity, particularly in
many oxidation reactions.
Refs.: [i] Inaba H, Tagawa H (1996) Solid State Ionics 83:1; [ii] Khar-
ton V'V, Yaremchenko AA, Naumovich EN, Marques FMB (2000) ] Solid
State Electrochem 4:243

VK

Cesium cation conductors — solid electrolyte
Cesium-conducting solid electrolyte — solid electrolyte
Channel electrode — electrochemical cell (practical as-
pects) (subentry — channel flow electrochemical cell), and
— hydrodynamic electrodes

Channel flow cell — electrochemical cell (practical as-

pects) (subentry — channel flow electrochemical cell), and
— hydrodynamic electrodes

Chaotropes — Hofmeister series

Chapman, David Leonard

(By kind permission of the Principal
and Fellows of Jesus College, Oxford)

(Dec. 6, 1869, Wells, Norfolk, England - Jan. 17,1958, Ox-
ford, England) Chapman studied in Oxford, and then
he was a lecturer at Owens College (which later became
part of the University of Manchester). In 1907 he re-
turned to Oxford, and led the chemistry laboratories of
the Jesus College until his retirement in 1944 [i]. Chap-
man’s research has mostly been focused on photochem-
istry and chemical kinetics; however, he also contributed
to the theory of electrical — double layer [ii]. His treat-
ment of the double layer was very similar to that elabo-
rated by — Gouy earlier, and what has come to be called
the Gouy-Chapman double-layer model [i, iii].
Refs.: [i] Laidler KJ (1993) The world of physical chemistry, Oxford Univ
Press, Oxford; [ii] Chapman DL (1913) A contribution of the theory of
capillarity. Phil Mag 25(6):475; [iii] de Levie R (2000) ] Chem Education
77:5

GI

Characteristic potential — potential, subentry — char-
acteristic potential

Charcoal — carbon

Charge

(a) In electrochemistry, the term charge is used for
the electric charge (physical quantity) with pos-
itive or negative integer multiples of the — ele-
mentary electric charge, e. The sum of charges is
always conserved within the time and space do-
mains in which charge is transported [i]. Electro-
chemical charge is categorized into faradaic charge
(— faradaic reaction, - Faraday’s law) and capac-
itive charge (= capacitor). The faradaic charge is
provided by — charge transfer reactions at an elec-
trochemical — interface, and is equal to the product
of the number of reacting species, N, the stoichio-
metric number of electrons, #, and the elementary
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charge, i.e., Q = neN. It is practically detected via
the current, I = dQ/dt = ne(dN/dt), and hence
is evaluated from the time-integration of the cur-
rent to provide the amount of reacting species. On
the other hand, the capacitive charge is the charge
accumulated in a capacitance at an electrochemical
interface. It is expressed as the product of the ca-
pacity, C, and the potential difference, AE, through
Q = CAE [ii]. It does not include time-variation
of electroactive species, and hence is called non-
faradaic charge. See also — charge, capacitive.

(b) The term charge is also frequently used in the con-

nections “positive charge” and “negative charge”

just to indicate the sign of it.

Refs.: [i] Griffiths DJ (1989) Introduction to electrodynamics, 2nd odp,
Prentice Hall, p 4; [ii] Bard AJ, Faulkner LR (2001) Electrochemical
methods, 2" edn. Wiley, New York, p 11

KA

Charge capacity of a battery — This is a term related
to power sources and defines the amount of electrical
charge that is stored in a — battery material and/or in an
entire battery electrode. Charge — capacity is measured
in — coulombs. Practically, charge is usually expressed in
Ah (ampere hour). 1 Ah is 3600 coulombs.

Hence, the charge capacity of one mol of electroac-
tive material that undergoes one electron transfer per
process is 1 F or 26.8 Ah. For the practical world of en-
ergy storage and conversion, highly important is the spe-
cific charge capacity (or simply specific capacity), which
is expressed in Ah per 1 gram (Ahg™) for gravimetric
specific capacity or in Ah per 1 liter (AhL™) for vol-
umetric specific capacity. It is important to distinguish
between theoretical and practical specific capacity. The-
oretical specific charge capacity is based on the molecu-
lar weight of the active material and the number of elec-
trons transfers in the electrochemical process. Practical
specific charge capacity is the actual capacity that can be
obtained in the process and it depends on many practi-
cal factors such as the kinetic limitations of the electro-
chemical process, temperature of operation, cutoff volt-
age, electrodes design and configuration, etc.

In the fields of capacitors and rechargeable batteries
charge capacity defines the capacity that is involved in
the charge process of the device and is usually compared
to the capacity that is involved in the discharge process
(discharge capacity). The losses in the charge process
should be minimal in order to obtain good cycleability
life of the device.

Refs.: [i] Linden D (1994) Handbook of batteries, 2" edn. McGraw-Hill,
New York; [ii] Crompton TR (2000) Battery reference book, 3" edn,
Newness, Oxford; [iii] Dell RM, Rand DAJ (2001) Understanding bat-
teries. Royal Society of Chemistry

DA

Charge, capacitive — Capacitive charge is the charge ac-
cumulated in an interfacial capacitance by Q = CAE,
where C is the — capacitance and AE is the voltage,
ie., the potential difference. It can be obtained from
the time-integration of the current. The capacitance is
evaluated from time-dependent applied voltage with
a small amplitude by use of I = dQ/dt = E(dC/dt) +
C(dE/dt) for negligibly small values of dC/dt. For
— linear sweep voltammetry with the scan rate, v, the ca-
pacitive current is approximated as Cv, and the charge

E,
is expressed by Q = (1/v) [ IdE, where E; and E, are
E

1

the initial and the final potentials for the potential scan.
If electroactive species are adsorbed to alter the — ad-
sorption layer, the term dC/d¢ contributes significantly
to the capacitive charge. Similar complications occur
when adsorbed species cause redox reactions. See also
— charge.

KA

Charge carrier — Generic denomination of particles or
quasiparticles, like — electrons, — holes, — ions, — po-
larons, — bipolarons, responsible for electric — charge
transport.

IH

Charge density — Electrical charge per unit of area or
volume. In electrochemistry charge density most fre-
quently refers to electrodes, in which the charge density
equals the excess electrical charge divided by the elec-
trode area, usually expressed in units of uCcm™2. The
charge density of electrodes is one of the most impor-
tant factors determining the — double-layer structure.
In the simplest case of a double-layer — capacitor, the
stored charge density is related to the voltage between
the plates through the equation: o = e¢yV/d for which
d is the distance between the plates and ¢ and ¢, rep-
resent the — dielectric constant of the vacuum and the
medium, respectively. Surface charge density can be cal-
culated from — electrocapillary measurements for ide-
ally polarized electrodes, using the — Lippman equa-
tion —oM = - (ay/aE)Tm., for which o™ is the excess
charge on the — ideally polarized electrode, y is the — in-
terfacial tension of the electrode, E is the potential dif-
ference between the — working electrode and the — ref-
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Charge efficiency

erence electrode, j are electrically neutral components of
one or other of the phases (electrode and solution). The
derivative of the electrode charge density with respect
to potential gives the important characteristic - differ-
ential capacity, Cq = (9™ /0E) of a given system (see
— double layer).

The volumetric charge density is of interest in the
study of ionic solutions, in which one can calculate the
charge density around a specific ion. This is done by us-
ing the — Poisson equation, based on electrostatic elec-
tric fields or by — Boltzman distribution law of clas-
sical statistic mechanics. For the simpler case of di-
lute solutions this approach yields the expression p=

eO v

L[4 4 (24 ) |and the other p = — ¥, ““20 " where
p and Y, are the charge density and the average electro-
static potential in a volume element dV, at a distance
from a central ion, ¢ represents the dielectric constant,
z; and e are the ions and electronic charge and X; refers
to the summation over all the ionic species i. See also
— Debye-Hiickel length, and — Debye-Hiickel-Onsager
theory.
Refs.: [i] Bard AJ, Faulkner RL (1980) Electrochemical methods. Wi-
ley, New York, pp 488-515; [ii] Bockris JO’M, Reddy AKN, Gamboa-
Aldeco M (1998) Modern electrochemistry: Ionics, 2" edn. Plenum
Press, New York, pp 232-237; [iii] Rieger PH (1994) Electrochemistry.
Chapman & Hall, New York, p 61; [iv] Trasatti S, Parsons R (1986) Pure
Appl Chem 58:437
YG

Charge efficiency — coulometric efficiency

Charge injection — Increment of concentration of
— charge carriers inside a material through transport
across the — interfaces with outer media. In — semicon-
ductors, for example, free charge carriers may be gener-
ated internally by thermal excitation or by photoexcita-
tion, maintaining charge neutrality, and injection from
electrodes is used to allow charge flow (current) and to
achieve excess concentration of free charge carriers.
Ref.: [i] Kao KC, Hwang W (1981) Electrical transport in solids. Perga-
mon, Oxford

IH

Charge number of the cell reaction — Symbol: n (sym-
bol z is also used, however, it is better to reserve symbol z
for the — charge number of an ion in order to avoid con-
fusion.) n is a positive number.

The charge number of the cell reaction is the stoichio-
metric number equal to the number of electrons trans-
ferred in the — cell reaction as formulated.

For instance,

H, + 2AgCl — 2Ag + 2HCI n=2
1/2H, + AgCl - Ag + HCl

We may define also the charge number of the — electrode
reaction.
For instance,

Fe’* + e~ — Fe?t

Cu’* +2¢” - Cu n=2.

Note that there is no connection between the charge
number of the cell (electrode) reaction and the charge
number of ions (see — charge number of an ion).
Refs.: [i] Parsons R (1974) Pure Appl Chem 37:503; [ii] Inzelt G (2006)
Standard potentials. In: Bard AJ, Stratmann M, Scholz F, Pickett CJ (eds)
Encyclopedia of electrochemistry. vol. 7a, Wiley-VCH, Weinheim

GI

Charge number of an ion — Symbol: zg.

It is a number which is positive for cations and nega-
tive for anions: zg is the ratio of charge carried by ion B
to the charge carried by the proton (electron).

For instance,

z=+1for H*,Na*; z = +2 for Mg**; z = +3 for Fe’*;
z=-1for CI",MnOyj; z = -2 for SO%;
z=-3for Fe(CN);}™; z=—4 for Fe(CN)s™ .

Refs.: [i] Parsons R (1974) Pure Appl Chem 37:503; [ii] IUPAC quan-
tities, units and symbols in physical chemistry (1993) Mills 1, Cvitas T,
Homann K, Kallay N, Kuchitsu K (eds) Blackwell Scientific Publications,
Oxford London Edinburgh, p 58

GI

Charge transfer coefficient — (also called transfer coef-
ficient or electrochemical transfer coeflicient or symme-
try coeflicient (factor)) [i-vi].

In — Butler-Volmer equation describing the charge
transfer kinetics, the transfer coefficient « (or sometimes
symbol S is also used) can range from 0 to 1. The sym-
metrical energy barrier results in « = 0.5. Typically, «
is in the range of 0.3 to 0.7. In general, « is a potential-
dependent factor (which is a consequence of the har-
monic oscillator approximation, see also — Marcus the-
ory) but, in practice, one can assume that « is potential-
independent, as the potential window usually available
for determination of kinetic parameters is rather narrow
(usually not more than 200 mV).

The transfer coefficient gives the ratio of the change of
the height of the energy barrier the electron has to sur-
mount during charge transfer with respect to the change
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Charge transfer coefficient — Figure 1. Symmetry of energy barriers (the geometry of the intersection region of the free energy curves) for
different « charge transfer coefficients (assuming reduction as a forward reaction)
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Charge transfer coefficient — Figure 2. Change of the energy barrier
for the electron transfer and the effect of a change of electrode potential
(for the sake of simplicity it is assumed that the inner electric potential
of the solution phase remains unchanged)

of electrode potential AE (see — activation overpoten-
tial). A value of « = 0 implies no influence of the elec-
trode potential change on the barrier height, & = 1 im-
plies that the change of electrode potential causes an ex-
actly equal change of barrier height.
Refs.: [i] Gileadi E (1993) Electrode kinetics. VCH, New York, p 53,
127; [ii] Bockris JO'M, Reddy AKN (2006) Modern electrochemistry.
Springer, New York; [iii] Bard AJ, Faulkner LR (2001) Electrochemical
methods. Wiley, New York; [iv] Parsons R (1974) Pure Appl Chem 37:503;
[v] Parsons R (1979) Pure Appl Chem 52:233; [vi] Mills I, Cvitas T,
Homann K, Kallay N, Kuchitsu K (eds) (1993) IUPAC quantities, units
and symbols in physical chemistry. Blackwell Scientific Publications, Ox-
ford, p 58, 60

RH, PK, GI

Charge transfer complex — A charge transfer complex
is an electron-donor-electron-acceptor — complex.
It is characterized by electronic transition (s) to an

excited state in which there is a partial transfer of elec-
tronic charge from the donor molecule to the acceptor
moiety. As a consequence a strong charge transfer
band is observable in the UV-VIS spectra [i-iv].
Typical molecules are tetracyanoquinodimethane—
tetrathiofulvalene, and — quinhydrone. The — adduct
formed between a Lewis acid and a Lewis base (see
— acid-base-theories, ~Lewis) in a wider sense also be-
long to this group of compounds. Optical intervalence
charge transfer may arise in mixed valence compounds,
e.g., metal oxides such as HXWXW\(’lI_X)O3 [v].
Refs.: [i] Moss GP, Smith PAS, Taverner D (1995) Pure Appl Chem
67:1328; [ii] Muller P (1994) Pure Appl Chem 66:1094; [iii] Atkins PW
(1995) Physical chemistry. Oxford University Press, Oxford; [iv] Rose J
(1967) Molecular complexes. Pergamon Press, Oxford, p 596; [v] Monk
PMS, Mortimer RJ, Rosseinsky DR (1995) Electrochromism: fundamen-
tals and applications, VCH, Weinheim, p 59

GI

Charge transfer kinetics — The — electrode reaction is
an interfacial reaction that necessarily involves a charge
transfer step. When the rate is controlled by the charge
transfer step we speak of charge transfer kinetics [i-iii].
In respect of the general theory including the fun-
damental equations we refer to the following entries
— Butler-Volmer equation, — Erdey-Griiz—-Volmer equa-
tion, - Frumkin effect, — irreversibility, — kinetics,
— Poldnyi, — reaction rate, — reversibility. The micro-
scopic description of charge transfer is reviewed under
the title -~ Marcus theory.
Refs.: [i] Bard A, Faulkner LR (2001) Electrochemical methods. Wiley,
New York, pp 87-134; [ii] Inzelt G (2002) Kinetics of electrochemical re-
actions. In: Scholz F (ed) Electroanalytical methods. Springer, Berlin, pp
29-48; [iii] Gileadi E (1993) Electrode kinetics. VCH, New York, pp 51-
124

GI
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Charge-transfer overpotential

Charge-transfer overpotential — The essential step of
an — electrode reaction is the charge (— electron or
— ion) transfer across the phase boundary (— interface).
In order to overcome the activation barrier related to
this process and thus enhance the desirable reaction, an
— overpotential is needed. It is called charge-transfer
(or transfer or electron transfer) overpotential (#¢ ). This
overpotential is identical with the — activation overpo-
tential. Both expressions are used in the literature [i-iv].
Refs.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods. Wiley,
New York, pp 87-124; [ii] Erdey-Griiz T (1972) Kinetics of electrode pro-
cesses. Akadémiai Kiadd, Budapest, pp 19-56; [iii] Inzelt G (2002) Ki-
netics of electrochemical reactions. In: Scholz F (ed) Electroanalytical
methods. Springer, Berlin, pp 29-33; [iv] Hamann CH, Hamnett A, Viel-
stich W (1998) Electrochemistry. Wiley VCH, Weinheim, p 145

GI

Charge transfer reaction — Any — electrode reaction is
an interfacial (i.e., heterogeneous) reaction that neces-
sarily involves a charge transfer step [i-iv]. The latter can
be a neutralization or formation of ions (ion transfer), or
alteration of the ionic charge by the gain or loss electrons
from or to the metal (— electron transfer), respectively.
This is the actual electrochemical reaction. Charge trans-
fer can occur not only at solid|liquid interface but prac-
tically at any variations of interfaces (e.g., liquid|liquid,
solid|solid) causing a chemical change. The charge trans-
fer has to be distinguished from the — charge transport.
The charge transfer is a microscopic process which may
occur both at — interfaces and within a single phase.
The charge transport takes place within a phase and in-
volves macroscopic long-distance motion, e.g., hydrody-
namic movement of ions in solution or electronic con-
duction in metals. In the literature, charge transfer is
often used instead of charge transport, however, this
should be discouraged, although in some cases, e.g., ex-
tended electron transfer, the distinction is not easy. The
charge transfer always results in chemical changes in that
the oxidation state of the reacting species changes. It
may or may not involve the reorganization of the bonds
of the molecules. When only the rearrangement of the
solvation sphere or ligands occurs, it is called outer-
sphere electron transfer while the process accompanied
by bond cleavage or strong interaction between the re-
actants is called inner-sphere electron transfer [v]. These
processes determine the rate of the reaction since the
act of the electron transfer itself is very fast, it occurs
within 107 s.

The — Marcus theory [vi-vii] gives a unified treat-
ment of both heterogeneous electron transfer at elec-
trodes and homogeneous electron transfer in solutions.

An important factor is the electron coupling between
the electrode metal and the redox species or between
the two members of the redox couple. If this coupling
is strong the reaction is called adiabatic, i.e., no thermal
activation is involved. For instance, electrons are already
delocalized between the metal and the redox molecule
before the electron transfer; therefore, in this case no
discrete electron transfer occurs [see also — adiabatic
process (quantum mechanics), - nonadiabatic (diabatic)
process].

Homogeneous charge transfer can take place be-
tween chemically similar redox species of one redox
couple, e.g., Fe’* and Fe** ions in solution or ferrice-
nium and ferrocene moieties in poly(vinylferrocene)
films, the electron transfer (— electron hopping or elec-
tron exchange reaction) can be described in terms of
second-order kinetics and according to the - Dahms-
Ruff theory [viii-x] it may be coupled to the isothermal
diffusion:

2
D=D, + ke , (0
6

where D is the measured — diffusion coefficient, D, is the
diffusion coefficient in the absence of electron exchange
process, ke is the second-order rate constant of the ex-
change reaction, ¢ and § are the concentration and the
distance between the centers of the chemically equiva-
lent species involved in the reaction. The first example
was the electron exchange in the system Pb(IV)/Pb(II)
studied [xi] by using isotope labeling.

The — prototropic conduction (see also — Grotthus
mechanism) in acid solutions can be interpreted in a sim-
ilar way by assuming a proton exchange mechanism
(proton transfer or jumping) [xii].

— Redox reactions, i.e., when electron exchange oc-
curs, are considered charge transfer reactions in so-
lutions. It is frequently accompanied by the transfer
of heavier species (ions). Processes in which charged
species react in solutions but no electron exchange
takes place, e.g., proton exchange in protonation-
deprotonation or acid-base reactions are not called
charge transfer reactions.

The activation energy and consequently the rate of re-
dox reactions (k) depend on the charge of the species
(z;), the — dielectric permittivity (&) of the solvent, the
— ionic strength (I), the size of the species, as well as
the structural changes of the molecules occurring dur-
ing the reaction and other possible ion-solvent interac-
tions [xiii].

N, AZAZBE 2

Ink=Ink°-
n n SkBTT‘
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where k° is the rate constant in the absence of an elec-
trostatic effect, z5 and zp the charge numbers of the re-
acting species, e is the elementary charge, ¢ is the — di-
electric permittivity of the solvent, kg is the - Boltzmann
constant, T is the temperature, and r is the distance be-
tween the ions in the activated complex.

It follows that k decreases when the reacting species
have the same sign of charge and increases when cations
react with anions, as well as becomes smaller when ¢ de-
creases.

The increase of the — ionic strength (I) will influ-
ence the electrostatic interactions (— Bronsted’s salt ef-
fect, — Bronsted-Bjerrum equation) which can be taken
into account by using the — Debye-Hiickel theory:

ZZAZBA\/T
1+ Ba,‘\/j ’

where A and B are the factors from the Debye-Hiickel
equation and a; is the size of the ion.

It should be mentioned that this treatment is valid
only for the elementary steps, and the actual form of
the reacting species in a given solution is of utmost im-
portance. For instance, in chloride-containing solutions
Sn** ions exist in the form of SnCl;™ anions.

The mechanism of electron transfer reactions in
metal complexes has been elucidated by - Taube who
received the Nobel Prize in Chemistry for these stud-
ies in 1983 [xiv]. Charge transfer reactions play an im-
portant role in living organisms [xv-xvii]. For instance,
the initial chemical step in — photosynthesis, as car-
ried out by the purple bacterium R. sphaeroides, is the
transfer of electrons from the excited state of a pair
of chlorophyll molecules to a pheophytin molecule lo-
cated 1.7 mm away. This electron transfer occurs very
rapidly (2.8 ps) and with essentially 100% efficiency.
Redox systems such as ubiquinone/dihydroubiquinone,
— cytochrome (Fe’*[Fe**), ferredoxin (Fe**/Fe?"),
— nicotine-adenine-dinucleotide (NAD" /NADH,) etc.
have been widely studied also by electrochemical tech-
niques, and their redox potentials have been deter-
mined [xviii-xix].

Refs.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods. Wi-
ley, New York, pp 90-94; [ii] Erdey-Gruz T (1972) Kinetics of elec-
trode processes. Akadémiai Kiadé, Budapest, pp 19-56; [iii] Gileadi E
(1993) Electrode kinetics. VCH, New York, pp 106-126; [iv] Inzelt G
(2002) Kinetics of electrochemical reactions. In: Scholz F (ed) Electro-
analytical methods. Springer, Berlin, pp 29-44; [v] Miller CJ (1995)
Heterogeneous electron transfer kinetics at metallic electrodes. In: Ru-
binstein I (ed) Physical electrochemistry. Dekker, New York, pp 27-79;
[vi] Marcus RA (1965) ] Chem Phys 43:679; [vii] Marcus RA (1997)
In: Rock PA (ed) Special topics in electrochemistry. Elsevier, p 161;

Ink=Ink°®+ 3)

[viii] Inzelt G (1994) In: Bard A] (ed) Electroanalytical chemistry, vol. 18.
Marcel Dekker, New York, pp 90-124; [ix] Ruff I, Friedrich V] (1971)
J Phys Chem 75:3297; [x] Ruff I, Botdr L (1985) ] Chem Phys 83:1292;
[xi] Hevesy G, Zechmeister L (1920) Berichte 53:410; [xii] Erdey-Griiz T
(1974) Transport phenomena in aqueous solutions. Adam Hilger, Lon-
don, pp 278-289; [xiii] Amis S (1966) Solvent effects on the reaction rates
and mechanism. Academic Press, New York; [xiv] Taube H (1952) Chem
Rev 50:126; [xv] Vogel G, Angerman H (1992) dtv-Atlas zur Biologie.
Deutscher Taschenbuch Verlag, Miinchen; [xvi] Oxtoby DW, Gillis HP,
Nachtrieb NH (1999) Principles of modern chemistry. Saunders College
Publ, Fort Worth, pp 612, 845-848; [xvii] Bianco C (2002) In: Bard AJ,
Stratman M, Wilson GS (eds) Bioelectrochemistry. Encyclopedia of elec-
trochemistry, vol. 9. Wiley-VCH, Weinheim, pp 1-9; [xviii] Inzelt G
(2006) Standard, formal, and other characteristic potentials of selected
electrode reactions. In: Bard A], Stratmann M, Scholz E, Pickett CJ (eds)
Inorganic chemistry. Encyclopedia of electrochemistry, vol. 7a. Wiley-
VCH, Weinheim; [xix] Brajter-Toth A, Chambers JQ (eds) (2002) Elec-
troanalytical methods for biological materials. Marcel Dekker, New York
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Charge transfer resistance — At low — overpotentials
(1 < RT[nF) none of the — partial current densities is
negligible (see also — activation overpotential, — charge-
transfer overpotential, — Butler—Volmer equation).

In this case the exponential relationship between the
— current density j and the overpotential # (j, and 7 and
jc and 7, respectively) can be expanded into a series, and
since exp x ~ 1+ x when x < 1

._ . nF M
J=Jo RTI/I :
Equation (1) is similar to — Ohwm’s law, thus we may de-
fine a resistance that is called charge transfer resistance
(Rey) [i-iii]:
_RT
" nF Jo

Ry (2)

The unit of Ry is Q cm?. R is also called activation
resistance. It follows from Eq. (1) that the higher is jo,
the smaller is R.;. R.; can be calculated also at different
potentials far from the equilibrium which is a general
practice in — electrochemical impedance spectroscopy. It
is based on the concept that at small signal perturbation
(< 5mV) the response is essentially linear. R., values are
obtained either from the diameter of the — Randles semi-

circle or from the angular frequency (w) at which Z" ex-
hibits a maximum vs. Z":

1

. 3
Rctcd ( )

Wmax =

where Cy is the — double-layer capacitance.
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Refs.: [i] Bard A, Faulkner LR (2001) Electrochemical methods. Wi-
ley, New York, pp 102, 368-387; [ii] Inzelt G (2002) Kinetics of elec-
trochemical reactions. In: Scholz F (ed) Electroanalytical methods.
Springer, Berlin, pp 29-33; [iii] Retter U, Lohse H (2002) Electrochemi-
cal impedance spectroscopy. In: Scholz F (ed) Electroanalytical methods.
Springer, Berlin, pp 149-156
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Charge transport— When charged species move within
a phase, this is called charge transport [i-viii]. Electron
transport occurs in metals and — semiconductors. (In the
latter case the — charge carriers: — holes, - polarons,
— bipolarons (— electronic defects) are also considered
as moving charged species, while the — superconductiv-
ity occurring at very low temperatures is explained by
— Cooper pairs which are formed by two electrons.) Al-
though the — conductivity of the electronically conduct-
ing phase is a critical factor in all electrochemical exper-
iments and applications, electrochemists are mostly in-
terested in the ionic charge transport in electrolyte so-
lutions or surface layers [i-iii]. Mixed, electronic and
ionic conductivity occurs, e.g., in — polymer-modified
electrodes [ix], and in many — solid electrolytes (see also
— mixed ionic-electronic conductor).

In metals the electrons move with a constant speed
since although they are accelerated by the electric field
(E) the collision with the metal ions causes an energy
loss. The direction of the movement of electrons is op-
posite to E, and the value of the speed of the physi-
cal movement of the electrons is several mms™, e.g.,
in copper 0.371mms~, i.e., it is smaller than the ther-
mal motion. Current starts immediately after joining
the current source to the circuit, since the electric field
travels at the speed of light in the conductor. In met-
als the conductivity decreases with increasing temper-
ature [iv]. In — semiconductors electron conduction is
predominant in n-type semiconductors, and therefore,
electrons are the majority charge carriers and holes are
minority charge carriers. On the other hand, in p-type
semiconductors holes are the majority charge carriers
and conduction by electrons is of lesser scale. Charge
carriers may originate from the atoms in the crystal
lattice or be injected from outside. Conduction elec-
trons may also be released by absorption of radiation
(photoeftect) [v-viii].

Since the — migration of charge carriers occurs in
a crystal lattice, a friction arises, and the situation is sim-
ilar to the transport of ionic species in viscous fluids.

In electrolyte solutions or melts the charge trans-
port is mostly ionic. Ions can move under the influ-
ence of concentration gradient (diffusion). In the case

of — diffusion of electrolytes both positively and nega-
tively charged ions move in the same direction. The ex-
cess ions generated in an electrode reaction move away
from the electrode or when ions consumed in an elec-
trode reaction the same type of ions enter the interfacial
region from the bulk solution.

In the bulk electrolyte solution the current is related
to the motion of ions under the influence of the elec-
tric field (potential gradient); the diffusion plays a mi-
nor role, if any, because the concentration gradient is
usually small in the bulk phase. Near the electrode, the
charged reacting species are, in general, transported by
both diffusion and migration, however, the latter pro-
cess is not always detectable. Since — anions move to-
wards the — anode and — cations towards the — cath-
ode, the migrational and diffusional fluxes may be op-
posite. The transport of ions in liquid phase has been
elucidated on the basis of phenomenological, as well
as molecular theories [ii]. For a more detailed descrip-
tion and the respective relationships see — conductance,
— conductor, — Debye-Falkenhagen effect, — diffusion,
— electrokinetic effect, — electron transport chain, — ion,
— ion transport through membranes, — ionic conduc-
tors, — ionic current, — Kohlrausch’s square root law,
— mass transport, — mobility, - Nernst-Einstein equa-
tion, - Nernst-Planck equation, — Ohm’s law, — trans-
port, — transport number, - Wien effect.

In solutions and also in solids electron or proton
transport may be coupled to the ionic charge trans-
port via electron exchange reactions (— electron hop-
ping or electron transfer reaction) or proton jumping
(see — charge transfer reaction).

Ionic conductivity may occur also in solids [x]. Ionic
species of the solid can migrate along the channels of
the rigid framework. For example, such a — solid elec-
trolyte is RbAgsIs. The most important applications of
oxide ion conductors are in — solid oxide fuel cells and
— oxygen gas sensors. There are glassy electrolytes, e.g.,
Li,S — P,S5 in which Li* ions can move. An impor-
tant class is the — polymer electrolytes in which salts
are dissolved in polymer [e.g., poly(ethylene oxide)]. In
the case of intercalation compounds ions also move be-
tween the layers, e.g., of - graphite. Both ion and elec-
tron transports play an important role in living organ-
isms [xi-xii].

Refs.: [i] Ibl N (1981) Pure Appl Chem 53:1827; [ii] Erdey-Gruz T (1974)
Transport phenomena in aqueous solutions. Adam Hilger, London,
pp 278-289; [iii] Komorsky-Lovri¢ § (2002) Electrolytes. In: Scholz F (ed)
Electroanalytical methods. Springer, Berlin, pp 279-287; [iv] Breuer H
(1988) dtv-Atlas zur Physik. Deutscher Taschenbuch Verlag, Miinchen;
[v] Sato N (1998) Electrochemistry at metal and semiconductor elec-
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trodes. Elsevier, Amsterdam; [vi] Bard AJ, Memming R, Miller B (1991)
Pure Appl Chem 63:569; [vii] Bockris JO'M, Khan SUM (1979) Quan-
tum electrochemistry. Plenum Press, New York, pp 291-375; [viii] Gure-
vich YuYa, Pleskov YuV, Rotenberg ZA (1980) Photoelectrochemistry.
Consultants Bureau, New York; [ix] Inzelt G (1994) In: Bard AJ (ed)
Electroanalytical chemistry, vol. 18. Marcel Dekker, New York, pp 89-
241; [x] Bruce PG (1995) In: Bruce PG (ed) Solid state electrochem-
istry. Cambridge University Press, Cambridge, pp 1-6; [xi] Brett CMA,
Oliveira Brett AM (1993) Electrochemistry. Oxford University Press, Ox-
ford, pp 367-391; [xii] Ti Tien H, Ottova A (2002) Membrane electro-
chemistry. In: Bard AJ, Stratman M, Wilson GS (eds) Bioelectrochem-
istry. Encyclopedia of electrochemistry, vol. 9. Wiley-VCH, Weinheim,
pp 513-556
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Charging current — There are two, rather different
meanings of charging current in electrochemistry. First,
it is used for the capacitive current that charges the elec-
trochemical — double layer. Second, it is the current ap-
plied to a — secondary cell (storage — battery) to re-
store its — ‘capacity”, i.e. supplying electric energy for
conversion to stored chemical energy. In the latter case
oxidation and reduction reactions occur at the respec-
tive electrodes, resulting in chemical changes, and the
cell returns to approximately original charged condition.
We deal with the double-layer charging, in more detail,
below.

The electrode|solution — interface (— interphase) be-
haves like a capacitor, and a model of the — interfacial
region somewhat resembling a capacitor can be given.
In the case of — ideally polarized (or ideally polarizable)
electrode only this charging current will flow on chang-
ing the — electrode potential by using an external current
source. There is no — charge transfer across the interface,
only charge separation occurs, i.e., either an excess or
a deficiency of electrons is achieved at the metal, and the
concentration distribution of ions in the solution near to
the metal, i.e., in the electrochemical (electrical) double
layer will change (see: nonspecifically adsorbed ions in
— adsorption) in such a way that the opposite charges
at the metal (QM) and solution (Q®) sides compensate
each other (QM = —Q° or by using the charge densities
oM = —¢%).

For changing the potential (E) across a capacitor
a supply of a certain amount of charge (Q) is needed.
The amount of charge depends on the — capacitance of
the capacitor (C) and the potential difference established
during charging. During this charging process a current
called the charging or — capacitive current (I1.) will flow.

This charging current will always flow when the po-
tential is varied independently from a possible simulta-

neously occurring charge transfer (— Faraday process)
across the interface.

For the sake of simplicity usually the charging and
the Faraday processes are treated independently, how-
ever, it is justified only in certain cases. This approxima-
tion is valid if a high excess of supporting electrolyte is
present, i.e., practically only nonreacting ions build up
the double layer at the solution side. In modelling the
electrode — impedance almost always an — equivalent
circuit is used in that the — double-layer impedance and
the — faradaic impedance are in parallel which is true
only when these processes proceed independently.

Because the value of double-layer capacitance (Cq)
is usually between 10-80 uF cm ™2, the charge needed to
change the potential of an electrode (see: real — electrode
surface area, A = 1cm?) by 1V is 10-80 pC. However, it
should be noted that Cg is potential dependent.

The time (t) dependences of the charging current (I..)
of a cell where the capacitance of the electrode inves-
tigated is much smaller than that of the reference elec-
trode (e.g., saturated calomel electrode) and the counter
electrode (e.g., high surface area of platinum electrode)
as well as the geometrical capacitance of the cell are ne-
glected, therefore the total capacitance of the cell is equal
to the capacitance of the electrode (Cq) under study, and
— ohmic (solution) resistance is Rg, — are as follows.

1. Potential step measurement

E
I. = —exp [-t/RsCq4]
Rg
(Note that this equation can also be used con-
cerning the whole instrumentation - potentiostat
— which also has a time constant, 7 = RC.)

2. Linear potential sweep
I = vCq[1 - exp(~t/RsCq)]

if Q =0at t =0, and v is the — scan rate.

For triangular waves (— cyclic voltammetry) the
steady-state current changes from vCy during the
forward scan (increasing E) to - vCq during the re-
verse (decreasing E) scan.

When the RsCqy circuit is charged by a constant
current (current step experiment) the potential in-
creases linearly with time:

E=I(Rs +1/Cq) .

Such an equation can be applied for the determi-
nation of — pseudocapacitances (e.g., hydrogen ca-
pacitance of a platinum electrode) in the case of the
so-called charging curve experiments.
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Refs.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods. Wiley,
New York, pp 11-18; [ii] Oldham HB, Myland JC (1994) Fundamen-
tals of electrochemical science. Academic Press, San Diego, pp 328-354;
[iii] Inzelt G (2002) Kinetics of electrochemical reactions. In: Scholz F
(ed) Electroanalytical methods. Springer, Berlin, pp 45, 139; [iv] Sto-
jek Z (2002) Pulse voltammetry. In: Scholz F (ed) Electroanalytical
methods. Springer, Berlin, pp 100, 109; [v] Parsons R (1974) Pure Appl
Chem 37:503; [vi] Trasatti S, Petrii OA (1991) Pure Appl Chem 63:711;
[vii] Sluyters-Rehbach M (1994) Pure Appl Chem 66:1831
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Charging current, elimination of — In practically all
analytical applications of voltammetric techniques the
elimination of the — charging (capacitive) current (I.) is
an important requirement to decrease the limit of de-
tection, provided that the analytical signal is a faradaic
current. In fundamental studies the elimination of ca-
pacitive currents is frequently necessary for isolation of
the faradaic signals.

The contribution of the charging (capacitive) current
can be eliminated following the measurement of the net
current, e.g., by subtraction of I. from the measured cur-
rent (I) which is the sum of the capacitive current (I.)
and the — charge transfer (faradaic) current (Ig), ie.,
Iy = I — I.. The variation of I. in the course of — po-
tential step or — cyclic voltammetric experiments can be
determined to execute the experiments under the same
conditions but in a pure — supporting electrolyte, i.e.,
in the absence of the electrochemically active species
studied and under conditions that the electroactive sub-
stance does not appreciably change the double-layer ca-
pacitance. Such a treatment is inevitable in fast scan rate
— voltammetry because in this case I. may be higher
than I, since the former is proportional to the scan rate
(v), while I to v'/2. To derive reliable quantities in the
case of potential step techniques, e.g., for the — diffu-
sion coefficient, it is a useful strategy to consider only
the data obtained at longer times when the current-time
function obeys the — Cottrell-equation, or its integrated
form obeys the theoretically expected chronocoulomet-
ric curves (— chronocoulometry).

The elimination of the capacitive current in the case
of — differential pulse voltammetry (DPV) is achieved by
sampling the current twice: before pulse application and
at the end of the pulse. The basis for that elimination is
the very different time dependence of both current com-
ponents: I, exponentially dropping with time, and I de-
creasing with ¢7'/2, at least in reversible cases (= Cottrell
equation).

In classical - DC-polarography by using a — drop-
ping mercury electrode (DME) the charging current can

make the residual current rather large because the DME
is always expanding, new surface develops continuously,
consequently, a charging current is always required.
The usual strategies are as follows. First, the ratio of
faradaic current/capacitive current is increased by ap-
plying the reactant with a concentration higher than
107> moldm™. Second, a graphical extrapolation of the
baseline residual current is carried out. This treatment
is based on the almost linear potential dependence of
the charging current on the potential. The third method
is the utilization of the time (t) dependence by cur-
rent sampling at different times since the charging cur-
rent decreases monotonically as 13 ,and has a minimal
value at the drop time, #nay [i-iii].
Refs.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods. 2" odp.
Wiley, New York, pp 270-272, 291-293; [ii] Stojek Z (2002) Pulse voltam-
metry. In: Scholz F (ed) Electroanalytical methods. Springer, Berlin,
p 109; [iii] Inzelt G (2002) Chronocoulometry. In: Scholz F (ed) Elec-
troanalytical methods. Springer, Berlin, pp 137-148
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Chelate — A cyclic — coordination entity formed be-
tween a central chemical species (frequently a metal
ion) and at least one — ligand with two or more sepa-
rate functional groups bonded to the central chemical
species. The use of the term is often restricted to or-
ganic molecules bonded by two or more binding sites
to metallic central atoms [i, ii]. Chelates possess a com-
parable high stability because of an — entropy (entropic)
effect caused by the liberation of a larger number of sol-
vent molecules than the — chelating agents that are form-
ing the complex (chelate). This increment in the over-
all number of entities increases the entropy of the sys-
tem and leads to a very negative standard — Gibbs en-
ergy of complex formation. Thus, chelate formation is
entropy driven. The term ‘chelate’ is derived from the
Greek word for the claw of a crawfish, as the — ligand
grasps the metal ion like a crawfish his catch with his
claws [iii].
Refs.: [i] Muller P (1994) Pure Appl Chem 66:1077; [ii] Cotton FA,
Wilkinson G, Murillo CA, Bochmann M (1999) Advanced inorganic
chemistry. Wiley-Interscience, New York; [iii] Morgan GT, Drew HDK
(1920) ] Chem Soc 117:1456

FG

Chelating agent — A — ligand with two or more sepa-
rate functional groups capable of forming a cyclic — co-
ordination entity, the — chelate, with other chemical
species [i]. The number of binding sites of a single chelat-
ing agent is indicated by the adjectives bidentate, triden-
tate, tetradentate, etc. [ii].



Chemical potential

91

Refs.: [i] Muller P (1994) Pure Appl Chem 66:1077; [ii] De Bolster MWG
(1997) Pure Appl Chem 69:1251
FG

Chemelec cell — An electrolytic cell with electrodes
(both anode and cathode) made from expanded metal
or simple metal plates. The cell is filled with inert parti-
cles, which are floated when the electrolyte solution en-
ters the cell from the bottom. This causes effectively tur-
bulence with increased — mass transport. This cell is em-
ployed in wastewater treatment especially from galvanic
operations.

RH

CHEMFET — Chemically sensitive field effect transistor.
Active electronic solid state component based on a field
effect transistor (FET) with added chemical function-
ality mostly effected by coating the gate of the FET
with a substance providing the desired functionality
(e.g., a material acting as an ion exchanger with pro-
tons resulting in a pH-sensitive FET (pH-FET) or with
potassium ions resulting in a potassium-sensitive FET
(K-ISFET), a material (e.g., palladium coating) respond-
ing to dissolved gas (GASFET)). The current flowing be-
tween the two electrodes in the FET (source and drain) is
controlled by the electrostatic effects of the species inter-
acting with the modifying layer on the gate. The bias of
the device is adjusted with an external electronic circuit
employing a reference electrode (see also — REFET).

reference electrode

sample solution

insulation

|||||||||||||||||||

e

4 i

»
Source

Drain

Gate with chemically sensitive coating

CHEMFET — Figure

Refs.: [i] Oehme F (1991) In: Gopel W, Hesse ], Zemel JN (eds) Sen-
sors, chemical and biochemical sensors, part I, vol. 2. VCH, Weinheim;
[ii] Janata J, Huber R] (1979) Ion-Selective Electrode Rev 1:31
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Chemical potential — Symbol: y;, SI unit: Jmol™". The
chemical potential of species i in a thermodynamic sys-
tem is defined as the partial derivative of the — Gibbs

energy (G) (free energy), - Helmholtz free energy (Fu),
or — internal energy (Ug) with respect to the number of
these species N;:

_(2G
Hi= (aNi)TJJ)Q)Nj*z
AMI - (aNz )T,V,Q,N#,

pi= (%)
oN sy

For condensed systems such as solid materials, the first
two definitions can both be used as the energy associated
with mechanical work (PdV) is usually negligible. The
condition of fixed — entropy may hardly be achieved in
real systems.

The chemical potential of a component is usually ex-
pressed in the form

pi=p; +RTIna;,

where a; is the relative — activity, and u? is the
concentration-independent part determined by proper-
ties of the component, temperature, and/or total pres-
sure, i.e., the standard chemical potential. For many el-
ements and compounds, the values of the molar Gibbs
energy and y; are tabulated by IUPAC [i].

The physical meaning of the chemical potential re-
lates to the amount by which the — energy of a system
would change when one additional particle i is intro-
duced at fixed temperature and total pressure or vol-
ume (or entropy). The chemical potential is one part of
the — electrochemical potential. The chemical potential is
equal to the electrochemical potential for neutral species
or an electrolyte (neutral combination of charged ions),
and for a pure phase (e.g., a metal, AgCl) the electro-
chemical potential is equal to the standard chemical po-
tential.

Chemical potential of any charged species, such as
— ions, cannot be explicitly separated from those of
other components of the system.

This quantity has a key significance for — electro-
chemistry and irreversible — thermodynamics, and it is
used for the description of most transport-related pro-
cesses and chemical reactions [ii-iv]. For — equilibrium
under zero electrical and magnetic fields

Zﬂﬂ/i:o.

Beside the chemical potential of an electrolyte B (yg) the
mean chemical potential (y.) , i.e., the average part of
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the chemical potential per ion can also be defined:

up/v =y = uS /v + RTInayl” .
(See also — activity, — activity coefficient).

The equilibrium conditions in electrochemical sys-
tems are usually expressed in terms of electrochemical
potentials. For non-equilibrium systems, the gradient of
chemical and/or electrochemical potential is a driving
force for flux of particles i. See also — Wagner equation,
— Wagner factor and — ambipolar conductivity, — On-
sager relations.

Notice that other definitions of chemical potential
may sometimes appear in literature, particularly in the
density functional theory (where the electronic chem-
ical potential is considered as the functional deriva-
tive of the density functional with respect to the elec-
tron density), and also in the description of relativistic
systems in theoretical physics (see [v, vi] and references
cited).

Refs.: [i] Mills I, Cvitas T, Homann K, Kallay N, Kuchitsu K (eds)
(1993) IUPAC quantities, units and symbols in physical chemistry. Black-
well, London, p 49; [ii] Levine IN (1995) Physical chemistry, 4t edn.
McGraw-Hill, New York; [iii] Wagner C (1966) The electromotive force
of galvanic cells involving phases of locally variable composition. In: De-
lahay B, Tobias CW (eds) Advances in electrochemistry and electrochem-
ical engineering. Wiley-Interscience, New York; [iv] Denbigh KG (1951)
The thermodynamics of the steady state. Wiley, New York; [v] Burke K,
Werschnik ], Gross EKU (2005) ] Chem Phys 123:062206; [vi] Tipler B,
Llewellyn R (2002) Modern physics, 4" edn. WH Freeman, New York
VK

Chemically modified electrodes (CME) — According to
IUPAC, “the distinguishing feature of a CME is that
a generally quite thin film (from monomolecular to per-
haps a few micrometers-thick multilayer) of a selected
chemical is bonded to or coated on the electrode sur-
face to endow the electrode with the chemical, electro-
chemical, optical, electrical, transport, and other desir-
able properties of the film in a rational, chemically de-
signed manner”

CMEs are made by using one of the following
methods: chemisorption (when molecules of modi-
tying species are attached by valence forces), cova-
lent bonding, coating by polymer (organic), polynu-
clear (inorganic) or mixed (composite, hybrid organic-
inorganic) films, or by mixing the modifier with elec-
trode matrix material. CMEs covered with polymer
films (e.g., with redox polymers, - conducting polymers,
and polynuclear inorganic compounds) are the most
popular systems, because of their numerous advan-
tages (simplicity of preparation, stability, well-defined

or sizeable electrochemical responses). CMEs can be
further divided according to the nature of the coating
process:

o Cross-linking. The chemical components are cou-
pled to an electrode substrate to impart a desired
property to the film.

o Dip coating. The electrode substrate is immersed in
polymer solution for a given period of time.

o Electrochemical deposition (redox deposition).
The electrode substrate is immersed in solution of
the polymer and subject to electrochemical treat-
ment. Used when oxidation or reduction of poly-
mer decreases polymer solubility, resulting in poly-
mer layer on electrode substrate.

o Electrochemical polymerization. The electrode
substrate is immersed in monomer solution
and subject to electrochemical treatment. The
monomers are oxidized or reduced to an activated
form which polymerizes on electrode surface.

 Radiofrequency polymerization. Vapors of the
monomer are exposed to radio frequency plasma
discharge.

o Solvent evaporation. The droplet of polymer solu-
tion is applied to the electrode substrate and al-
lowed to dry.

« Spin coating (spin casting). As solvent evaporation,
but electrode surface is rotated when polymer solu-
tion is applied.

Coating by polymer film can be a multi-step pro-
cess, eg., to produce multi-layered systems or
to further functionalize and to improve usabil-
ity.
The polymer type films can be characterized for:
o Stability in terms of 1) resistance to degradation
or dissolution in aqueous and nonaqueous media,
2) bond strength between the redox sites and poly-
mer matrix, and 3) adherence between the polymer
film and the electrode surface.

o Permeability of the polymer to the reaction sub-
strate and products, ionic components, and solvent.
Some polymer films also exhibit selective perme-
ability (— permselectivity) to species of different
sizes or charges.

« Site population, i.e., the concentration of some des-
ignated chemical sites in polymer film.
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» Conductivity (electronic, ionic), and the mecha-
nism of charge propagation.

o Reactivity (e.g., — electrocatalysis, — corrosion pro-
tective properties)

« Chromic properties (— electrochromism, electro-
chemically induced chemiluminescence).

More complex structures of CMEs also exist. They may
contain more than one modifying substance, or more
than one layer. Such a system can be called a micro- or
nano-structured electrode, or integrated chemical sys-
tem electrode.
See also — Surface modified electrodes.

Ref.: [i] Durst RA, Baumner AJ, Murray RW, Buck RE, Andrieux CP
(1997) Pure Appl Chem 69:1317

PK, AL

Chemically sensitive field effect transistor -~ CHEM-
FET

Chemical reaction — A process that results in the in-
terconversion of — chemical species. Chemical reactions
may be elementary reactions or stepwise reactions. (This
definition includes experimentally observable intercon-
versions of conformers.) Detectable chemical reactions
normally involve — molecular entities, as indicated by
this definition, but it is often conceptually convenient to
use the term also for changes involving single molecu-
lar entities (i.e., “microscopic chemical events”). See also
— identity reaction.
Ref.: [i] Muller P (1994) Pure Appl Chem 66:1077

WK

Chemical reactions in electrochemistry — Chemical re-
actions accompanying electrochemical reactions, i.e., re-
actions where either electrons or ions or both are trans-
ferred between different phases.

Catalyticreactions in electrochemistry — When
the product of an electrochemical reduction reaction
is regenerated by a chemical reoxidation, or when the
product of an electrochemical oxidation is regenerated
by a re-reduction, the regeneration reaction is called
a catalytic reaction. For thermodynamic reasons the
chemical oxidant (or the reductant) has to be electro-
chemically irreversible in the potential range where the
catalyst is electroactive. The reduction of Ti(IV) in the
presence of hydroxylamine is an example for an oxida-
tive regeneration [i, ii]:

E step: Ti** +e” 2 Ti**

Ti** + NH;OH" —
Ti** + NH, + H,0 .

C’ (catalytic) step:

Here Ti*" is the catalyst for the reduction of hydroxy-
lamine.

Coupled homogeneous reactions in electro-
chemistry — Chemical reactions occurring in an elec-
trochemical cell, in which the electroactive compounds
undergo chemical transformation by reacting with the
electroinactive compounds, are known as coupled ho-
mogeneous reactions. All the compounds in the system
are present together in the same phase — EC, CE, and
EC' reactions.

Homogeneous reactions in electrochemistry —

Reactions where all reacting substances are present in
the same phase, usually in a solution.

Preceding reactions in electrochemistry —
These are reactions where the electroactive compound
is formed in a chemical reaction that precedes the
electron transfer step. Classical example for preceding
reaction is the reduction of formaldehyde to methanol,
where the formaldehyde is formed by dehydration
(water abstraction) of methan-di-ol [i]:

H2C(OH)2 2 HzCO + H20
HzCO +2H " +2e” 2
CH;0H .

Chemical step:
Electrochemical step:

Another example is the reduction of Cd(II) (at mercury
electrode) in buffered solutions containing excess of ni-
triloacetic acid (NTA) [i, ii]:

Cd(NTA) " +H* 2

Cd?* + HNTA?"

Cd* +2¢” =2 Cd(amalgam) .

Chemical step:

Electrochemical step:

Subsequent reactions in electrochemistry —
Follow-up reaction of the product of an electrochemi-
cal reaction, usually producing a species that is not elec-
troactive at potentials where the redox process of the
electroactive couple occurs. The oxidation of ascorbic
acid, followed by hydration of the product is one rep-
resentative example for this type of reactions [i, ii]

Electrochemical step:  C¢HgOg —2e™ —2H* 2

CsHeOs 4]
Chemical step: C¢HgOg + H,O —
CsHgO5 . (2)

Refs.: [i] Bilewicz R, Wikiel K, Osteryoung R, Osteryoung J (1989) Anal
Chem 61:965; [ii] Bard AJ, Faulkner L (2001) Electrochemical methods.
Wiley, New York, pp 471-533
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Chemical species

Chemical species — is an ensemble of chemically iden-
tical molecular entities that can explore the same set of
molecular energy levels on the time scale of the experi-
ment. The term is applied equally to a set of chemically
identical atomic or molecular structural units in a solid
array. For example, two conformational isomers may
be interconverted sufficiently slowly to be detectable by
separate NMR spectra and hence to be considered to
be separate chemical species on a time scale governed
by the radiofrequency of the spectrometer used. On the
other hand, in a slow chemical reaction the same mix-
ture of conformers may behave as a single chemical
species, i.e., there is virtually complete equilibrium pop-
ulation of the total set of molecular energy levels belong-
ing to the two conformers.

Except where the context requires otherwise, the term
refers to a set of — molecular entities containing iso-
topes in their natural abundance. The wording of the
definition given in the first paragraph is intended to em-
brace both cases, such as graphite, sodium chloride, or
a surface oxide, where the basic structural units may not
be capable of isolated existence, as well as those cases
where they are. In common chemical usage, generic and
specific chemical names (such as — radical or hydrox-
ide ion) or chemical formulae refer either to a chemical
species or to a molecular entity.

Ref.: [i] Muller P (1994) Pure Appl Chem 66:1077
WK

Chemisorption — adsorption

Chemisorption of hydrogen — Process leading
to the formation of strongly bound (chemisorbed) hy-
drogen atoms on an adsorbent (mostly on metal) ei-
ther via the dissociative adsorption of molecular hy-
drogen (H;) or, in the case of electrified interfaces, by
charge transfer process occurring, for instance, with
H*(H;0") or H,O species

dissociative adsorption: H, - 2H,

H" +e” - H,
H,O+e - H,+OH™.

chemisorption via

charge transfer:

A significant coverage with respect to H, can be attained
on some noble metals (Pt, Pd, Rh). Chemisorbed hydro-
gen plays a key role in many electrocatalytic processes
(— hydrogen evolution, — electrocatalysis, electrohydro-
genation).

Chemisorption of hydrogen on platinum metals is
a reversible process as demonstrated by the symmetry
of the cyclic voltammetric curves (— voltammetry). The
voltammetric behavior of these systems depends on the

surface state (roughness, crystallographic faces) of the
electrodes. The extent of chemisorption can be deter-
mined from the — voltammograms.
Refs.: [i] Conway BE (1999) Electrochemical processes involving H ad-
sorbed at metal electrode surfaces. In: Wieckowski A (ed) Interfacial elec-
trochemistry, theory, experiment, and applications. Marcel Dekker, New
York, pp 131-150; [ii] Climent V, Gémez R, Orts JM, Rodes A, Aldaz A,
Feliu JM (1999) Electrochemistry, spectroscopy, and scanning tunneling
microscopy images of small single-crystal electrodes. In: Wieckowski A
(ed) Interfacial electrochemistry, theory, experiment, and applications.
Marcel Dekker, New York, pp 463-475; [iii] Calvo EJ (1986) Fundamen-
tals. The basics of electrode reactions. In: Bamford CH, Compton RG
(eds) Comprehensive chemical kinetics, vol. 26. Elsevier, Amsterdam,
pp1-78
GH

Chemisorption of oxygen — Process leading to
the formation of strongly bound chemisorbed oxygen
atoms on an adsorbent (mostly metal) either via the dis-
sociative adsorption of molecular oxygen (O;)

02 g ZOa

or by a charge transfer process, for instance, by the an-
odic reaction of H,O molecules or OH™ ions. In the
case of aqueous interfaces chemisorbed oxygen could
be in the state of adsorbed OH or O. In contrast to
— chemisorption of hydrogen chemisorption of oxygen at
noble metal electrodes is an irreversible process as seen
by the asymmetry of the anodic and cathodic branches
of the — voltammograms.
Refs.: [i] Koryta ], Dvotdk J, Kavan L (1993) Principles of electrochem-
istry. Wiley, Chichester; [ii] Calvo EJ (1986) Fundamentals. The basics of
electrode reactions. In: Bamford CH, Compton RG (eds) Comprehensive
chemical kinetics, vol. 26. Elsevier, Amsterdam, pp 1-78; [iii] Jerkiewitz G
(1999) Surface oxidation of noble metal electrodes. In: Wieckowski A (ed)
Interfacial electrochemistry, theory, experiment, and applications. Mar-
cel Dekker, New York, pp 559-576

GH

Chlor-alkali production — With a 63% production vol-
ume of the total world chlorine capacity of about 43.4
million tons (in 1998), the chlor-alkali (or chlorine-
caustic) industry is one of the largest electrochemical
technologies in the world. Chlorine, Cl,, with its main
co-product sodium hydroxide, NaOH, has been pro-
duced on industrial scale for more than a century by
— electrolysis of brine, a saturated solution of sodium
chloride (— alkali chloride electrolysis). Today, they are
among the top ten chemicals produced in the world.
Sodium chlorate (NaClO3) and sodium hypochlorite
(NaOCl, “bleach”) are important side products of the
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electrogenerated chlorine and caustic. With nearly un-
changed demand over the past 20 years, the world ca-
pacity of sodium chlorate of about 2.8 million short tons
(1998), is with its majority (of about 93% in 1998) used
for bleaching purposes in the pulp and paper indus-
try. The quality (purity) as well as chemical composi-
tion of the main and side products is strongly depend-
ing on the technical production routes, namely, mercury,
diaphragm, and membrane (cell) process (see — alkali
chloride electrolysis for details). The mercury process was
predominant in Europe and the diaphragm process -
in Northern America, while the membrane process has
been installed especially in Japan since the 1980s. The
use of mercury demands measurements to prevent en-
vironmental contamination. At the end of the 1990s, the
discharges to the atmosphere conformed with the stan-
dards fixed at 0.2 g of mercury per ton of chlorine pro-
duced. Increasingly, chlorine producers are moving to-
wards membrane technology, which combines the ad-
vantages of lower energy consumption, a very high qual-
ity caustic soda, as well as environmental safety.
Refs.: [i] Chlorine Industry Review 2004-2005, EuroChlor; [ii] Bom-
maraju TV, O’Brien TF (2005) Handbook of chlor-alkali technology,
5 vols. Springer, Berlin

MHer

Chromatopolarography — Kemula

Chromic acid batteries — batteries in which chrom-
ium(VI) (i.e., in acidic chromate solutions) is reduced
on an inert electrode and the second electrode is made
of an oxidizable metal.

FS

Chromophore — The part (atom or group of atoms) of
a — molecular entity in which the electronic transition
responsible for a given spectral band is approximately
localized. The term arose in the dyestuff industry, refer-
ring originally to the groupings in the molecule that are
responsible for the dye’s color.
Ref.: [i] Muller P (1994) Pure Appl Chem 66:1077

WK

Chronoamperometry — Chronoamperometry belongs
to the family of step techniques [i-iv]. In chronoamper-
ometry the — current is measured as a function of time
after application of a — potential step perturbation. If the
potential is stepped from E;, where no current flows, i.e.,
the oxidation or reduction of the electrochemically ac-
tive species does not take place, to E, where the current

belongs to the — electrode reaction is limited by — diffu-
sion, the — current flows at any time after application of
the potential step will obey the — Cottrell equation [i-iv].

In contrast to steady-state conditions, the current de-
creases with time because the concentration gradient de-
creases:

ac(x,t)/9x = ¢*(nDt) ? exp(~-x*/nDt) (1)
[9c(x, t)/0x]e0 = ¢* (nDE) ™2, )

where x is the location, ¢ is time, D and c* are the — dif-
fusion coefficient and bulk concentration of the reacting
species.

The perturbation and the current response as well as
the — capacitive current (I.) at short times are shown
schematically in Fig. 1.

For fast charge transfer the — diffusion current will
change with /2

I(t) = nFADY2c* (mt) ™2 {1+ (Do/Dx)
xexp [(nF/RT)(E - ES)]} ™, 3)

where EZ” is the formal electrode potential. If the poten-
tial is stepped to the diffusion limiting current region,

EA

E,

v

-

0
b t

v

Chronoamperometry — Figure 1. Typical waveform of the potential
step (a) and the respective chronoamperometric response (b)
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ie, E > EZ’, Eq. (3) will be simplified to the Cottrell
equation. From the slope of I(t) vs. t™/2 plot — know-
ing other quantities — D can be determined. The Cot-
trell equation is valid only for planar electrodes (— elec-
trode geometry) of “infinite” size, i.e., the edge effect is
negligible. For spherical electrodes (— electrode geom-
etry) or — microelectrodes — where hemispherical diffu-
sion conditions exist — the solution of the diffusion equa-
tion leads to the following equation:

I(t) =nFDc* [(ﬂDt)71/2 +r.'] s (4)

where 7, is the radius of the spherical electrode or mi-
croelectrode disc. Equation (4) turns into the usual Cot-
trell equation if r, - oo. It can be seen that at long times
a steady-state current flows. The smaller the electrode
radius, the faster the steady state is achieved.

At short times the currents response deviates from
that expected theoretically due to the charging of the
— double layer and possibly inadequate power of the
— potentiostat (see also — chronocoulometry).

If the heterogeneous — charge transfer is slow the fol-
lowing expression is valid for an oxidation reaction:

I(t) = nFAkoycy exp (k2 t/Dg)erfc(kox t''?/DY?) .
(5)

If both the oxidized (O) and reduced (R) forms are
present:

I(t) = l’lFA(koxCE - kredCS) exp [(% RESTE)
R

" kred ) tl/z]
1/2 :
Do

This equation can be used when the step is made to
any potential in the rising portion of the — voltammo-
gram, where either — charge transfer control or mixed
kinetic-diffusional control prevails. Figure 2 shows the I
vs. t responses when the potential is stepped from E; to
Ey; < Ey < Ey, respectively.

(See also current sampled — voltammetry, and— cur-
rent sampling.)

Since at the foot of the voltammetric wave k,x and
kreq are small, Egs. (5) and (6) can be linearized. For in-
stance, Eq. (5) is simplified to

2 kOX t1/2
D%{/Z 12

I(t) = nFAkoxcy [1 - (7)

The plotting I(t) vs. t'/2 and extrapolating the linear plot
to t = 0, kox can be obtained from the intercept.

Ia
E,
E21
E
0 2 — E|
0 l‘;

Chronoamperometry — Figure 2. The I vs. t curves when the poten-
tial is stepped from Ej to Ezy < Ez; < Ea, respectively

In the case of a large — pseudocapacitance, e.g., an
— electroactive polymer film on the surface, the current-
time decay reflect the — diffusion rate of the — charge
carriers through the surface layer, thus shorter times
the decay of the current should conform to the Cottrell
equation. At long times, when (Dt)/? > L, where L is
the film thickness, the concentration within surface film
impacts on the film-solution boundary, the chronoam-
perometric current will be less than that predicted by the
Cottrell equation, and a finite diffusion relationship

=) m 2L2
I(t):W 1+2mZ::1(—1) exp(—th )]
(8)

becomes appropriate [ii, v].

If the chronoamperometric response of a - polymer-
modified electrode is measured alone - in contact with
inert — supporting electrolyte — Cottrell-type response
can be obtained usually for thick films only, because at
short times (¢ < 0.1-1ms) the potential is not estab-
lished while, at longer times (¢ > 10-100 ms), the finite
diffusion conditions will prevail and I exponentially de-
creases with time. Another complication that may arise
is the dependence of D on the potential in the case of
— conducting polymer films [vi].

Specific current-time curves are obtained in the case
of — electrocrystallization or — electrodeposition. The
characteristic responses expected for different — nucle-
ation and growth processes, e.g., instantaneous nucle-
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ation, one-, two- and three-dimensional layer or layer-
by-layer growth can be found in the literature [vii-ix].
Refs.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods. ond
edn. Wiley, New York, pp 156-180; [ii] Inzelt G (2002) Kinetics of
electrochemical reactions. In: Scholz F (ed) Electroanalytical methods.
Springer, Berlin, pp 29-48, 137-148; [iii] Oldham HB, Myland JC (1994)
Fundamentals of electrochemical science. Academic Press, San Diego;
[iv] Rieger PH (1987) Electrochemistry. Prentice Hall, Oxford, pp 151-
165; [v] Murray RW (1984) Chemically modified electrodes. In: Bard A]
(ed) Electroanalytical chemistry, vol. 13. Marcel Dekker, New York, pp
191-368; [vi] Inzelt G (1994) Mechanism of charge transport in polymer-
modified electrodes. In: Bard A] (ed) Electroanalytical chemistry, vol. 18.
Marcel Dekker, New York, pp 89-241; [vii] Harrison JA, Thirsk HR (1971)
The fundamentals of metal deposition. In: Bard AJ (ed) Electroanalytical
chemistry, vol. 5. Marcel Dekker, New York, pp 67-148; [viii] Vargas T,
Varma R (1991) In: Varma R, Selman JR (eds) Techniques for character-
ization of electrodes and electrochemical processes. Wiley, New York, pp
707-760; [ix] Bockris OM, Khan SUM (1993) Surface electrochemistry.
Plenum Press, New York, pp 350-376

GI

Chronocoulometry — Chronocoulometry belongs to
the family of step techniques [i-iv]. Whereas in
— chronoamperometry the — current is measured as
a function of time after application of a — potential
step perturbation, in chronocoulometry the amount of
the — charge passed as a function of time is detected.
Chronocoulometry gives practically the same informa-
tion that is provided by chronoamperometry, since it
is just based on the integration of the current-time re-
sponse. Nevertheless, chronocoulometry offers impor-
tant experimental advantages. First, unlike the current
response that quickly decreases, the measured signal
usually increases with time, and hence the later parts of
the transient can be detected more accurately. Second,
a better signal-to-noise ratio can be achieved. Third,
contributions of charging/discharging of the electro-
chemical — double layer and any — pseudocapacitance
on the surface (charge consumed by the — electrode re-
action of adsorbed species (— adsorption)) to the overall
charge passed as a function of time can be distinguished
from those due to the diffusing electroreactants. In the
case of the electrochemical oxidation of a species R (R —
O™ + e7) after application of the potential step from E;
(where no current flows) to E, (where the current is lim-
ited by — diffusion or more precisely by the rate at which
the reactant is supplied to the electrode surface), and the
conditions of linear diffusion (flat electrode, unstirred
solution) prevail, the current (I) flows at any time (t)
will obey the — Cottrell equation. The time integral of
the Cottrell equation - since Q = fot Idt - gives the cu-

mulative charge (Q) passed in the course of oxidation
of R:

t
Quifr(t) = f nFADY cin'* dt
0
= ZﬂFAD}{ZCET[_I/Z t1/2 , 1)

where Qgigr () is the charge consumed until time ¢, n is
the charge number of electrode reaction, F is the — Fara-
day constant, A is the surface area, Dr and cg are the
diffusion coefficient and the bulk concentration of the
reacting species R.

However, at least one additional current component
has to be taken into account, because of the charging of
— double layer while stepping the potential from E; to
E,. The equation for the time dependence of the — ca-
pacitive current is given under the entry — charging
current.

After application of a potential step of magnitude E =
E, — E,, the exponential decay of the current with time
depends on the — double-layer capacitance (Cq) and the
solution resistance (R;) (— resistance, subentry — solu-
tion resistance), i.e., on the time constant 7 = R;Cy. Con-
sequently, if we assume that Cy4 is constant and the ca-
pacitor is initially uncharged (Q = 0 at t = 0), for the
capacitive charge (Q.) we obtain

Q= ECq (1- e /Ry )

In order to obtain a straight line in the Q vs. /2 plot
for a relatively long period of time - which is the pre-
condition of straightforward data evolution - the decay
of the current belonging to the double-layer charging
should be very fast. It follows that the application of
a — working electrode of small A in order to decrease
Cq and the use supporting electrolyte to lower R; is
of importance to decrease this effect and to maintain
potential control. The typical waveform of a potential
step experiment and the respective chronocoulometric
curve are shown schematically in Fig. 1. The Q. vs. t
curve, which is also displayed, can be determined by
repeating the experiment in the absence of R, i.e., in
pure supporting electrolyte.

If R is adsorbed at the electrode surface at E;, the ad-
sorbed amount will also be oxidized at E,. This process
is usually very quick compared to the slow accumula-
tion of R by diffusion. The total charge can be given as
follows:

Q(t) = Quir(t) + Qc(t) + Qaas(t) (3)
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v

v

b

Chronocoulometry — Figure 1. Waveform of a potential step experi-
ment (a) and the respective chronocoulometric response (b). Dashed
curves in b displayed for the illustration of the capacitive charge effect

From Q,4, the adsorbed amount of R (IR) can be esti-
mated, since Q,qs = nFIR.

According to Eq. (1), the plot of Qqjgt vs. t'/2 should be
linear and the slope is proportional to the concentration
of the reactant, as well as to n, A, and DY/ Tt is shown
in Fig. 2.

From the slope, e.g., D can be calculated provided that
all other quantities are known, while the intercept gives
Qc + Qugs. At very short times Q vs. /2 curves are not
linear, since neither the charging process nor the oxida-
tion of the adsorbed amount of reactant is instantaneous,
albeit under well-designed experimental conditions (see
above) this period is less than 1 ms. This effect is indi-
cated as dotted extensions of lines 1 and 2 in Fig. 2.

Chronocoulometric responses may be governed
wholly or partially by the — charge transfer kinetics. In
some cases, the diffusion-limited situation cannot be
reached, e.g., due to the insufficient power of the po-
tentiostat and the inherent properties of the system, es-
pecially at the beginning of the potential step. If the
heterogeneous — rate constants, kox, or keq are small
the following expression can be derived, e.g., for the

OA
2
1
Qads
O
0 71/2
Chronocoulometry — Figure 2. Chronocoulometric charge vs.

(time)!/2 plot in the absence (1) and in the presence (2) of adsorption.
The dashed, horizontal line represents the charge response in the ab-
sence of reactant

oxidation:
nFADgcy, k2
Q(t)=— exp( OX
kOX Di{z

kox 2k0x tllz

x erfc (Ttl/z) + 7z -1 (4)
Dy D R/ 2
kOX

At high values of i.e,, when ko is high or Dy is

DY’
small, e.g., in polymgr solution of high viscosity, Eq. (1)
is approached.

If the potential amplitude of the step is less than
E,—Ej,i.e.,the step is made to any potential in the rising
portion of the — voltammogram, either — charge trans-
fer control or mixed kinetic-diffusional control prevails
[cr(x = 0) is not zero but smaller than cg]. For the de-
scription of these curves Eq. (2) can be applied, and ko
can be calculated.

In the case of — polymer-modified electrodes (see
also — chronoamperometry) due to the finite diffusion
(— diffusion, subentry — finite diffusion) conditions the
chronocoulometric curve can be given as follows:

Q_, 8

B ( 1 , Dt
Qr m i \2m-1

2]’

)

)2 exp [— (2m-1)7n
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where Qr is the total charge that can be consumed by the
electroactive surface film (Qr = Q.qs) and L is the film
thickness. For 2% accuracy, it is enough to consider the
first member of the summation (m = 1), hence

g:1—%exp(— th). (6)

i

It follows that, in the presence of a thick (L > 100 nm,
I' > 107 molcm™), electrochemically active surface

Ea

Eyf-e--

_————— Al m——————— -

Al = e ———

I
|
|
|
|
|
|
|
T

0 13
Chronocoulometry — Figure 3. The waveform (a), the chronoamper-
ometric (b), and chronocoulometric (c) responses in the case of double
potential steps

layer reliable measurement can be made in a time win-
dow from ms to some seconds [ii, v].

Double-step chronocoulometry is a powerful tool in
identifying adsorption phenomena, in obtaining infor-
mation on the kinetics of coupled homogeneous reac-
tions and for the determination of the capacitive con-
tribution. The double potential step is executed in such
a way that after the first step from E; to E, a next step
is applied, i.e., the reversal of the potential to its initial
value E, from E, (see Fig. 3).

It means that the product O is reduced again during
the second step from E; to E;. If the magnitude of the re-
versal step is also large enough to ensure diffusion con-
trol, the chronocoulometric response for t > 7 — where 7
is the duration of the first step - is given by the following
equation:

Quiee(t> 1) = ZnFADgZCETFI/Z [tllz - (t- T)I/Z] .

7)
Oa 3
1
o
~al.-
0 o
0, .
l
4 2 R
Tl,2+ (t- l_)1/2_ tm

Chronocoulometry — Figure 4. Chronocoulometric plots for double
step experiments. Lines I and 2 correspond to the case when no adsorp-
tion of the reactant or product occurs. Lines 3 and 4 depict the linear
responses when the reactant is adsorbed
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It is important to note that there is no capacitive contri-
bution because the net potential change is zero.

The quantity of charge consumed in the reversal step
is the difference Q(7) — Q(t > 7) since the second step
actually withdraws the charge injected during the first
step:

Quiee(t> 1) = 2nFAD§/2c§n_”2

)[4 (=)= 0] (8)

By plotting Q(t < 7) vs. /2 and Q(t > 1) vs.
[T1/2 +(t- 1)1/2 - tl/z] two straight lines should be ob-
tained. In the absence of adsorption the intercept is Q.
and the two intercepts are equal (see Fig. 4).
Refs.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods. 24 edn,
Wiley, New York, pp 210-216; [ii] Inzelt G (2002) Chronocoulometry.
In: Scholz F (ed) Electroanalytical methods. Springer, Berlin, pp 137-
148; [iii] Galus Z (1994) Fundamentals of electrochemical analysis, ond
edn. Ellis Horwood, New York, Polish Scientific Publisher PWN, War-
saw; [iv] Brett CMA, Oliveira Brett AM (1993) Electrochemistry. Oxford
University Press, Oxford, pp 206-208; [v] Chambers JQ (1980) ] Elec-
troanal Chem 130:381

GI

Chronodeflectogram — A deflection signal where the
deviation angle () of a probe laser beam is plotted as
a function of time. It is also called chronodeflectomet-
ric profile or PBD transient and is usually characterized
by the presence of the — PBD maximum (or minimum)
during the time evolution of the deflection signal [i]. See
also — chronodeflectometry.
Ref.: [i] Barbero CA (2005) Phys Chem Chem Phys 7:1885; [ii] Garay F,
Barbero CA (2006) Anal Chem 78:6740

FG

Chronodeflectometry (CD) — A — probe beam deflec-
tion method in which a — potential pulse is applied, usu-
ally from a potential where there is no reaction, to one
where the reaction evolves completely to the formation
of products. The time evolution of the deflection signal
is sampled and plotted as a function of time, which is
named — chronodeflectogram [i].
Ref.: [i] Barbero CA (2005) Phys Chem Chem Phys 7:1885; [ii] Garay F,
Barbero CA (2006) Anal Chem 78:6740

FG

Chronopotentiometry — is a controlled-current tech-
nique (— dynamic technique) in which the — potential
variation with time is measured following a current step
(also cyclic, or current reversals, or linearly increasing
currents are used). For a — nernstian electrode process,

[744

Chronopotentiometry — Figure

the theoretical chronopotentiogram following a current
step is shown below [i].

The potential at a planar electrode varies only to
a small extent until the end of the transition time 7,
which corresponds to the total consumption of the elec-
troactive species in the neighborhood of the electrode,
described by the — Sand equation. If the capacitive cur-
rent contribution, larger at the beginning and at the end

of the chronopotentiogram, is neglected, one gets for
A2_p/2

a reversible system: E = E;jy + ﬁ—gln 7> where

RT 1 (e )2
E;y = ES'+ %ln (D—f;) , the so-called quarter-
wave potential, is identifiable with Ey , in a conventional
voltammogram. For an irreversible system, there is: E =

E® + %ln[(ﬂ;’;‘;l/z (/2 - tl/z)]. E®’ is the — for-

mal potential of the system, Dy and Do are the — diffu-
sion coefficients of the reduced and oxidized species,  is
the number of transferred electrons, F is the — Faraday
constant, « is the — symmetry coefficient, R is the — gas
constant, and T the absolute temperature. The — transi-
tion time is proportional to the concentration of the elec-
troactive species. See also — cyclic chronopotentiometry.
Refs.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods, 2" o,
Wiley, New York, pp 305-330; [ii] Brett CMA, Brett AMO (1998) Elec-
trochemistry. Oxford University Press, Oxford, pp 208-212

MHer

Chutaux cell — This was a chromic acid (carbon
electrode)-zinc — battery constructed in such a way that
the electrolyte solutions could flow along the electrodes
to reduce concentration polarization.

See also — chromic acid battery, — Daniell cell,
- zinc, » Zn**/Zn electrodes, —~ Zn**/Zn(Hg) electrodes,
— zinc—-air batteries (cell), and — Leclanché cell.
Ref.: [i] Hauck WP (1883) Die Galvanischen Batterien, Accumulatoren
und Thermosiulen, 2"% edn. Hartleben’s Verlag, Wien

FS
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CIE — Acronym for “Commission Internationale de
I'Eclairage”. By general consent, in all countries the spec-
ification of standard (i.e., ideal) observers for use in col-
orimetry and photometry is the province of CIE.
Ref.: [i] Wyszecki G, Stiles WS (2000) Color science - concepts and meth-
ods, quantitative data and formulae. Wiley, New York

IH

CIE chromaticity coordinates — Coordinates used to
quantitatively represent colors. The — CIE colorimet-
ric system comprises the essential standards and pro-
cedures of measurement that are necessary for science
and technology, and thus also including applications
in electrochemistry, i.e., for quantification of — elec-
trochromism. With the trichromatic generalization states
that cover a wide range of conditions of observation,
many color stimuli can be matched in color completely
by additive mixtures of three fixed primary stimuli
whose radiant power have been suitably adjusted. For
this reason, it is convenient to represent color stimuli by
vectors in a three-dimensional space, where stimuli can
be represented as a linear combination of primary stim-
uli, i.e., a linear combination of vectors of unit length R,
G, and B: Q = RR+GG + BB. Tristimulus vectors Q then
intersect the plane R + G + B =1in a point Q. The posi-
tion of point Q in the plane can be used as color stimuli
representation. Convenient coordinate axes in the unit
plane are the lines of intersection of the unit plane with
the three planes defined by pairs of the vectors R, G, and
B.Thelines (7, g, b) define an equilateral triangle, so that
a bidimensional representation of the stimuli is possible
in the triangle. The chromaticity coordinates are related
to the tristimulus values R, G, and B through the expres-
sions r = R+§+B, g= R+g+B, and b = ﬁ, so that
r+g+b = 1. A more convenient version, however, is a tri-
angle where the r and g coordinate axes are perpendicu-
lar to each other, which is used when plotting chromatic-
ity points. Each point in this representation corresponds
to coordinates r and g, which are the chromaticity coor-
dinates. The third coordinate, b, can then be determined
using the equation 7+ g+ b =1

Ref.: [i] Wyszecki G, Stiles WS (2000) Color science - concepts and meth-
ods, quantitative data and formulae. Wiley, New York

IH

Circuit — There are two major meanings of the word cir-
cuit in electrochemistry. The first one is related to the
actual electronic assembly in the electrochemical instru-
ments and particularly to the ways the — operational am-
plifiers serve in these electrical networks. Several circuits
with particular functions have been developed for elec-
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Circuit — Figure

trochemistry. They include: voltage follower, current fol-
lower, scaler, inverter, adder, current integrator and dif-
ferentiator, voltage controller, current controller, and IR
drop compensation circuit [i]. The electrochemical cell
is in fact a circuit and can be a part of a circuit. The term
— open-circuit potential is related to the potential of a cell
that is not loaded with current.
The second meaning of the word circuit is related to
— electrochemical impedance spectroscopy. A key point
in this spectroscopy is the fact that any — electrochem-
ical cell can be represented by an equivalent electri-
cal circuit that consists of electronic (resistances, ca-
pacitances, and inductances) and mathematical compo-
nents. The equivalent circuit is a model that more or less
correctly reflects the reality of the cell examined. At min-
imum, the equivalent circuit should contain: a - capaci-
tor of — capacity Cq representing the — double layer, the
— impedance of the faradaic process Zg, and the uncom-
pensated — resistance R, (see — IR,, potential drop). The
electronic components in the equivalent circuit can be
arranged in series (series circuit) and parallel (parallel
circuit). An equivalent circuit representing an electro-
chemical — half-cell or an — electrode and an uncom-
plicated electrode process (— Randles circuit) is shown
below. I and Iy in the figure are the — capacitive current
and the — faradaic current, respectively.
Refs.: [i] Bard AJ, Faulkner LR (2001) Electrochemical instrumentation.
In: Bard AJ, Faulkner LR (eds) Electrochemical methods, 2% edn. Wiley,
New York; [ii] Brett CMA, Oliveira Brett AM (1996) Electrochemistry.
Oxford University Press, Oxford; [iii] Retter U, Lohse H (2002) Electro-
chemical impedance spectroscopy. In Scholz F (ed) Electrochemical meth-
ods. Springer, Berlin
A
Equivalent circuit — circuit
Parallel circuit — circuit
Poggendorff compensation circuit (principle,
method) — The correct measurement of the — potential
of a — cell or a — half-cell can be performed if during
the measurement there is practically no current flowing
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Clark, Leland Charles

through the — electrodes; otherwise the — activities of
the redox species are affected and the measured potential
is erroneous. Recently this requirement has been accom-
plished by using a high input — impedance instrument.
In early years of — potentiometry such instruments were
not available and, instead, one of two Poggendorff com-
pensation methods was applied. The first one is based
on a circuit in which the unknown electromotive force
is balanced by the product of a constant current and the
resistance of a calibrated resistor. In the second method
the ratio of an examined and a known potential are set
equal to the ratio of two known constant resistances. See
also the history and the details of the measurement in
the main entry — Poggendorff compensation circuit.
Refs.: [i] Crompton TR (2000) Battery reference book, 3™ ed.
Buttersworth-Heinemann, Oxford; [ii] Scholz F (ed) (2002) Electro-
chemical methods. Springer, Berlin

A

Series circuit — circuit

Clark, Leland Charles

(Dec. 04, 1918, Rochester, N.Y., USA - 25 Sep. 2005,
Cincinnati, OH, USA) Clark developed a passion for sci-
ence as a child. One of the few students ever to make
a perfect score of 100 on the New York State Regents
science exam, he earned a bachelor’s degree in chem-
istry from Antioch College in 1941. He subsequently
graduated from the University of Rochester School of
Medicine and Dentistry with a Ph.D. in biochemistry
and physiology in 1944. After graduation, he returned
to the Antioch College campus to form a biochemistry
department at the newly opened Fels Research Institute.
In 1955 he moved to Cincinnati as a senior research as-
sociate of pediatrics and surgery. From 1958 to 1968 he
was a professor in the department of surgery at the Uni-
versity of Alabama College of Medicine. In 1968, he re-
turned to Cincinnati and served as Head of the Divi-
sion of Neurophysiology at the Children’s Hospital Med-

ical Center until 1991. He is best known for the inven-
tion of the voltammetric membrane oxygen electrode to
measure levels of dissolved oxygen in blood (- Clark
oxygen sensor) [i]. Prior to that, the only way to mea-
sure oxygen in blood was to draw a sample, take it to
the lab, and analyze it. Clark’s electrode allowed oxygen
to be monitored actually during surgery, an invention
that has saved millions of lives over the past half cen-
tury. Today, the oxygen electrode also provides the ba-
sis of a series of non-medical technologies, ranging from
the detection of oxygen in oceans and rivers to the suc-
cessful manufacture of beer and wine. After becoming
a Professor of Surgery, Clark continued his research to
increase the number of analytes that could be measured
in the human body. In a presentation at the New York
Academy of Sciences in 1962 he showed how this could
be done, by immobilizing enzymes on top of his basic
oxygen electrode design using a dialysis membrane [ii].
Using this approach, various substrates (such as glucose)
could freely interact with the enzymes to create perox-
ide, and then the peroxide could be detected by the elec-
trode. In this way, the first generation of — biosensors
was created.
Refs.: [i] Clark LC (1959) US Patent 2,913,386; [ii] Clark LC, Lyons C
(1962) Ann NY Acad Sci 102:29

SE

Clark and Muirhead cell — This was a variation of the
— Leclanché cell. See — Daniell cell, — zinc, - Zn**/Zn
electrodes, — Zn**/Zn(Hg) electrodes, — zinc-air batter-
ies (cell), and — Leclanché cell.
Ref.: [i] Hauck WP (1883) Die Galvanischen Batterien, Accumulatoren
und Thermosiulen, 2% edn. Hartleben’s Verlag, Wien

ES

Clark cell — Electrochemical — standard cell showing
a particularly stable and reproducible cell voltage. A zinc
and a mercury electrode (half-cell) are combined ac-
cording to

—Zn|ZnSO4 4t [ZnSO4 x 7H,0][Hg,SO4 | |Hg + .
The cell reaction upon discharge is
Zn + Hg,S04 - ZnSO,4 + 2Hg .

The cell voltage is 1.434 V at T =15°C.
Ref.: [i] Handel S (1971) A dictionary of electronics. Penguin Books, Lon-
don

RH

Clark electrode — Electrochemical device measuring
the concentration of oxygen liberated in an enzymatic
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sensor reaction occurring in the region directly in front

of the Clark oxygen sensor. For the mode of operation

see — Clark oxygen sensor. See also — Clark.

Ref.: [i] Wang ] (1994) Analytical electrochemistry. VCH, New York
RH

Clark oxygen sensor — (see also — Clark electrode)
Electrochemical — sensor used for the amperometric
measurement (— amperometry) of the concentration of
— dioxygen. The two-electrode cell contains a large sur-
face area silver disc acting as the - anode and a small
platinum or gold disk used as dioxygen reducing — cath-
ode (see figure) [i,ii]. A porous - membrane not perme-
able for the buffered aqueous electrolyte solution inside
the sensor prevents loss of the internal solution while al-
lowing diffusion of dioxygen from the exterior into the
Sensor.

In the buffered aqueous electrolyte solution saturated
with KCI the cathodic process

02 + 2H20 +4e” - 40H™ (1)

is balanced by the anodic dissolution of silver. The elec-
trical voltage applied to the electrodes is adjusted to
a fixed voltage sufficient to operate the cathode in the dif-
fusion limited — current range; the large area of the silver
electrode and the composition of the — buffer solution
establishes a potential of the silver electrode practically
constant and not depending on the actual current. The
current solely depends on the concentration of dioxy-
gen present at the cathode; this in turn depends on the
concentration of dioxygen in front of the exterior sur-
face of the semipermeable membrane. Thus the current
depends on the dioxygen concentration outside. Alter-
native designs have been described [iii, iv].
Refs.: [i] Clark LC (1956) Trans Am Soc Artif Intern Organs 2:41;
[ii] Wang ] (1994) Analytical electrochemistry. VCH, New York;
[iii] Mackereth FJH (1964) ] Sci Instrum 41:38; [iv] Nei L (1995) Elec-
troanalysis 7:471

RH

/ cathode
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electrolyte solution
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Clark oxygen sensor — Figure

Classen, Alexander — (Apr. 13, 1843, Aachen, Germany
- Jan. 28,1934, Aachen, Germany) Ph.D. 1864 in Berlin,
since 1878 Professor at the “Technische Hochschule
Aachen”. Classen is most well-known for his contribu-
tions to the development of — electrogravimetry. He
wrote a very influential book on that technique which
was published in numerous editions [i].
Ref: [i] Classen A (1882) Quantitative Analyse auf Electrolytischem
Wege. Mayer, Aachen; (1908) 5 edn. Springer, Berlin; Engl Transl:
Classen A (1913) Quantitative analysis by electrolysis. Wiley, New York
FS

Clausius, Rudolf Julius Emmanuel

(Jan. 1, 1822, Koslin, Germany, now Koszalin, Poland -
Aug. 25, 1888, Bonn, Germany) Clausius studied math-
ematics and physics at the University of Berlin 1840-
1844, dissertation on reflection of light in the sky at Halle
University 1847, 1850 first paper on mechanical theory
of heat, 1850 professor at the Royal Artillery and En-
gineering School in Berlin, 1855 Chair of Mathematical
Physics at the Polytechnikum in Zurich and professor at
the University of Zurich, 1867 professor at the University
of Wiirzburg, 1869 chair at the University of Bonn, work
on first and second laws of thermodynamics.

See also — Debye-Clausius-Mossotti equation, and
— Clausius-Mossotti equation.
Ref.: [i] Crystal D (ed) (1998) The Cambridge biographical encyclopedia.
Cambridge University Press, Cambridge

RH

Clausius—Mossotti equation — Named after — Clausius
and Ottaviano Fabrizio Mossotti (1791-1863). It relates
the electron — polarizability « of an individual molecule
to the optical — dielectric constant (relative — permittiv-
ity) & of the bulk material.

sr—l_N(x
&+2 3e

Here N is the number of molecules per unit volume
and ¢ is the vacuum permittivity (8.854 x 1072 F/m).
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Closed-circuit voltage

The same formula applies if the electron polarizability
is replaced by the total polarizability, and the optical di-
electric constant is replaced by the static dielectric con-
stant, provided attention is then restricted to nonpolar
materials.
Refs.: [i] Mossotti OF (1850) Memorie di mathematica e di fisica della
societa italiana della scienza residente in modena 24; 49; [ii] Clausius R
(1879) Die Mechanische Wirmetheorie, vol. 2. Vieweg & Sohn, Braun-
schweig, p 62

SF

Closed-circuit voltage — The closed-circuit voltage, or
CCV, refers to the voltage quantity as measured across
the terminals of an — electrochemical cell or a — bat-
tery under a specific discharge load and time interval in
a closed circuit. Particularly, this CCV is measured in
case of a power supply working on load, e.g., a discharg-
ing battery. As a battery has an internal — resistance,
the CCV is lower than — open-circuit voltage, OCV, and
CCV decreases with increasing current.

Refs.: [i] Linden D, Reddy TB (eds) (2001) Handbook of batteries, 3rd
edn. McGraw-Hill; [ii] Berndt D (ed) (2003) Maintenance-free batter-
ies: lead-acid, nickel/cadmium, nickel/hydride - A handbook of battery
technology (Electronic & electrical engineering research studies power

sources technology). Research Studies Press

MHer
Cloud point — critical micelle concentration
CMC — critical micelle concentration
Coated-wire electrode — A polymer film contain-

ing an ion-responsive material and a binder, e.g,
poly(vinyl)chloride, is coated onto a conductor (e.g.,
a metal wire or graphite). They show useful response
to solution concentrations of measured species in the
range 107° < ¢ < 0.1moldm™. The processes at the
metal|polymer interface are still not understood.
— Donnan potential, — ion-selective electrodes.
Refs.: [i] James H, Carmack G, Freiser H (1972) Anal Chem 44:856;
[ii] Wang ] (1994) Analytical electrochemistry. VCH; [iii] Martin CR,
Freiser H (1980) ] Chem Educ 57:152

RH

Codeposition (electrochemical) — Simultaneous depo-
sition of metals, or of a compound as a result of at
least two simultaneously proceeding reactions. Thus the
codeposition of copper and selenium as Cu,Se results
when a solution containing Se(IV) and Cu(II) is reduced
at a suitable potential. Codepositions are used for the
electrochemical synthesis of — semiconductors, and of

alloys (— alloy deposition), and they are used in — elec-
troanalysis, especially in — cathodic stripping voltam-
metry, and in — anodic stripping voltammetry (see also
— thin mercury film electrode).

FS

Cold fusion — A nuclear fusion reaction that takes place
at ambient temperature and regular pressure, while the
classical plasma fusion reactions require temperatures
of millions of degrees. In electrochemistry the first re-
port on a pretended cold fusion was given on March 23,
1989. On that day Martin Fleischmann and Stanley Pons
of the University of Utah spoke at a press conference
and claimed they did a simple electrolysis of heavy wa-
ter with a palladium — cathode and obtained excess
heat as well as radiation that could only be explained
by a nuclear process (fusion of deuterium into helium
or tritium). Palladium was used, since this metal has an
ability of accumulating a large amount of hydrogen in
it [i]. That announcement triggered a wave of experi-
ments and very emotional discussions. Both, chemists
and physicists found the evidence for cold fusion to
be unconvincing and rejected the results published by
Refs.: [i] Fleischmann M, Pons S (1990) ] Electroanal Chem 287:293;
[ii] Nagel DJ (1998) Radiat Phys Chem 51:653; [iii] (2004) DOE Warms
to Cold Fusion. Physics Today, April:1

ZS

Cole-Cole diagram — dielectric relaxation

Colloids — Systems of particles with a size ranging from
1nm to a few micrometers are called colloids. Colloids
are categorized into 1) molecular colloids or polymer
colloids for dispersion of polymers such as proteins and
starch in a solvent, 2) association colloids or — mi-
celle colloids formed by higher concentrations of sur-
factant than a — critical micelle concentration, 3) disper-
sion colloids of small particles. Their common features
are Brownian motion, large optical scattering, depen-
dence of color or turbidity on particle size, large varia-
tion of physical properties with surface charge, and sur-
face tension (— interfacial tension) [i]. Colloidal suspen-
sions without salt exhibit iridescence owing to forma-
tion of colloidal crystals [ii]. Micelles (see also — vesi-
cles) have often been used for dispersion of sparingly sol-
uble species, — nanoparticles, and latex particles. Metal
nanoparticles in electrochemical work have been used in
the form of colloidal suspensions. — liposomes [iii] and
latex particles [iv], being visualized by an optical mi-
croscope, can work as giant redox particles. The forces
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acting between the particles of colloids are described
by the — DLVO theory (see also — Hamaker constant).
For the effect of salts on stability see also — Hofmeis-
ter series. For the interaction of ultrasound with colloids
see — electroacoustics, for the interaction of an electric
field with colloids see — electroconvection, — electroki-
netic effects, — electrophoresis, and — electrorheological
fluid. For preparation of colloids see — peptization, for
electrochemistry of colloids see — suspensions, electro-
chemistry of ~.

The history of colloid science is associated with
— Donnan, — Freundlich, — Frumkin, — Graham,
— Liesegang, — Ostwald, Wo., — Smoluchowski, — Sved-
berg, — Tiselius, and — Zsigmondy.
Refs.: [i] Mackay RA, Texter ] (1992) Electrochemistry in colloids and
dispersions. Wiley, New York; [ii] Arora AK, Tara BVR (1996) Ordering
and phase transitions in charged colloids. VCH, New York; [iii] Zhan W,
Bard AJ (2006) Anal Chem 78:726; [iv] Xu C, Aoki K (2004) Langmuir
20:10194

KA

Colloid vibration potential — electroacoustics

Column electrode — Electrode used for flow electrolysis
that involves letting the solution to be electrolyzed flow
continuously through a — porous electrode of large sur-
face area. The porous electrode is prepared by packing
conductive material (e.g., - glassy carbon grains, metal
shot, or — carbon fiber) in a porous column. A typical
electrolysis system with a column electrode is shown in
the Figure. Continuous-flow column electrolytic meth-
ods can result in high efficiencies and rapid conversions.
For the electrode reaction, Ox + ne~ — R, the cur-

Reference

electrode oy - nter

electrode

Outer solution -

Inlet

Outlet

\
Glassy carbon rod \ Porous glass tube
Working electrode
(carbon fiber)

Column electrode — Figure. A typical electrolysis system with a col-
umn electrode

rent at a constant volumetric flow rate v is given by I =
nFv(cox(out) — cox(in)), where cox(out) and cox(in)
are the concentrations of Ox at the outlet and inlet, re-
spectively. For 100% conversion efficiency, the — Nernst
equation is satisfied for the outlet concentrations of Ox
and R. By on-line connection of the — flow cell with
a spectroscopic instrument, the electrolysis product(s)
can be analyzed spectrophotometrically. Column elec-
trolytic methods are also used in industrial situations
(e.g., removal of metals such as copper or organic pol-
lutants in wastewater treatment).
Refs.: [i] Fujinaga T, Kihara S (1977) CRC Crit Rev Anal Chem 6:223;
[ii] Strohl AN, Curran DJ (1979) Anal Chem 51:353

TO

Combination electrode — is a combination of an — ion-
selective electrode and an external — reference electrode
in a single unit, avoiding a separate holder for the ex-
ternal reference electrode, i.e., it usually contains one
ion-selective — membrane and two reference electrodes,
one on either side of the membrane. Most commercial
— glass electrodes and — ion-selective electrodes are com-
bination electrodes.
Ref.: [i] Buck RP, Lindner E (1994) Pure Appl Chem 66:2527

HK

Complex — A molecular entity formed by the reversible
association of two or more chemical species (molecules,
atoms, or ions). Very different kinds of bonds can be in-
volved. The term has been used with a variety of shades
of meaning in different contexts. Therefore, whenever
appropriate, the use of more explicit terms such as — co-
ordination entity or — adduct are recommended [i]. See
also — chelate.
Ref.: [i] Muller P (1994) Pure Appl Chem 66:1077

FG

Complex capacitance — electrochemical impedance
spectroscopy

Complex electrode — electrode
Complex-formation constant — stability constant

Complex-formation titration — A method based on the
— titration between a metal ion and electron-pair donor
species to form coordination compounds named — com-
plexes. The donor species is usually called complexing
agent or — ligand and it can have one or several pairs of
unshared electrons available to bond a metal species [i].
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Complex nonlinear least-squares regression (CNLS)

Ref.: [i] Harris D (2002) Quantitative chemical analysis. WH Freeman,
New York
FG

Complex nonlinear least-squares regression (CNLS) —
This statistical method is used for the estimation of
parameters of — electrode reaction by fitting a theoret-
ical relationship to experimentally obtained data. This
is achieved by minimizing the sum of squared devi-
ations of the observed values for the dependent vari-
able from those predicted by the model. Nonlinear least-
square estimations can not be performed algebraically
and numerical search procedures are used [i]. The Mar-
quardt algorithm is commonly applied in the calcula-
tions performed by commercially available computer
programs [ii].
Refs.: [i] Taur Y, McCulloch CE (1999) ] Statistics Educ 7; [ii] Press WH,
Teukolsky SA, Vetterling WT, Flannery BP (1992) Numerical recipes in C:
the art of scientific computing. Cambridge University Press, New York
MLo

Complex plane plot — The complex number Z = Z’ +
iZ", where i = \/~1, can be represented by a point in the
Cartesian plane whose abscissa is the real part of Z and
ordinate the imaginary part of Z. In this representation
the abscissa is called the real axis (or the axis of reals) and
the ordinate the imaginary axis (the axis of imaginaries),
the plane OZ'Z" itself being referred to as the complex
plane [i]. The representing point of a complex number Z
is referred to as the point Z.

If the real and imaginary parts of the complex quan-
tity (number) Z are a function of a certain scalar ar-
gument, such as the — angular velocity w, as w varies,
the complex number Z traces a curve which is called

0.8 4
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0.4

Z"/R

0.2 4

0.0

0.0 0.2 0.4 0.6 0.8 1.0
Z'/R

Complex plane plot — Figure. Theoretical — impedance of a parallel
connection of a resistance and a capacitance

the hodograph of Z. For instance, in the case of a par-
allel connection of a — resistance and a — capacitance,
the real and imaginary parts of the - impedance are [ii]:

2
Z'= ﬁ and Z" = —%. The hodograph of Z
. .. . R. 2 R 2 _ R?
is a semicircle of the radius 7: (Z")" + (Z' - 5) =5

The location of the point representing the complex
number Z can be also specified by the polar coordi-
nates r and ¢. In this specification the magnitude r =

\/(Z')? +(2")? is called the modulus (or the absolute

value) of Z, and ¢ = arctg (Z”/Z’) is called the argu-
ment of Z [iii].
Refs.: [i] Bermant AF, Aramanovich IG (1975) Mathematical analy-
sis. Mir, Moscow, p 238; [ii] Brett CMA, Oliveira Brett AM (1998)
Electrochemistry. Oxford University Press, Oxford, p 409; [iii] Sluyters-
Rehbach M (1994) Pure Appl Chem 66:1831

MLo

Complex variable and number — When x and y are
two real variables, then z = (x +1y), with i = V-1, is
acomplex variable. When a and b are real numbers, then
¢ = (a+ib) is a complex number. A is called the real
part and ib is the imaginary part. See also — impedance,
— immitance.

ES

Compliance limits — The maximum - current or
— voltage a — potentiostat or — galvanostat can supply
between the — working-electrode and the — counter elec-
trode.
Refs.: [i] Kelly G, Scully JR, Shoesmith DW, Buchheit RG (2003) Elec-
trochemical techniques in corrosion science and engineering. Marcel
Dekker, New York, p 36; [ii] Nagy Z (ed) (2005) Online electrochemistry
dictionary. http://electrochem.cwru.edu/ed/dict.htm

YG

Concentration — represents the quantity of matter
(mol, g, molecules, or other) per unit of volume
(cm®, L, m?, or other) or mass (kg) or surface area
(cm?, m?, or other). IUPAC recommends the following
concentration-related terms:

1. Mass concentration (mass density): symbol y (or
p), defined as yg = mp/V (mp mass of B present in
the volume V), unit kgm™>.

2. Number concentration (number density of enti-
ties): symbol C (or n), defined as Cg = Ng/V (Np
number of entities of B present in the volume V),
unit m~>.

3. Amount concentration (concentration): symbol ¢
(or [B]), defined as ¢g = np/V (np number
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of moles of B present in the volume V), unit
molm™.*

4. Mole fraction (amount of substance fraction,
amount fraction): symbol x (used for condensed
phases), y (used for gaseous phases), defined as
xp = np/ Zf\ na (ng number of moles of B present
in a mixture with #14...n;), unit 1.

5. Molality: symbol m, b, defined as mp = ng/mu(np
number of moles of B present in a volume possess-
ing the mass m,), unit molkg™".

6. Volume fraction: symbol ¢, defined as ¢p =
Vs/ X; Vi (Vg and V; are the volumes of the respec-
tive components prior to mixing), unit 1.

7. Surface concentration: symbol I, defined as I =
np/A (ng number of moles of B present on the sur-
face area A), unit molm™2.

For further details see [i].

* In chemistry, the most commonly used unit of amount
concentration is still mol L™ (the molarity), frequently
abbreviated as M. The so-called ‘normality], which was
the molarity devided by the chemical valence with re-
spect to a certain reaction, is an obsolete unit banned
because of the ambiguity of the valence it refers to.
Ref.: [i] Quack M, Frey J (2005) IUPAC quantities, units and symbols in
physical chemistry, 37 edn. Nov 2005, Pure Appl Chem Manuscript ID
PAC-REC-05-11-10

ES

Concentration cells — Cells having — electrodes of the
same type on both sides, but with differing — activities of
one or both of the redox forms, are called concentration
cells.

For example,

a B
©Pt|H,(1bar)|HCl(aq) :HCl(aq)|H, (1 bar)|Pt' & .

When this cell operates (— galvanic cell), an oxidation
occurs at the left electrode,

H, —» 2H*(a) + 2e” (Pt) 1)
and reduction takes place on the right,
2H*(B) +2¢ (Pt') > H, . (2)

For each mole of electrons passed, 1 mole of H* is pro-
duced in &, and 1 mole of H* is consumed in 3. At the

same time H* and Cl™ ions migrate across the bound-
ary between « and f8. The total amount of H* and CI~
migrating across the boundary is also 1 mole, however,
the fractions of current carried by these ions depend on
their — transport numbers. Note that in concentration
cells no net chemical change occurs; only the activities
of the electrolytes will be equalized. A concentration cell
can also be constructed in such a way that not the con-
centrations of electrolytes are different but the concen-
trations of metal, e.g., by using amalgam electrodes. The
concentration cells are called concentration cell with
transference when the migration of ions is allowed. If
the cell is reversible for the cation

Ecen = _tanionﬂ n al(“) .
nF  ax(B)
The concentration change while n mole electron passed
is +(1 = tcation) and —(1 — tcation ) in the respective com-
partments.

In these cells a — diffusion potential develops between
o and f8. If the migration of ions is allowed but the dif-
fusion potential is minimized by adding another elec-
trolyte in high concentration (it also causes the decrease
of fcation to approximately zero)

©)

RT nal((x)
nF " ay(B)

If reversible electrodes for both the cations and anions
are available concentration cells without transference
can be constructed.

For example,

4)

Ecen = -

Zn(s)|ZnCly (aq) Hg:Cla (s) [He (1) [Hg:Clz (s)]
ZnC%z(aq)|Zn(s) . (5)

In this case, no diffusion potential develops, conse-
quently
RT a
Eej=-—In—. (6)
nF a,
Refs.: [i] Bard A, Faulkner LR (2001) Electrochemical methods. Wiley,
New York, p 65; [ii] Oldham KB, Myland JC (1994) Fundamentals of
electrochemical science. Academic Press, San Diego, pp 79-83
GI

Concentration cells with/without transference — con-
centration cells

Concentration gradient — Change of concentration of
a species as a function of location. Caused by localized
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generation or consumption of species, e.g., in front of an
electrode (i.e., at the electrochemical interface); driving
force of transport by diffusion. See also — diffusion coef-
ficient, — diffusion layer.

RH

Concentration overpotential — The concentration
overpotential of an electrode reaction at a given elec-
trode current density is basically the difference in equi-
librium potentials across the diffusion layer. More pre-
cisely, it is the potential of a reference electrode (of
the same — electrode reaction as the — working elec-
trode) with the interfacial concentrations which estab-
lish themselves under direct current flow, relative to the
potential of an identical — reference electrode with the
concentrations of the bulk solution. From such a mea-
sured potential difference, with flowing direct current,
one has to subtract the ohmic potential drop prevailing
between the two electrodes.

Whenever current passes through an electrochemical
system, the voltage measured or applied suffers devia-
tion from the equilibrium value due to several factors.
The main factors are concentration polarization, activa-
tion polarization (— activation overpotential), and — re-
sistance overpotential. In contrast to resistance (ohmic)
overpotential and activation polarization, concentration
overpotential does not vanish immediately with bias in-
terruption, but dissipates as concentration equilibration
is attained by convection and diffusion. Concentration
overpotential develops in an initially homogeneous so-
lution as a result of current passage due to — faradaic
reactions that eliminate or produce materials near the
working electrode, thus creating concentration gradi-
ents between the working and the reference electrode.

There are several mathematical expressions for polar-
ization overpotential for various cases. In non steady-
state electrochemical systems the mathematical manip-
ulation of polarization overpotential is not trivial, so as
in systems exhibiting chemical reactions preceding the
electrochemical ones. For the relatively simple case of
steady-state mass transfer, in which insoluble R is pro-
duced in the reaction O + ne™ 2 R (e.g., O is a metal ion
being electrodeposited) the polarization overpotential is
expressed as . = ﬁ—lf In (]1]—71) where 7 is the concentra-
tion overpotential, R is the — gas constant, n the number
of electrons that pass in the electrochemical reaction, F
is - Faraday constant, j is current density, and j is lim-
iting current density. For small potential deviation from

equilibrium, namely, for small currents this expression
RTj

can be simplified by Taylor expansion to 7. = - i

Only under such “small signal” conditions does the po-
larization overpotential assume linear correlation with
the current density, and resembles an ohmic resistance.

Except for the need to take concentration overpo-
tential into account in electroanalytical studies, it is an
important factor for energy losses in electrochemical
power sources (e.g., in — batteries, fuel cells, etc.) and
— electrolysis (e.g., in electrochemical materials produc-
tion, — electroplating, etc.). Concentration overpotential
is called also concentration polarization and mass trans-
fer overpotential.
Refs.: [i] http://www.iupac.org/goldbook/C01230.pdf#search=
concentration%20overpotential; [ii] Newman ], Thomas-Alyea KE
(2004) Electrochemical systems. Wiley, New York, pp 18-20;
[ii] Hamann C, Hamnett A, Vielstich W (1998) Electrochemistry.
Wiley-VCH, Weinheim, pp 167-168; [iii] Bard AJ, Faulkner RL (1980)
Electrochemical methods. Wiley, New York, pp 26-34

YG

Concentration polarization — concentration overpoten-
tial, and — polarization.

Concentrative refractivity — This is the first derivative
of the refractive index of a solution over the concen-
tration of a given species (dn/dC). The variations of
the refractive index due to the inhomogeneous spatial
concentration of chemical species can be decoupled as:
(0n/oC) = (9n/dp)c(dp/oC) + (on/dC), where the
first term is related to the molecular (or ionic) volume
of solvated species and the second one is associated to
the electronic structure of such species [i]. The value of
(0n/9Cj) can be considered a constant for rather diluted
aqueous solutions and therefore, it is characteristic for
each solvated species [ii].
Refs.: [i] Terazima M, Hirota N, Braslavsky S, Mandelis A, Bialkowski S,
Diebold G, Miller R, Fournier D, Palmer R, Tam A (2004) Pure Appl
Chem 76:1083; [ii] Lide DR (2005) CRC Handbook of chemistry and
physics, vol. 8. CRC Press, Boca Raton, p 58

FG

Concerted electron transfers — (a) Concerted electron
transfers occur when the operative — rate constant for
an — electron transfer is comparable to or larger than
the rate for the preceding electron transfer. The sim-
plest example is a two-electron transfer (e.g., reduction)
where the — standard potential E® for the second elec-
tron transfer is more positive than the E® for the first
one [i, ii]. Frequently, the cyclic voltammetric and/or AC
responses look as if the process is a single (as opposed to
a sequential) process. However, careful analysis will usu-
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ally indicate that the magnitude and shape of the resul-
tant waves are not consistent with the transfer of a single
electron.

(b) A narrower definition of concerted electron trans-
fer requires that n (=2, usually) electrons move across
a single activation barrier simultaneously, i.e., within
some small predefined time window.

Refs.: [i] Nicholson RS, Shain I (1964) Anal Chem 36:706; [ii] Evans DH
(1998) Acta Chem Scand 52:194
SWEF

Conditional (apparent) equilibrium constants — Equi-
librium constants that are determined for experimen-
tal conditions that deviate from the standard condi-
tions used by convention in — thermodynamics. Fre-
quently, the conditional equilibrium conditions refer to
— concentrations, and not to — activities, and in many
cases they also refer to overall concentrations of cer-
tain species. Thus, the — formal potential, i.e., the condi-
tional equilibrium constant of an electrochemical equi-
librium, of iron(II)/iron(III) may refer to the ratio of
the overall concentrations of the two redox forms. In
the case of — complex equilibria, the conditional — sta-
bility constant of a metal ion M™* with a ligand L"~
refers to the overall concentration of all complex species
of M™* other than ML("~")*_ Conditional equilibrium
constants can be defined for any chemical equilibrium
reaction. They are used whenever the activity coeffi-
cients and concentrations of the reacting species are not
known or not accessible, or when these simplifications
are sufficient to treat a certain equilibrium.
Ref.: [i] Kotrly S, Sticha L (1985) Handbook of chemical equilibria in an-
alytical chemistry. Ellis Horwood, Chichester

1N

Conductance — In electrochemistry, the electric con-
ductance is of special importance (compared to thermal
conductance). It is the inverse of resistance, and it has
the unit ‘siemens’ (S) or ‘reciprocal ohmy, i.e., the ratio of
current to terminal voltage. It decreases with the length
of the current path and increases with an area of an elec-
trode. Conductance estimated from the ratio of current
to voltage is an average value on the assumption of a uni-
form current distribution. When the charge carrier for
conductance are ions and not electrons, a direct cur-
rent does not pass through the — interface between the
ionic material and a terminal metal electrode without an
— electron transfer reaction or any — faradaic reraction.
In order to avoid blocking the current through the in-
terface, — alternating current is often used for measure-
ment of current or voltage, taking advantage of a capaci-

tor of the diffuse — double layer at the interface [i]. Con-
ductance is used as a measure of ion concentrations, e.g.,
purity of water and in — titrations.

See — conductivity, — diffuse double layer, — faradaic
current.
Ref.: [i] Atkins PW (1998) Physical chemistry. Oxford University Press,
Oxford, p 737

KA

Conductimetric sensors — electrochemical sensors for
which the electrical — conductivity of the sensor material
is recorded. A typical example is the so-called - Taguchi
sensor that is used for detection of reducing gases in air.
Ref.: [i] Janata ] (1989) Principles of chemical sensors. Plenum, New York

JB

Conducting organic salts — molecular metals
Conducting polymer-based biosensors — biosensors

Conducting polymers — Intrinsically electronically
conducting polymers or “synthetic metals” that con-
duct electricity. The Nobel Prize in Chemistry 2000
was awarded to Alan Heeger, Alan MacDiarmid, and
Hideki Shirakawa for the discovery and development
of electrically conducting polymers. The most common
conducting polymers are polyacetylene, — polypyrrole,
— polyaniline, — polythiophenes, — poly(paraphenylene),
— poly(paraphenylene vinylene), polycarbazole, and
polyamines. The structure of these polymers consists
of alternating single and double bonds forming a 7-
conjugated system by the overlap of carbon p, orbitals.
In order to conduct electricity free charge carriers have
to be available. This is achieved by either oxidizing (an
electron is removed from the valence band, so-called
p-doping) or reducing (an electron is added to the con-
duction band, so-called n-doping) the polymer. In case
of polyaniline, protonation of the polymer also leads to
the doped form. A conjugated polymer can be doped
chemically, electrochemically, or photochemically. Elec-
trochemical doping can be made either simultaneously
as the polymer is electropolymerized or on chemically
synthesized polymers. The created charges are compen-
sated by counter ions present as electrolyte salt in the
solution. Photochemical doping is achieved by exposing
the polymer to light upon which photons induce charge
carriers in the polymer material. Both color changes and
conductivity changes take place during doping.

The electrical conductivities of conducting polymer
systems range from those of insulators <107 Scm™
to values typical for — semiconductors ~107> Scm™
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close to values for metals >10* Scm™. Some conducting
polymers give rise to fluorescence which has initiated
the research on polymer-based light emitting devices.
Other possible applications for conducting polymers
are organic field effect transistors, electroluminescent
and electrochromic devices, solar cells, nonlinear optical
devices, batteries, chemical, biochemical, and thermal
— sensors, drug release systems, electromechanical ac-
tuators, switches, corrosion control, and electronic dis-
plays.
Refs.: [i] Skotheim TA, Elsenbaumer R, Reynold ] (1998) Handbook of
conducting polymers, 2" edn. Marcel Dekker, New York; [ii] Inzelt G,
Pineri A, Schultze JW, Vorotyntsev MA (2000) Electrochim Acta
45:2403; [iii] Inzelt G (1994) Mechanism of charge transport in polymer-
modified electrodes. In: Bard A] (ed) Electroanalytical chemistry, vol. 18.
Marcel Dekker, New York, p 89; [iv] Nalwa HS (ed) (1997) Handbook of
organic conductive molecules and polymers. Wiley, Chichester; [v] Inzelt
G (2008) Conducting polymers. A new era in electrochemistry. In: Scholz
F (ed) Monographs in Electrochemistry. Springet, Berlin

CK

Conducting solids (ion conductors) — comprise a wide
class of solid materials where one or more types of — ions
are mobile. In many cases, this term is used solely for
— solid electrolytes. Usually, however, the same term
can be used for any material with a significant — ion
— conductivity, including — mixed ionic-electronic con-
ductors. The phenomenon of ionic conduction is ob-
served for a great number of crystalline solids with
an essentially ionic character of bonding, composites,
glasses, and amorphous materials [i,ii]. Furthermore,
non-negligible ionic conduction is often observed in ce-
ramics where the major phase is insulating, due to trans-
portvia — grain boundaries and/or extended defects (see
— defects in solids).

In the simplest and most important cases, two gen-
eral reasons responsible for ion mobility in solids are
(i) the presence of ions or groups of ions with a rela-
tively weak bonding with respect to the neighborhood,
and (ii) the existence of a network of positions available
for ion jumps. These factors may be quantitatively ex-
pressed in terms of ionic — charge carrier — concentra-
tion, and their — diffusion coefficient.

The first observations of ionic transport in solids were
made by — Faraday [iii, iv]. See also — Nernst lamp.

One important group of conducting solids is the
so-called superionic or fast ion conductors. These are
characterized with a relatively high ionic conductiv-
ity (>1072-10"' Sm™) in substantially disordered crys-
tal lattices and/or near grain boundaries in polycrys-
talline materials. Typical examples include — 3-alumina,

— NASICON, and - BIMEVOX.
See also — conductor, — superionics.
Refs.: [i] West AR (1984) Solid state chemistry and its applications. Wi-
ley, Chichester; [ii] Rickert H (1982) Electrochemistry of solids. An in-
troduction. Springer, Berlin; [iii] Faraday M (1833) Phil Trans Roy Soc
(London) 23:507; [iv] Mébius HH (1997) ] Solid State Electrochem 1:2
VK

Conduction band — Energy band of a solid is an en-
ergy interval with a quasicontinuum distribution of al-
lowed energy levels for — electrons. In a — semiconduc-
tor, the lowest unoccupied energy band at T = 0 is de-
noted conduction band. If the temperature is not zero
there is a nonvanishing probability that some electrons
will be thermally excited from the — valence band across
the energy gap into the lowest unoccupied bands, which
are called conduction bands. The thermally excited elec-
trons are conduction electrons.
Refs.: [i] Blakemore JS (1987) Semiconductor statistics. Dover, New York;
[ii] Ashcroft W, Mermin ND (1976) Solid state physics. Saunders College,
Philadelphia

IH

Conductivity — The conductivity is — conductance
at unit length and unit area, evaluated from x =
j/(de/dx), where ¢ is potential at position x and j is
the current density.

(a) Conductivity of electrolyte solutions
Conductivity x of an electrolyte solution, Q!
m™ Sm™]

The conductivity « of an — electrolyte solution de-
pends on the number of cations n,. and of anions #n_ (in
the unit [m~>]) in solution, their charge numbers z, and
z_, and their — mobilities u, and u_ (in [m?> V~'s7!]) as
follows: k = eg(n4z4us+n_z_u_), where eg is the — ele-
mentary electric charge. For an electrolyte A,,, B, form-
ing in solution the ions A*)* and B(*-)~, the — elec-
troneutrality condition affords that vz, = v_z_ = v, z,,
and hence x = viz,cNyeo(uy + u_), with ¢ being the
concentration in [mol L™'], and N, being the Avogadro
number.

Molar conductivity, A [Q'mol™! m?Smol™
m?]

Conductivity x divided by the molar concentration:
A=x[c=vizsNaeo(us +u_).

Equivalent conductivity, A, [Q7'mol™ m?
Smol™' m?]

Dividing the molar conductivity by vz, gives the so-
called equivalent conductivity: Aeq = Naeo(uy +u_). It
is discouraged to use that quantity.
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See — conductance, — conductivity cell, - conduc-
tometry, - Debye-Falkenhagen effect, — Debye-Hiickel-
Onsager theory, — electrolyte, — ion, — Kohlrausch
square root law, — mass transport.

(b) Conductivity of semiconductors — semiconductors

(c) Conductivity of metals — metals
See also — conducting solids, — solid electrolytes.
Ref.: [i] Atkins PW (1998) Physical chemistry. Oxford University Press,
Oxford, p 737
KA

Conductivity cell — (or a cell for - conductivity mea-
surements) should be formed, in theory, by two 1 cm? re-
versible — electrodes spaced 1 cm apart, providing a uni-
form distribution of electrical field. In practice, however,
a number of other configurations are used. For liquid
— electrolytes, the conductivity can be calculated from
the — electrical potential drop between two electrodes at
a given current, using a cell calibrated in order to deter-
mine the so-called — cell constant K. [i]. This constant
is a factor reflecting particular physical configuration of
the cell and fringe-field effects. The theoretical cell de-
scribed above has K¢ = 1.0. The calibration can be per-
formed using a standard solution with known conduc-
tivity (e.g. 0.01 M KCI, y29s k = 1412 gem ™).

In the case of — solid electrolytes, such a calibration is
usually impossible. The configuration of measuring cells
should be selected to provide uniform current distribu-
tion or to enable use of a definite solution of differen-
tial - Ohmi’s law for the conductivity calculations [ii-iv].
The conductivity values are typically verified comparing
the data on samples with different geometry and/or elec-
trode arrangement, or using alternative measurement
methods.

Both alternating and direct current techniques can
be used (see also — impedance spectroscopy), but the
electrode — polarization effects should be minimized
or taken into account in all cases. For this goal, a four-
electrode method where the potential probes are placed
between current probes, is often used.

Refs.: [i] Levine IN (1995) Physical chemistry, 4" edn. McGraw-Hill,
New York; [ii] Stephens AE, Mackey MJ, Sybert JR (1971) ] Appl Phys
42:2592; [iii] Warner TE, Edwards PB, Timms WC, Fray DJ (1992) ] Solid
State Chem 98:415; [iv] Van Herle J, McEvoy AJ, Thampi RK (1994)
J Mater Sci 29:3691

VK

Conductometry — is a nonselective analytic method
based on monitoring — conductivity of a physical mix-
ture, a solution or a homogeneous — solid material. This

method is widely used for binary — electrolyte solutions,
particularly to determine solubility of a component. One
modification, often called the conductometric — titra-
tion, is a volumetric analytic technique where the equiv-
alent point is determined using a conductivity appliance.
See also — conductivity cell.
Ref.: [i] Bagotsky VS (2005) Fundamentals of electrochemistry, 214 edp.
Wiley, New York

VK

Conductometric titration — A — titration method in
which the electrical conductivity of a solution is mea-
sured as a function of the volume of — titrant added.
The method is based on replacing an ionic species of
the — analyte with another species, corresponding to the
titrant or the product of significantly different conduc-
tance. Thus, a — linear titration curve is plotted to obtain
the — end point. This method can be used for deeply col-
ored or turbid solutions. It does not require knowing the
actual specific conductance of the solution, and only few
data points far from the end point are necessary. This is
to avoid effects such as hydrolysis or appreciable solubil-
ity of the reaction product that give rise to curvature in
the vicinity of the end point [i].
Ref.: [i] Kellner R, Mermet JM, Otto M, Widmer HM (1998) Analytical
chemistry. Wiley-VCH, Weinheim

FG

Conductor — is a qualitative term reflecting the capa-
bility of a substance to conduct an electrical — current.
Depending on the type of sole or prevailing — charge
carriers, — solid materials can be classified into ionic,
electronic, and mixed ionic-electronic conductors.

The class of electronic conductors, where the ion
— transport number is zero or negligibly small, com-
prises metals, — semiconductors and — dielectrics.
Metals are characterized by a high conductivity level
(>10°-10” Sm™') and a negative temperature coefficient.
Semiconductors exhibit a lower specific - conductivity
(1078-10° Sm™) and, typically, temperature-activated
transport.

The class of ionic conductors is not unambiguously
defined in literature. Depending on context, this term
may be used either for — solid electrolytes where the ion
transference number is higher than 0.99, or for any solid
material where ions are mobile, including mixed ionic-
electronic conductors where the partial ionic and elec-
tronic diffusivities are comparable. The latter term is
used for materials where the ion transference numbers
are lower than 0.95-0.99, and also in conditions when
a minor contribution to the total conductivity (ionic or
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electronic) cannot be neglected.
Refs.: [i] Bagotsky VS (2005) Fundamentals of electrochemistry, 24 edn,
Wiley, New York; [ii] Rickert H (1982) Electrochemistry of solids. An in-
troduction. Springer, Berlin; [iii] Chebotin VN (1989) Chemical diffusion
in solids. Nauka, Moscow

VK

Conductor: first-class and second-class conductors —
The classification of electrical — conductors in first-class
and second-class conductors refers to the effect that
a — direct current has on the integrity of the conduc-
tor: first-class conductors are those which do not disinte-
grate, i.e., are conductors in which — electrons or — holes
are responsible for the conduction, whereas second-
class conductors are those where ions are the responsi-
ble charge carriers, and disintegration of the conductor
occurs at the electrode — interface due to — electroly-
sis. The terms first- and second-class conductors should
not be used anymore, because more precise terms, i.e.,
electronic and ionic conductors are available (— elec-
tronic current, — ionic current), and also because the
discussed properties are true only for direct currents
whereas an — alternating current can flow through an
ionic conductor without electrolysis. Further, a direct
current can even pass through a — solid electrolyte with-
out decomposition of the ionic conductor, e.g., in case of
the — Nernst lamp, where oxygen is reduced at the cath-
ode and oxygen is evolved at the anode with a — stabi-
lized zirconia solid electrolyte in-between.
See also — electrolyte, — solid electrolyte.
ES

Configurational Gibbs energy — Gibbs energy
Confocal Raman spectroscopy — spectroscopy

Conproportionation or synproportionation — The re-
verse of — disproportionation.
Ref.: [i] Muller P (1994) Pure Appl Chem 66:1077

WK

Constant-current (or controlled current (CC-), or gal-
vanostatic) techniques — Electrochemical experiments
where the — faradaic current passing between anode
and cathode is kept constant or changed in a con-
trolled way using a — galvanostat. As a response, poten-
tial of the working electrode or charge passed through
the system (in coulombs) is followed as a function of
time. (— chronopotentiometry, galvanostatic — coulom-
etry, controlled current — electrolysis). See also — gal-
vanostatic technique.

Ref.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods, 2" edn.
Wiley, New York, chap 8, pp 305, chap 11.4, pp 430
JL

Constant phase angle — The phase angle is the angle

between two phasors that rotate with the same — angu-

lar velocity. The constant phase angle is independent of

angular velocity. For a solitary — resistor the phase angle

is zero, and for a solitary — capacitor it is /2.

Ref.: [i] Macdonald JR (1987) Impedance spectroscopy. Wiley, New York
MLo

Constant phase element — A constant phase element
(CPE) is an electronic — circuit element that is charac-
terized by a constant phase angle which is smaller than
72/2 and larger than zero [i]. The — admittance of a CPE
is given by the equation Y = Q° (iw)'~*, wherei = /~1,
0<ar<land Q°=|Y|at w=1rads™'. The units of Q°
are Ss'~%. The phase angle of a CPE is independent of
the frequency and has the value (1 - af) - /2. If & = 0,
a CPE is identical to a — capacitor (Q° = C): Y = iwC.

The — complex plane plot of the — admittance of
a solitary CPE is a straight line which makes an angle
of (1 - af) - /2 with the Y” axis.

For the parallel connection of a CPE with a — resis-
tor R, the — impedance is Z = H(TRMHP and its real
and imaginary parts are [ii]:

R [1 +(wCR) ™" cos _(1—?).71]

A
1+2(wCR)"™* cos W + (wCR)*(70)

R(wCR)"™ sin {=00:m

Z// _ 2
B 1- 1-ay)- 2(1-af) *
1+2(wCR)' ™ cos =807 1 (wCR) (=)
0.30 4
0.25 4
0.20 % o
L]
L]
0.15 4 °
x
~
N 0.10 4
0.05 A
0.00 T T T T ®
0.0 0.2 0.4 0.6 0.8 1.0
Z'/R

Constant phase element — Figure. Theoretical impedance of a paral-
lel connection of a CPE and a resistor, for af = 0.5
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The complex plane plot of the impedance of the resis-
tor R in parallel with a CPE is a depressed semicircle with
the center below the Z’ axis.

There are several explanations for the origin of CPE,
such as surface roughness, a distribution of — reaction
rates and a nonuniform current distribution.

Refs.: [i] Retter U, Lohse H (2002) Electrochemical impedance
spectroscopy. In: Scholz F (ed) Electroanalytical methods. Springer,
Berlin, p 149; [ii] Jovi¢ VD (2003) http://www.gamry.com/App_Notes/
PDF/jovic.pdf

MLo

Constant-potential (or controlled potential (CP-), po-
tentiostatic) techniques — Electrochemical experi-
ments where the potential of the - working electrode is
kept constant or changed in a controlled way accord-
ing to a predetermined program (linear sweep, steps,
rectangular or triangular pulses, sinusoidal signal) using
a function generator and — potentiostat. As a response,
current is measured as a function of potential or time
(= voltammetry, — polarography, — chronoamperome-
try) or charge passed through the system (in coulombs)
is followed as a function of time. See also — coulometry,
and — electrolysis.
Ref.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods, 214 edn,
Wiley, New York, chap 5, pp 156, chap 6, pp 226, chap 7, pp 261, chap
11.3, pp 423

JL

Contact adsorption — The adsorption of negatively
charged ions (anions) on a negatively charged elec-
trode surface has initially been called — specific ad-
sorption because the obvious contradiction to electro-
static (coulombic) models could not be explained by any
model. Alternatively this phenomenon has been called
superequivalent — adsorption, because there is no equiv-
alence between the charge on the metal and in the in-
ner Helmholtz plane (see — double layer), but instead
the charge brought about by this type of adsorption is
actually larger (superequivalent). The latter term pro-
vides only a formal description, whereas contact adsorp-
tion describes more specifically the mode of adsorption.
In this case anions are adsorbed without any — solva-
tion shell between ion and metal, i.e., the anion is di-
rectly interacting with the metal. As electrostatic forces
cannot be effective other modes of interaction must be
operative.
Refs.: [i] Bockris JO'M, Reddy AKN (2006) Modern electrochemistry.
Springer, New York; [ii] Gileadi E, Kirowa-Eisner E, Penciner J (1975)
Interfacial electrochemistry. Addison Wesley, London

RH

Contact angle — The contact angle is the angle of con-
tact between a droplet of liquid and a flat rigid solid,
measured within the liquid and perpendicular to the
contact line where three phases (liquid, solid, vapor)
meet. The simplest theoretical model of contact angle
assumes thermodynamic — equilibrium between three
pure phases at constant temperature and pressure [i, ii].
Also, the droplet is assumed to be so small that the force
of gravity does not distort its shape. If we denote the
— interfacial tension of the solid—vapor — interface as
ysv, the interfacial tension of the solid-liquid interface
as ysi, and the interfacial tension of the liquid-vapor in-
terface as yLy, then by a horizontal balance of mechani-
cal forces (6 < 90°)

0 =ysy — ys. — yrv cos 0,

where 0 is the contact angle. This equation is known
as — Young’s equation, and was derived in 1805 [iii].
Thus the contact angle is a measure of the wettability of
a solid by a liquid phase; the smaller the contact angle
the larger the wettability. An important subset of cases
arises when the liquid is water. If the contact angle ap-
proaches 0° then the solid is said to be hydrophilic (see
— hydrophilicity). This commonly occurs on surfaces
that form hydrogen bonds with water. If the contact an-
gle is greater than 90° then the solid is said to be hy-
drophobic. Finally, if the contact angle is greater than
~150° then the surface is said to be superhydrophobic.
In case of a droplet of oil on the surface of water, Young’s
equation becomes:

ywy €os 03 = poy cos 0; + ywo cos b, ,

where each y term denotes the interfacial tension be-
tween adjacent phases. In this three-fluid case (water, va-
por, oil) the oil droplet becomes lens-shaped.

Although contact angle is theoretically a function of
state (meaning that its value is independent of system
history) experimentally it is often found that the sys-
tem history has a measurable effect. This has led to the
pragmatic definition of advancing and receding con-
tact angles. Typically, advancing contact angles are mea-
sured by dipping a solid into a liquid, whereas reced-
ing contact angles are measured by withdrawing them
again. The different values of contact angle observed are
frequently attributed to nonhomogeneities on the solid
surface. Contact angles are principally measured by two
techniques: a static method based on the imaging of ses-
sile drops, and a dynamic (receding) method [iv] based
on weighing a vertical plate as it is withdrawn from the
liquid of interest.
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Refs.: [i] de Gennes PG (1985) Rev Mod Phys 57:827; [ii] Israelachvili [N
(1985) Intermolecular and surface forces. Academic Press, New York;
[iii] Young T (1805) Phil Trans Roy Soc (London) 95:65; [iv] Wilhelmy LF
(1863) Ann Phys Chem (Leipzig) 119:177
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Contact ion pair — ion pair

Controlled growth mercury drop electrode — static
mercury drop electrode (SMDE)

Convection — Convection is one of the modes of — mass
transport (see — transport phenomena). Contrary to
— diffusion or - migration when transport of the species
occurs from one location in solution to another by
a molecular mechanism, in the case of convection the
movement of whole volume elements of solution takes
place.

Convection may occur due to density gradients (nat-
ural convection). A density gradient may arise at high
currents due to the production or depletion of matter, es-
pecially in technical electrolysis and in coulometric ex-
periments. Heating or cooling may also cause density
gradients.

Forced convection may be unintentional, e.g., due to
the vibration of the building, but usually stirring is ap-
plied to enhance the rate of the mass transport pro-
cess. Stirring can be achieved by stirring the solution
with the help of a separate stirrer, or the electrode it-
self can rotate (— rotating disc electrode), vibrate (— vi-
brating electrodes), or even simply expand its volume
(which is a movement of its surface against the solution)
as the — dropping mercury electrode does. Convection is
also essential in — coulometry, and — electrolysis, flow-
through electrodes, e.g., — channel electrodes or — wall jet
electrodes.

In the case of forced convection the fluid flow can be
— laminar flow or — turbulent flow. The flux of species i
(J or Ji/mols™! cm™?) driven by convection can be given
as follows:

)

Ji=civ
or for one-dimensional motion along the x-axis

Ji(x) =civ(x), 2)

where c; is the — concentration (mol cm ™) and v or v(x)
is the velocity (cms™) with which a volume element in
solution moves.

When convection is coupled with diffusion (- dif-
fusion, subentry — convective diffusion) the appropriate

form of the — Nernst-Planck equation has to be solved:

aCi
2
-, =DiVici-vei,

Y ©)

where V? is the Laplacian operator and D; is the — dif-
fusion coefficient of species i.

The exact solution of the convection-diffusion equa-
tions is very complicated, since the theoretical treat-
ments involve solving a hydrodynamic problem, i.e., the
determination of the solution flow velocity profile by us-
ing the continuity equation or — Navier-Stokes equa-
tion. For the calculation of a velocity profile the solu-
tion viscosity, densities, rotation rate or stirring rate,
as well as the shape of the electrode should be consid-
ered.

Exact solution has been derived for the — rotating disc
electrode (RDE), and in certain cases for solution stir-
ring.

In the case of alaminar flow, the flow velocity is zero at
the plane electrode surface, then continuously increas-
ing within a given layer (it is called — Prandtl boundary
layer) and eventually reaches the value characteristic to
the stirred liquid phase.

For this situation the thickness of the fictitious — dif-
fusion layer (§) can be given as follows

8 ~ PN v ()T @

where v(y) is the flow velocity at a distance (y) mea-
sured parallel with the surface (y = 0 is the center of the
plane electrode), v is the kinematic viscosity, and D, is
the diffusion coeflicient of reactant O (note that §, de-
pends on D,, i.e., it differs for different species).

According to this relationship § varies along the plate,
it is highest at the edge of the electrode, consequently
a current (j) distribution should also be considered:

j~nEDYy ™ [y ()] 00 e (= 0) — 7]
()

If the electrode is disc-shaped, imbedded in a rod of an
insulating material, and rotating with an angular veloc-
ity w, (the axis of rotation goes through the center of the
disc and is perpendicular to the surface), § is indepen-
dent of coordinate y (see — rotating disc electrode).
Refs.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods. 214 edn,
Wiley, New York, pp 28-35, 331-365; [ii] Inzelt G (2002) Kinetics of
electrochemical reactions. In: Scholz F (ed) Electroanalytical methods.
Springer, Berlin, pp 38-39; [iii] Levich VG (1962) Physical hydrodynam-
ics. Prentice Hall, Englewood Cliffs

GI
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Convolution — The convolution (or faltung) of two
functions, f(t) and g(t), of time is the mathe-
matical operation fot f(1)g(t — 7)dr or equivalently

fot f(t — 7)g(7)dr. Sometimes a lower limit other than
zero, such as —oo, is appropriate. When functions are
“folded” together in this way they are said to have been
convolved (not “convoluted”!), and the symbol f(t) *
g(t) may be used to indicate this.

In the context of — Laplace transformation, convolu-
tion provides a valuable means of inverting the product
f(s)g(s) of two transforms. The Laplace invert is simply
f(t) * g(1).

Convolution is used in electrochemistry particularly
as a means of converting the faradaic current I(¢) into
a more useful quantity. In this application, I(¢) is most
often convolved with 1/v/7t, this operation being identi-
cal with — semiintegration, but more complicated func-
tions may also be used. See also — convolution voltam-
metry, - deconvolution.

Refs.: [i] Churchill RV (1972) Operational mathematics. McGraw-Hill,
New York; [ii] Mahon PJ, Oldham KB (1999) ] Electroanal Chem 464:1;
[iii] Savéant JM, Tessier D (1975) J Electroanal Chem 65:57

KBO

Conway, Brian Evans

(Courtesy of W. Pell)

(Jan. 26, 1927, Farnborough, Great Britain - July 9,
2005, Ottawa, Canada) Canadian electrochemist, 1946—
1949 Imperial College, London University, thesis on
— electrocatalysis and — corrosion inhibitors (super-
visor J.O’M. Bockris), 1949-1954 Chester-Beatty Can-
cer Research Institute with J.AV. Butler on DNA,
1954-1955 post-doc at University of Pennsylvania with
J.O'M. Bockris (among other subjects: — proton — mo-
bility, the effect of field-induced reorientation of the
water molecule), since 1956 professor at the Uni-
versity of Ottawa (Canada), more than 400 pub-
lications on physical electrochemistry, electrode ki-
netics and mechanisms, — electrochemical capaci-
tors.

RH

Cooper pairs — are the — electron pairs in superconduc-
tors, coupled over a large range (hundreds of nanome-
ters). The transition of a metal into superconducting
state on decreasing temperature has the nature of a con-
densation of the electrons, leaving a band gap above
them. The Cooper pair attraction can be visualized con-
sidering the crystal lattice attraction by a passing elec-
tron, with a slight displacement toward its path; this at-
tracts another electron passing in the opposite direction.
As a result, the electrons act as pairs coupled by lattice
vibrations (exchange of phonons). The condensation of
such pairs behaving like bosons is the basis of the super-
conductivity theory developed by John Bardeen, Leon
Neil Cooper, and John Robert Schrieffer (the — BCS the-
ory), awarded the Nobel Prize in 1972.
Refs.: [i] Rohlf JW (1994) Modern physics from « to Q0. Wiley, New York;
[ii] Cyrot M, Pavuna D (1992) Introduction to superconductivity and
high-T. materials. World Scientific, London;
[iii] http://nobelprize.org/physics/laureates/1972/bardeen-lecture. htmi;
[iv] http://nobelprize.org/physics/laureates/1972/cooper-lecture. htmi;
[v] http://nobelprize.org/physics/laureates/1972/schrieffer-lecture. html
VK

Coordination — The formation of a — covalent bond,
the two shared electrons of which have come from only
one of the two parts of the — molecular entity linked by
it, as in the reaction of a Lewis acid and a Lewis base
to form a Lewis adduct (— acid-base theories); alterna-
tively, the bonding formed in this way. In the former
sense, it is the reverse of unimoleculur heterolysis. “Coor-
dinate covalence” and “coordinate link” are synonymous
(obsolescent) terms. The synonym “dative bond” is ob-
solete. (The origin of the bonding electrons has by itself
no bearing on the character of the bond formed. Thus,
the formation of methyl chloride from a methyl cation
and a chloride ion involves coordination: the resultant
bond obviously differs in no way from the C-Cl bond in
methyl chloride formed by any other path, e.g., by colli-
gation of a methyl — radical and a chlorine atom.) The
term is also used to describe the number of — ligands
around a central atom without necessarily implying two-
electron bonds. See also — dipolar bond, — m-complex.
Ref.: [i] Muller P (1994) Pure Appl Chem 66:1077

WK

Coordination entity — A molecular entity consisting
of a central chemical species, usually a metal atom, to
which one or more ligands are bonded. The name of an-
ionic coordination entities takes the ending-ate, whereas
no distinguishing termination is used for the cationic or
neutral ones. The names of the ligands are listed follow-
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ing an alphabetical order, before the name of the central
atom, and without regard to the charge or the numerical
prefix that indicate the number of a kind of — ligand. On
the contrary, the central atom heads the formula of coor-
dination entities, and then the formally anionic ligands
followed by the neutral ligands are indicated. The sets of
anionic and neutral ligands are listed in alphabetic order
according to the first symbols of their formula. The for-
mula for the entire coordination entity, whether charged
or not, is enclosed in square brackets.
Refs.: [i] Muller P (1994) Pure Appl Chem 66:1077; [ii] De Bolster MWG
(1997) Pure Appl Chem 69:1251

FG

Coordination number — The number of bonds that
a specified atom or ion forms with electron-donor
species. -bonds are not considered in determining the
coordination number [i,ii].
Refs.: [i] Cotton FA, Wilkinson G, Murillo CA, Bochmann M (1999)
Advanced inorganic chemistry. Wiley-Interscience, New York; [ii] Mc-
Naught AD, Wilkinson A (1997) IUPAC compendium of chemical ter-
minology, 2"? edn. Blackwell Scientific Publications, Oxford

FG

Coordinatively saturated — A transition metal — com-
plex that has formally 18 outer shell electrons at the cen-
tral metal atom.
Ref.: [i] Muller P (1994) Pure Appl Chem 66:1077

WK

Coordinatively unsaturated — A transition metal
— complex that possesses fewer — ligands than exist in
the — coordinatively saturated. These complexes usually
have fewer than 18 outer shell electrons at the central
metal atom.
Ref.: [i] Muller P (1994) Pure Appl Chem 66:1077

WK

Coprecipitation — The — precipitation of a normally
soluble substance that is carried down during the precip-
itate formation of the desired substance. The coprecipi-
tation of a substance arises from processes such as - ad-
sorption, — mixed-crystal formation, - occlusion and/or
mechanical entrapment [i].
Ref.: [i] Harris D (2002) Quantitative chemical analysis. WH Freeman
& Co, New York

FG

Copper cation conductors — solid electrolyte

Copper-conducting solid electrolyte — solid electrolyte

Copper coulometer — coulometer

Coreactant (ECL) — electrochemiluminescence, subentry
— coreactant (ECL)

Corresponding anodic and cathodic peaks — Corre-
sponding anodic and cathodic peaks are those anodic
and cathodic current peaks produced by — cyclic voltam-
metry or — AC voltammetry which are associated with
a single electron transfer or with concerted multiple
electron transfers (see — concerted electron transfer).
SWE

Corrosion — Corrosion is the degradation of materials
by gaseous or liquid environments. Atmospheric corro-
sion involves the influence of both media on the surface
of a solid, often with alternating wet and dry periods.
Any kind of material may be attacked like metals, semi-
conductors, and insulators as well as organic polymers.
Large losses are caused by corrosion in modern indus-
trial societies. An estimate suggests losses of 3.5% of the
gross national product by corrosion, a third of which
may be avoided if all knowledge is taken into account.
Traditionally corrosion is subdivided into the attack by
dry and hot gases and by electrolytes. Corrosion involves
electrode processes which are ruled by the electrode po-
tential and thermodynamic and kinetic factors [i-iv].
See also — corrosion current density, — biocorrosion,
— corrosion potential, — mixed potential, — corrosion in-
hibitor, — corrosion protection.
Refs.: [i] Kaesche H (2003) Corrosion of metals. Springer, Berlin; [ii] Vet-
ter KJ (1967) Electrochemical kinetics. Academic Press, New York;
[iii] Strehblow HH (2000) Phenomenological and electrochemical fun-
damentals of corrosion. In: Schiitze M, Cahn RW, Haasen P, Kramer EJ
(eds) Corrosion and environmental degradation, vol. 1. Wiley-VCH;
[iv] Strehblow HH (2006) Conventional electrochemical test methods. In:
Czichos H, Saito T, Smith L (eds) (2007) Springer Handbook of Materials
Measurement Methods. Springer. Part D, 12.1 Corrosion, pp 615-639
HHS
Corrosion current density — Anodic metal dis-
solution is compensated electronically by a cathodic pro-
cess, like cathodic hydrogen evolution or oxygen re-
duction. These processes follow the exponential current
density-potential relationship of the — Butler-Volmer
equation in case of their charge transfer control or they
may be transport controlled (- diffusion or — migra-
tion). At the — rest potential Eg both — current densities
have the same value with opposite sign and compensate
each other with a zero current density in the outer elec-
tronic circuit. In this case the rest potential is a — mixed
potential. This metal dissolution is related to the corro-
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Corrosion — Corrosion current density — Figure. Polarization
curves of a metal/metal ion electrode and the Hy/H™ electrode in-
cluding the anodic and cathodic partial current curves, the Nernst
equilibrium electrode potentials E(Me/Me*") and E(H,/H"), their
exchange current densities ig a1, g redox and related overpotentials
n(Me) and n(H), the rest potential Eg, the polarization 7 and the cor-
rosion current density ic at open circuit conditions (E = Eg) [i]

sion current density by — Faraday’s law. It may be deter-
mined by the analysis of the amount of dissolved metal
ions within the electrolyte (colorimetry, — rotating ring-
disk-electrode). Another method is the determination of
the — polarization curves or the determination of the
— polarization resistance. The deviation of the rest po-
tential is called polarization 7 = E — Eg and it may be
positive or negative (see also - Nernst equilibrium po-
tential and — exchange current density) (Figure) [i].
Refs.: [i] Strehblow HH (2006) Conventional electrochemical test meth-
ods. In: Czichos H, Saito T, Smith L (eds) (2007) Springer Handbook
of Materials Measurement Methods. Springer. Part D, 12.1 Corrosion,
pp 615-639
HHS
Corrosion potential — corrosion current density
Corrosion inhibitor — corrosion inhibitors are
chemicals which are added to the — electrolyte or
a gas phase (gas phase inhibitors) which slow down
the — kinetics of the corrosion process. Both partial
reactions of the corrosion process may be inhibited,
the anodic metal dissolution and/or the cathodic re-
duction of a redox-system [i]. In many cases organic
chemicals or compounds after their reaction in solu-
tion are adsorbed at the metal surface and block the
reactive centers. They may also form layers with metal
cations, thus growing a protective film at the surface
like anodic oxide films in case of — passivity. Benzo-
triazole is an example for the inhibition of copper cor-

rosion. It forms a three-dimensional layer of copper-
benzotriazolate which blocks the metal surface from the
direct access of an aggressive electrolyte and thus pro-
tects it against oxidation and dissolution.
Ref.: [i] Kaesche H (2003) Corrosion of metals. Springer, Berlin
HHS

Corrosion protection — A metal surface may be
protected against — corrosion by the application of a suf-
ficiently positive or negative — electrode potential, cor-
responding to anodic or cathodic protection. Anodic
protection usually involves a protective layer which is
insoluble within the electrolyte or which dissolves ex-
tremely slowly. Passivating oxide layers are an exam-
ple (see — passivity). Copper is passive in alkaline so-
lutions due to its insoluble oxide film. Similarly other
more reactive metals are protected at high pH as Ni, Fe
etc. These metals are also protected in strongly acidic
electrolytes when the oxide films are far from dissolu-
tion equilibrium. For these conditions the transfer of
metal cations at the oxide/electrolyte interface is ex-
tremely slow leading to very small dissolution rates in
the range of pA cm™ despite a very positive potential.
For these conditions the anodic oxide layer of only a few
nm thickness is called a passive layer causing passivity
of the metal. Chromium oxides are known to dissolve
extremely slowly. Therefore the chromium content of al-
loys stabilizes the surface of alloys as in the case of stain-
less steels or Ni/Cr alloys. Cr is enriched within the pas-
sive layer which then is stabilized against any attack by
the electrolyte even in the presence of chloride which
otherwise causes localized corrosion [i-iv].

Cathodic protection leads to sufficiently negative
potentials so that metal dissolution does not occur or
becomes sufficiently small. This may be achieved by the
contact with a very reactive metal. Zinc deposited on
iron is a well-known example. The slow dissolution of
zinc by hydrogen evolution or oxygen reduction causes
a sufficiently negative potential preventing the dissolu-
tion of the more noble Fe. A shift of the potential of
a metal within the passive potential range to values be-
low the critical potential of pitting may also be seen
as a cathodic protection. For these conditions localized
corrosion in the presence of chlorides is suppressed [v].
Refs.: [i] Kaesche H (2003) Corrosion of metals. Springer, Berlin; [ii] Vet-
ter KJ (1967) Electrochemical kinetics. Academic Press, New York;
[iii] Strehblow HH (2000) Phenomenological and electrochemical fun-
damentals of corrosion. In: Schiitze M, Cahn RW, Haasen B, Kramer EJ
(eds) Corrosion and environmental degradation, vol. 1, Wiley-VCH;
[iv] Strehblow HH (2003) Passivity of metals. In: Alkire RC, Kolb DM
(eds) Advances in electrochemical science and engineering. Wiley-VCH,
Weinheim, pp 271-374; [v] Strehblow HH (2002) Mechanisms of pitting
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corrosion. In: Marcus P (ed) Corrosion mechanisms in theory and prac-
tice. Marcel Dekker, New York, pp 243-285
HHS

Corrosion testing — Due to the enormous eco-
nomic losses by corrosion of materials in industry and
private domains predictions of the applicability of met-
als are a very important demand. One possibility uses
electrochemical tests to learn about dissolution rates and
special corrosion phenomena like localized corrosion,
stress corrosion cracking, intergranular corrosion etc.
Other tests expose the materials to conditions which
are close to their application. Although electrochemi-
cal investigations in combination with surface analyti-
cal methods yield deep insight into the effective mecha-
nisms of corrosion phenomena, the environmental con-
ditions are too difficult to get always a clear, simple, easy,
and fast answer to existing problems. Therefore several
practical standard test methods have been developed in
order to obtain reliable predictions for a given situation.

Metal corrosion is a superposition of metal dissolu-
tion or the formation of solid corrosion products and
a compensating cathodic reaction. Both processes have
their own thermodynamic data and kinetics including
a possible transport control. Furthermore, metals are
generally not chemically and physically homogeneous
so that localized corrosion phenomena, local elements,
mechanical stress, surface layers, etc. may play a decisive
role. Therefore, one approach is the detailed analysis of
all contributing reactions and their mechanisms, which
however does not always give a conclusive answer for an
existing corrosion in practice.

Electrochemical tests allow the determination of
a potentiodynamic or potentiostatic polarization curve
with the related kinetic parameters, as the standard
and rest potential, the exchange current density, and
the open-circuit corrosion current density for both the
metal dissolution and the cathodic counter reaction of
a redox system. These parameters are obtained by ap-
propriate electrochemical measurements of the polar-
ization curve or of the charge transfer resistance or the
corrosion resistance. Detailed examination of the metal
surface with surface analytical methods like XPS, SEM,
EMA, optical microscopy, etc. will give insight to ox-
ide layers or other surface films which influence deci-
sively the corrosion characteristics. In addition, one has
to test for special corrosion phenomena like localized
corrosion, grain boundary attack, intergranular corro-
sion, stress corrosion cracking, hydrogen embrittlement
etc. For pitting, critical potentials are measured in in-
dustry by potentiostatic or potentiodynamic polariza-
tion curves. Breakdown of passivity is indicated by a pro-

nounced increase of the anodic dissolution current. The
knowledge of these pitting potentials is essential for the
application of alloys in practice without their failure for
the given environment.

Appropriate methods for the study of the materi-
als’ surface have been treated by the keyword Surface
Analytical Methods. Especially XPS is a powerful tool
even for practical corrosion problems and other prob-
lems which may occur at surfaces or surface layers. In
many cases one may give solutions to practical problems
caused by contaminations, wrong treatment of the sur-
faces and unexpected surface attack due to changes in
the environment. This method has been applied to many
practical problems in the macroscopic and microscopic
environments ranging from large metal constructions to
the micro- and nanoworlds of electronics.

The engineering type of approach asks for fast solu-
tions. Therefore, standardized corrosion tests have been
developed with an exposure of metal specimens to real
environments or to laboratory conditions which simu-
late the environmental conditions. In industry and en-
gineering simple weight change measurements are of-
ten performed which measure quantitatively the disso-
lution of metal or the formation of solid corrosion prod-
ucts at the specimens’ surface. Special tests have been
developed to investigate localized corrosion. In addition
to the already mentioned potentiostatic experiments,
open-circuit exposure to FeCls-solutions are performed.
This test method provides the necessary concentration
of aggressive anions which cause breakdown of passiv-
ity and pitting corrosion and the given Fe’* concentra-
tion causes a potential which usually is positive to the
critical pitting potential of the material under study. Pit-
ting is then followed by visual examination of the speci-
men, weight loss measurements, or open-circuit poten-
tial changes with time. A special test is required for in-
tergranular corrosion of Cr-containing steels. The pre-
cipitation of Cr-carbides at grain boundaries during heat
treatment of the alloys causes a depletion of Cr at their
vicinity. As a consequence, the material is preferentially
attacked along grain boundaries due to less protection
at these sites. Cr-depleted surfaces require a more posi-
tive potential for their passivation. If these materials are
exposed to an acidic solution like 1M H,SO,4 the Cr-
depleted grain boundaries are attacked in a potential
range of 0.1 to 0.5V, whereas the more Cr-rich part of
the surface is passivated and acts as a large cathode of
alocal element. The Streicher Test uses hot sulfuric acid
with dissolved CuSO4 and added Cu metal chips which
causes a potential in the range of intergranular corro-
sion. The Huey test applies hot nitric acid. However, its
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potential is too positive in the range of transpassive dis-
solution especially of Cr as Cr,O3~ which therefore is
not applicable for the study of intergranular corrosion
and the detection of Cr-depleted zones at grain bound-
aries [1].

Recently, calculations and related long-term predic-
tions of corrosion stability are important issues in cor-
rosion science. The stabilitiy of metal containers for ra-
dioactive waste in underground depositories is of ma-
jor interest with predictions for 10,000 years and more.
For this purpose calculations involving various scenar-
ios like moisture and presence of water, ions, tempera-
ture, geological changes, etc. for the proposed locations
and the applied materials are discussed. Depending on
the country and site of the depository Cr/Ni alloys, stain-
less steel, or Cu are proposed as materials for these con-
tainers with protecting shields of Ti. These predictions
are used as a help to reach the right decisions for the long
term storage of the dangerous radioactive waste with
safety precautions for later generations of mankind.

Ref.: [i] Kaesche H (2003) Corrosion of metals. Springer, Berlin
HHS

Corrugation of liquid|liquid interfaces — Depending
on the nature of the two liquids their interface may be
more or less corrugated by — capillary waves. The struc-
ture of liquid|liquid interfaces [i] is of interest for electro-
chemical studies of — ion transfer at liquid-liquid inter-
faces and — electron transfer at liquid-liquid interfaces.
Ref.: [i] Leich MA, Richmond GL (2005) Faraday Discuss 129:1

ES

Cottrell, Frederick Gardner

(Reproduced with permission of Re-
search Corporation, Tucson, USA)

(Jan. 10, 1877, Oakland, California, USA - Nov. 16, 1948,
Berkeley, California, USA) B.S., University of Califor-
nia at Berkeley, 1896; Ph.D., University of Leipzig, 1902.
While pursuing graduate work at Leipzig, Cottrell de-
veloped the relationship well known to electrochemists

as the — Cottrell equation [i]. In 1903 he returned to
the University of California at Berkeley as a Profes-
sor of Chemistry. It was there that he developed his
best-known invention, the electrostatic precipitator, for
removing suspended particles from gas streams. First
patented in 1908 (No. 895,729), these devices are still in
use today for pollution control. In 1912 Cottrell founded
the Research Corporation, a nonprofit foundation for
the advancement of science, funded by the income from
his patents and those of other inventors. In 1911 he left the
University of California to join the U.S. Bureau of Mines
as chief physical chemist, becoming Director in 1919.
He also became Chair of the division of chemistry and
chemical technology of the National Research Council
and Director of the Fixed Nitrogen Research Laboratory
in the U.S. Department of Agriculture.
Ref.: [i] Cottrell FG (1903) Z Phys Chem 42:385

M

Cottrell equation — Consider a large planar — elec-
trode, of surface area A, initially at rest, in contact with
a semiinfinite layer of unstirred solution containing ex-
cess electrolyte and some small amount of electroac-
tive species R with bulk concentration cj. At the instant
t = 0, the potential of the electrode is suddenly changed
(see — chronoamperometry) to a value at which the re-
action

R(soln) — P(soln) + ne~

occurs and the concentration of R at the electrode sur-
face is brought to essentially zero. In this equation, # is
the number of electrons transferred and can take either
sign, being positive for an oxidation and negative for
areduction. If the transport of R to the electrode is solely
diffusion controlled then the current is given by

/D
I=nFAS\ [ =,
mt

Dy being the diffusion coefficient of species R, and F is
the — Faraday constant. This equation was first derived
by — Cottrell [i] and has become known as the Cottrell
equation. It shows that the current decays, from an initial
infinite value, proportionally as 1/v/t and, furthermore,
that no steady-state current is ever achieved. In actual
experimental measurements under these conditions the
current in some time regimes can be perturbed by charg-
ing current and by the onset of natural convection.
Ref.: [i] Cottrell FG (1903) Z Phys Chem 42:385; [ii] Bard AJ, Faulkner L
(2001) Electrochemical methods, 2"¢ edn. Wiley, New York, p 161

M
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Coulogravimetry — A combination of — coulometry
and — electrogravimetry, in which the weight of the de-
posited analyte and the passed charge are measured [i].
Ref.: [i] Skoog D, West D, Holler F (1996) Fundamentals of analytical
chemistry. Saunders College Publishing, New York

FG

Coulomb, Charles Augustin de

(June 14, 1736, Angouléme, France - Aug. 23,1806, Paris,
France) The son of Henry Coulomb and Catherine Ba-
jet, he was raised in Angouléme and later in Paris. As
ayoung man he received a classical education at the Col-
lege Mazarin (one of the historic colleges of the Univer-
sity of Paris). Following the estrangement of his parents,
he moved to Montpellier in March 1757 to live with his
father. However, in October 1758, he returned to Paris
to prepare for the entrance examinations for the elite
Royal Military Engineering College at Mézieres (LEcole
Royale du Génie de Méziéres). He gained entry in Febru-
ary1760. Its engineering course was notoriously difficult:
the first year was devoted to theory, the second year to
military exercises. Each student then spent two years al-
located to a Regiment and two further years as an intern
under a Senior Officer, working on a major project. In
February 1764 he was duly posted to Martinique as a sec-
ond lieutenant, but instead of the projected two-year
tour of duty, he actually labored for eight years on the
construction of Fort Bourbon. His health deteriorated,
and he did not return to France until 1772. Thus, it was
not until the age of 37 that he was able to present his first
paper to the Académie des Sciences in Paris (in 1773).
But it was also an extraordinary paper - it contained so-
lutions to a range of unsolved problems in structural me-
chanics, mostly obtained by the calculus of variations.
A few years later, in 1777, he shared with Jan Hendrik van
Swinden (1746-1823) the Grand Prix of the Académie
des Sciences for his work on the manufacture and prop-
erties of magnetic compass needles. Finally, in 1781, he
won the Grand Prix outright for his perceptive study of
friction forces, entitled “Théorie des Machines Simples”
He was elected Adjoint Mécanicien of the Académie

des Sciences on 14 December 1781. His scientific career
then reached its pinnacle in 1785, when he reported his
famous experiments on electricity and magnetism [i].
These involved the use of a high-precision torsion bal-
ance “based on the property of metal wires that have
a torsion force proportional to torsion angle” Having
successfully developed a means of obtaining highly pre-
cise data, he was able to confirm the laws by which both
the “magnetic and the electric fluids acted”, whether by
repulsion or by attraction. He also realized that electro-
static charges leaked away from seemingly isolated bod-
ies in humid air. In his two most famous experiments,
he provided a direct confirmation of the inverse square
law for electrical forces, proposed twenty years earlier
by Joseph Priestley (Mar. 13, 1733 — Feb. 06, 1804) [ii],
and he also confirmed the inverse square law for mag-
netic forces, which had been suggested by John Michell
(Dec. 25, 1724 - Apr. 29, 1793) in 1750 [iii]. Coulomb
remained a prominent member of the Corps du Génie
until 1791, but within two years he was forced into in-
ternal exile near Blois after the Académie des Sciences
was abolished by the revolutionary National Convention
on Aug. 08, 1793. (Lavoisier, who remained in Paris, was
guillotined May 08, 1794.) However, after the National
Convention was replaced by the Directoire, Coulomb felt
confident enough to return to Paris, and was elected Res-
ident Member (1st Class) in the new “Institut de France”
on Dec. 09, 1795. He married Louise Francoise LeP-
roust Desormeaux in 1802, and died in 1806. Today, the
— ST unit of electrical charge, the coulomb (symbol C) is
named in his honor.
Refs.: [i] Coulomb, Charles Augustin (1785) Premier Mémoire, Second
Meémoire, Troisiéme Mémoire sur I'Electricité et le Magnétisme, Histoire
de I'Académie Royale des Sciences, 569, 578, 612. [ii] Priestley, Joseph
(1767) The History and Present State of Electricity, with Original Exper-
iments. Printed for ]. Dodsley et al. (London). [iii] Rivoire, Antoine (1752)
Traités des Aimans Artificiels [...] Fr. translation of Michell’s “A Treatise
of Artificial Magnets, etc” Chez Hippolyte-Louis Guérin lainé, Paris. See
also, Michell, John (1750) A Treatise of Artificial Magnets, etc. Printed by
Joseph Bentham, and sold by W. and J. Mount et al., Cambridge (UK)
SE

Coulomb — SI-derived measurement unit of electric
— charge. Symbol: C (named in honor of the French
physicist — Coulomb). Definition: 1coulomb is the
amount of electric charge carried by a constant electric
— current of 1ampere flowing for 1second. 1C repre-
sents the charge of 6.24 x 10'® electrons. 1 C =1 As.
Ref.: [i] Cohen ER, Cvitas T, Frey ]G (eds) (2006) IUPAC quantities,
units and symbols in physical chemistry

BM
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Coulomb blockade (CB) — That effect is related to the
successive transitions of — electrons in mesoscopic sys-
tems. It was predicted first for solid-state junctions
and later for small electrochemical contacts. In gen-
eral, the CB consists of the blocking of the immedi-
ate transition of the second electron after the transition
of the first one due to the increase of electrostatic en-
ergy of the contact. Most easily this effect is observed
at low temperatures in the double tunnel contact with
a small metallic particle located between two massive
electrodes. The tunneling time through the second con-
tact should be larger than that through the first con-
tact for CB to be observed. The electron, once passed
across the first contact will then stay during some time
in the metallic particle and the transition of the sec-
ond electron requires a larger potential drop across the
contact. Thus the dependence of the — tunneling cur-
rent I on the — potential V is of a step-wise form
with the heights of the steps equal to e/2RC where e
is the absolute value of the charge of the electron, R
and C are the — resistance and — capacitance of the
contact.

In general the CB exists also in molecular systems
where the successive transitions of the electrons oc-
cur to different molecular energy levels. The main
difference between these systems consists in the fact
that the steps of the tunneling current in mesoscopic
systems are equidistant and determined by the ca-
pacitance of the contact, whereas in molecular sys-
tems they follow the spacing of the molecular energy
levels.

CB was also observed experimentally at room tem-
perature in electrochemical systems.

Refs.: [i] Graber H, Devoret MH (eds) (1992) Single charge tunneling,
Coulomb blockade phenomena in nanostructures. Plenum, New York,
NATO ASI Series B 294; [ii] Kuznetsov AM, Ulstrup ] (1993) ] Elec-
troanal Chem 362:147; [iii] Feldheim DL, Keating CD (1998) Chem Soc
Rev 27:1; [iv] Templeton AC, Wuelfing WB Murray RW (2000) Acc
Chem Res 33:27; [v] Fan FRE, Bard A] (1997) Science 277:1791
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Coulomb force — The Coulomb force is the electro-
static force, i.e., the force that exists between two or
more charged bodies. If the bodies are both positively
or both negatively charged, the force is repulsive; if they
are of opposite charge, the force is attractive. The force is
named after -~ Coulomb, who made some early measure-
ments of electrostatic forces using a torsion balance [i].
The magnitude of the Coulomb force F on a point parti-
cle of constant — charge gq; due to another point particle
of constant charge g, may be obtained by multiplying

the electric field caused by g, by the charge g,

_ 9192
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where ¢, is the relative — permittivity (static — dielec-
tric constant) of the surrounding medium, & is the per-
mittivity of free space (8.854 x 107> Fm™), and d is the
distance between the particles. This is an example of an
inverse square law. The corresponding electrostatic po-
tential energy is

_ 9192
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In many chemical systems, how the electrostatic poten-
tial energy varies with respect to the nuclear coordinates
has a strong influence on the rates of electron transfer.
All intermolecular forces are electrostatic in origin. This
includes all the “named” forces, such as Debye forces,
Keesom forces, - London forces, and — van der Waals
forces. These secondary forces arise from spatial dis-
tributions of charge (as opposed to point charges), or
from temporal fluctuations of charge (as opposed to con-
stant charges), or from combinations of both. In com-
puter simulations of chemical systems, an important ad-
junct to Coulomb’s Law is the Hellman-Feynman the-
tion of electrons has been determined by solving the
Schrodinger equation, the intermolecular forces may be
calculated by classical electrostatics. This theorem re-
moves the need for programming secondary forces, but
at high computational cost.

Refs.: [i] Société Francaise de Physique. Mémoires relatifs a la Physique,
tome 1: Mémoires de Coulomb. Gauthier-Villars, Paris, 1884; [ii] Hell-
man H (1937) Einfiihrung in die Quantenchemie. F Deuticke, Leipzig, p
285; [iii] Feynman RP (1939) Phys Rev 56:340

SF
Coulombic efficiency — coulometric efficiency
Coulombmeter — coulometer
Coulometer — (previously: coulombmeter, or also

voltameter) A coulometer is an instrument to measure
charge, ie., to perform — coulometry. Richards and
Heimrod [i] suggested in 1902 the name ‘coulometer’ to
replace the previously used term ‘voltameter. Modern
coulometers perform electronic integration of — cur-
rent over time. However, the first coulometers utilized
— Faraday’s law, e.g., by weighing the amount of silver
that has been deposited on a silver electrode in a silver
electrolyte solution the charge could be calculated (silver
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coulometer, introduced by — Poggendorff). Similarly,
so-called copper coulometers have been used, although
they were inferior with respect to precision. With these
coulometers — electrogravimetry has been performed for
the sake of measuring the electric charge that passed
through the — electrochemical cell, however, unlike in
electrogravimetry, great care had to be taken that only
one well-defined electrode reaction proceeds at the elec-
trode the weight of which was measured. It is also pos-
sible to perform water electrolysis and to measure the
volume of produced detonating gas (oxygen-hydrogen
mixture) for the sake of charge determination [ii], or to
electrolyze a hydrazine solution forming H, and N [iii].
For a review of historic coulometers see [iv] and [v].
Coulometers, like the balance, are basic instruments
for absolute analysis and they are still used as the most
reliable and precise instruments for the analysis of ab-
solute standards. Coulometers are frequently used in
elucidating electrochemical reactions because they al-
low determining the number of transferred electrons
when the molar amount of electrolyzed compound is
known (— Faraday’s law). When the charge is measured
as a function of time, the technique is called - chrono-
coulometry. See also — coulometric titration.
Refs.: [i] Richards TW, Heimrod GW (1902) Z phys Chem 41:302;
[ii] Sawyer DT, Sobkowiak A, Roberts JL Jr (1995) Electrochemistry for
chemists. Wiley, New York, pp 97; [iii] Lingane JJ (1958) Electroanalyti-
cal chemistry. Interscience, New York, p 456; [iv] Kremann R, Miiller R
(1931) Elektromotorische Krifte. Elektrolyse und Polarisation. In: Hand-
buch der allgemeinen Chemie. vol. VIII, 2"% part. Walden B, Drucker C
(eds), Akadem Verlagsges, Leipzig, pp 8 [v] Delahay P (1954) New in-
strumental methods in electrochemistry. Interscience, New York, pp 398
FS

Coulometric efficiency — The fraction of — charge
passed for executing a specific, selected electrochemical
process divided by the theoretical charge for that pro-
cess. In the — battery field, coulometric efficiency is de-
fined as the ratio between the amount of the electric
charge delivered during discharge of a rechargeable bat-
tery to the charge consumed for its previous charging.
The disparity between the amounts of charge used up by
side reactions during charging and discharging and lost
also by self-discharge. In the batteries field, coulometric
efficiency is also called — ampere-hour efficiency, charge
efficiency, and coulombic efficiency.

In electrogenerated chemiluminescence (see — elec-
trochemiluminescence) coulometric efficiency is related
to the amount of photons generated per electrons pass-
ing in the electrochemical process. See also — faradaic

efficiency.

Refs.: [i] Nagy Z (ed) (2005) Online electrochemistry dictionary.
http://electrochem.cwru.edu/ed/dict.htm; [ii] Wugiam M, Jai-Pil C
(2004) Coreactants. In: Bard AJ (ed) Electrogenerated chemilumines-
cence. Marcel Dekker, New York, p 225; [iii] Crompton TR (2000) Bat-
tery reference book, 3™ edn. Newnes, Oxford, pp 4/5-4/6, 9/15, 50/5
YG

Coulometric titration — originally developed by — Sze-
belledy and — Somogyi in 1938 [i], is a method where
the — titrant is generated electrochemically either by
constant current or at constant potential. The titrant
reacts stoichiometrically with the substance being de-
termined. The amount of substance reacted is calcu-
lated with — Faraday’ law from the electric charge re-
quired to reach the endpoint. Endpoint detection can
be accomplished with — potentiometry, — amperom-
etry, — biamperometry or photometry. Basic require-
ment is 100% — current efficiency of titrant generation
at the working electrode. Whereas, in general coulo-
metric — titrations show moderate selectivity, detection
limits, and rates of analysis, they exhibit the smallest
errors and highest reproducibility in many cases. The
main advantages are: (a) titration is possible with less
stable titrants; (b) the adjustment of titrant is not nec-
essary; (c) the volume of the sample solution is not
changed. Almost all titrations can be performed coulo-
metrically: (a) acid-base titrations; protons are pro-
duced at a Pt anode or hydroxyl ions at a Pt cath-
ode, (b) — redox titrations, (c) — precipitation titrations
(d) — complex-formation titrations. See also — coulo-
metry.

In — solid-state electrochemistry, and also in the
analysis of gases it became customary to call direct
— coulometry a ‘coulometric titration, and the obtained
potential-time plots ‘titration curves. In that use elec-
trons are considered as the titrand.

Refs.: [i] Szebelledy L, Somogyi Z (1938) Z anal Chem 112:313, 323, 332,
385, 391, 395, 400; [ii] Bard AJ, Faulkner LR (2001) Electroanalytical
methods, 2" edn. Wiley, New York; [iii] Stock JT (1984) Anal Chem
56:1R
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Coulometry — In 1834 — Faraday described two fun-
damental laws of — electrolysis. According to Faraday
the amount of material deposited or evolved (m) dur-
ing electrolysis is directly proportional to the — current
(I) and the time (¢), i.e., on the quantity of electricity
(amount of — charge) (Q) that passes through the solu-
tion (first law). The amount of the product depends on
the equivalent mass of the substance electrolyzed (sec-
ond law).
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(In fact, — Faraday’s laws are based on two fundamen-
tal laws, i.e., on the conservation of matter and the con-
servation of charge.) Accordingly,

M MIt

= — =, 1
nF nF M

m
where Q in the amount of charge consumed during the
electrochemical transformation, 7 is the charge number
of the electrochemical cell reaction, I is the current, and
t is the duration of electrolysis.

If the current efficiency is 100%, i.e., the total charge
is consumed only by a well-defined electrode reaction,
the measurement of charge provides an excellent tool for
both qualitative and quantitative analysis [i, ii]. For in-
stance, knowing m and Q, M /n can be obtained which is
characteristic to a given substance and its electrode reac-
tion. By knowing M and » the amount of the substance
in the solution can be determined. In many cases - es-
pecially in organic — electrochemistry — the determina-
tion of the number of electrons (n) transferred during
the electrode process is of importance regarding the elu-
cidation of the reaction mechanism. For this purpose the
total amount of charge necessary for the exhaustive elec-
trolysis of a known amount of substrate has to be deter-
mined [iii]. This method is known as coulometry. The
coulometric experiment can be carried out at constant
potential or at constant current. During coulometry at
constant potential the total amount of charge (Q) is ob-
tained by integration of the current (I)-time (¢) curve
or Q can be determined directly by using a coulometer
(electronic integrator). In principle, the end point I = 0,
i.e., when the concentration of the species under study
becomes zero, can be reached only at infinite time, how-
ever, in practice; the electrolysis is stopped when the cur-
rent has decayed to a few percent of the initial values.
The change of I and Q as a function of time at a constant
potential |E| > |E,|, for a stirred solutions and for an
uncomplicated electrolysis are as follows:

I(t)zl(tzO)exp(—%t) @)
and
Q) =t~ o) [1-ew(-51)] 3

where D is the — diffusion coefficient of the reacting
species, A is the electrode area, ¢ is the — diffusion layer
thickness, V is the volume of the solution. The applied
potential (E) is far from the respective — equilibrium po-
tential (E.), i.e., the current is diffusion limited. It is also
possible to generate a reactant by electrolysis in a well-

defined amount and then it will enter a reaction with
a component of the solution. It is used in — coulometric
titration (— Szebellédy) where the endpoint is detected in
a usual way, e.g., by using an indicator. A specific vari-
ant of coulometric titration is the — gas titration used in
both liquid and — solid electrolytes.

Coulometry at constant current is somewhat more
complicated; however, it is usually faster. Its advantage is
that the charge consumed during the reaction is directly
proportional to the electrolysis time. The change in con-
centration during electrolysis can conveniently be fol-
lowed by — cyclic voltammetry since the respective peak
currents are gradually decreasing. Care must be taken to
avoid the potential region where another electrode re-
action may start. The n values determined by coulom-
etry may differ from those obtained by a fast technique
like cyclic (or linear) sweep voltammetry since the time
scales are different, and the primary reaction product
may undergo a slow chemical reaction or a second elec-
tron transfer may also occur.

Coulometry is, additionally, to gravimetry, a primary
standard analysis technique.

Refs.: [i] Inzelt G (2002) Chronocoulometry. In: Scholz F (ed) Electroan-
alytical methods. Springer, Berlin, p 137; [ii] Bard AJ, Faulkner LR (2001)
Electrochemical methods. Wiley, New York, pp 427-435; [iii] Ham-
merich O, Svensmark B, Parker VD (1983) In: Baizer MM, Lund H (eds)
Organic electrochemistry. Marcel Dekker, New York, pp 127-130
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Coulostatic techniques — In the coulostatic (or charge
step) techniques, a very short-duration (e.g., 0.1 to 1 pus)
current pulse is applied to the cell, and the variation
of the — electrode potential with time after the pulse
at open-circuit condition is recorded [i-v]. The short
pulse will charge only the — double-layer, and the in-
jected charge (AQ) causes a change of the original po-
tential value. In the case of an — ideally polarizable elec-
trode the double layer remains charged, and the poten-
tial will not decay. However, if a faradaic reaction oc-
curs the double-layer capacitor discharges through the
faradaic impedance (— impedance, subentry — faradaic
impedance). Consequently, the open-circuit potential
moves back toward its original equilibrium value (E.).
This potential decay is analyzed for different cases.

At the end of charging

E(t:O)—Ee:q(t=0)=—£, (1

Ca

where E (t = 0) and # (¢ = 0) are the — electrode potential
and the — overpotential, respectively, just after the charg-
ing, i.e., those are the initial values at the beginning of
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the potential decay (¢ = 0), and Cq is the — double-layer
capacitance of the electrode. Since the — faradaic current
(Ir) is equal to the — capacitive (charging) current (I.)

t
1) =n(t=0)+C' [ Irdt. 2)
0

When the potential step is small and the system is chem-
ically reversible three cases of interest are analyzed. First,
when the reaction is kinetically sluggish (electrochemi-
cally — irreversible or quasireversible) and the — mass
transport effects are negligible.

Since in this case << RT/nF the I-y relation can
be linearized. By solving the respective equation for the
time decay of 7 a simple, exponential relationship can be
derived

n(t) =n(t=0)exp(-t/7) , ®)
where the relaxation time (7) constant determined by
the rate of the charge-transfer reaction is equal to

RTCy4

T=

nFj,
where j, is the — exchange current density and R is the
— charge-transfer resistance.

By plotting In(#) vs. t from the intercept [n(t =
0)]Cq4, while from the slope R and j, can be deter-
mined.

For — reversible reaction (— nernstian electrode), i.e.,
when j, is high and R is small compared to the — mass
transport — impedance the following expression applies:

=RyCy, (4)

n(t) =1 (t=0)exp (t/m) erfc[(t/m)"*] . ()
And

y2 RTCq( 1 1
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where ¢ and cg are the bulk concentrations of the
oxidized and reduced forms, 1p is the time constant
of the diffusional mass-transport-controlled relaxation,
and Do and Dg are the respective diffusion coeflicients.

When both the charge transfer and mass transport
terms are significant a more complicated relationship is
valid:

n(t)=n(t=0)(y-p)" [yexp (B*t)erfc(Bt'/?)

—Bexp (yz t) erfc (ytl/z)] (7)
)’ [(o/ar) -1

T T ®)
a2 [(p/4r) - 1]

e TERE )

It follows that f +y = ng /7 and By = 7. In the case of

alarge potential step when E(t = 0) will be in the region
of the — diffusion-limited current:

_ 2nFADg cht'?

AE=E(t)-E(t=0)= G, (10)

From the slope of AE vs /2 plot the solution concentra-
tion or Dg can be calculated, providing that Cq is inde-
pendent of potential.

There are two advantages of the coulostatic method
in the study of kinetics of electrode reactions. First, the
ohmic drop is not of importance, therefore the measure-
ments can be carried out in highly resistive media. Sec-
ond, since I. = If, C4 does not interfere in the mea-
surement. By the help of this technique j, values up to
about 0.1Acm™ and — standard rate constants up to
0.4cms™! can be determined. A detailed discussion of
coulostatic techniques can be found in Ref. [vi].

Refs.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods, ond
edn. Wiley, New York, pp 322-328; [ii] Delahay P (1962) ] Phys Chem
66:2204; [iii] Delahay B, Aramata A (1962) ] Phys Chem 66:2208;
[iv] Reinmuth WH, Wilson CE (1962) Anal Chem 34:1159; [v] Rein-
muth WH (1962) Anal Chem 34:1272; [vi] van Leeuwen HP (1982)
Coulostatic pulse techniques. In: Bard AJ (ed) Electroanalytical chem-
istry, vol. 12. Marcel Dekker, New York, pp 159-238
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Counter electrode — auxiliary electrode

Counter ion — A mobile ion that balances the charge of
another charged entity in a solution. It is a charged par-
ticle, whose charge is opposite to that of another elec-
trically charged entity (an atom, molecule, micelle, or
surface) in question [i]. Counter ions can form electro-
statically bound clouds in the proximity of ionic macro-
molecules and in many cases, determine their electric
properties in solution [ii].
Refs.: [i] Naji A, Jungblut S, Moreira AG, Netz RR (2005) Physica A:
Statistical Mechanics and its Applications 352:13L; [ii] Hunter R] (1987)
Foundations of colloidal science. Clarendon, Oxford

FG

Counter ion condensation — polyelectrolytes

Coup de fouet — (crack of the whip, whiplash) A sudden
and dramatic voltage excursion during the early stages of
charge or discharge of a battery (esp. the lead—acid bat-
tery) [i]. The effect can be understood as due to a — nu-
cleation overpotential [ii].
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Refs.: [i] Pascoe PE, Anbuky AH (2002) ] Power Source 111:304;
[ii] Hasse U, Fletcher S, Scholz F (2006) ] Solid State Electrochem, in
press
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Coupled chemical reactions in electrochemistry
— chemical reactions in electrochemistry

Covalent bond — A region of relatively high electron
density between nuclei which arises at least partly from
sharing of electrons and gives rise to an attractive force
and characteristic internuclear distance. See also — coor-
dination, — hydrogen bond, multi-center bond. In elec-
trochemical processes covalent bonds are being formed
or ruptured in preceding chemical reactions or following
chemical reactions (— chemical reactions in electrochem-
istry) with respect to the electrode reactions.
Ref.: [i] Muller P (1994) Pure Appl Chem 66:1077
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Crate — discharge rate

Critical micelle concentration — There is a rather well-
defined concentration above which the surface of an am-
phiphile solution becomes saturated and — micelles be-
gin to form in solution. This concentration is termed the
critical micelle concentration or CMC (also C.M.C.)
and it is accompanied by rather abrupt changes in the
evolution with concentration of a variety of equilibrium
or transport properties of the solution, as shown in the
figure.

Not all amphiphiles show a CMC; long-chained al-
cohols or amines do not show the effect and a charged
head group, a zwitterionic group, or a rather bulky
oxygen-containing hydrophilic group such as amine ox-
ide or sugar residue seem to be necessary, at least in
aqueous solution. The effect appears to be — entropy
driven, with the AH® value being small, at least for
model systems with small molecular aggregation num-
bers (50-100), and often slightly positive, whereas AS®
values are very positive, giving a net negative AG*®
(— Gibbs energy). This suggests that the hydrophobic
tails of these molecules gives rise to a strong ordering
of the water molecules (— iceberg structure) around iso-
lated molecules, which is relieved on micelle formation,
more than compensating for the increase in order asso-
ciated with the amphiphiles themselves.

Factors affecting the CMC include the number of car-
bon atoms in the chain (leading to a decrease in CMC as
N is increased), the addition of indifferent electrolyte
(leading generally to an increase in CMC, and may lead
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Critical micelle concentration — Figure. (From Foundations of Col-
loid Science; R.]. Hunter)

to changes in micellar structure at higher concentra-
tions of surfactant, including increase in size and transi-
tion to rod-shaped structures) and the addition of or-
ganic molecules (where solubilization of hydrophobic
molecules in the micelles can lead to very complex ef-
fects, including minima in such properties as surface
tension). Temperature also has a rather complex effect:
for ionic surfactants there is a temperature termed the
Krafft temperature below which micelles do not form
and above which there is a rapid increase in surfactant
solubility. For non-ionics the behavior is different: as the
temperature is raised, the larger aggregates of non-ionic
surfactants separate out to form a separate phase above
a critical temperature termed the cloud point.
Ref.: [i] Hunter R] (1989) Foundations of colloid science. Clarendon
Press, Oxford
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Crotogino, Friedrich (Fritz)

(Copyright E. Crotogino)

(July 27, 1878, Grabow, Germany, now part of Szczecin,
Poland - Dec. 29, 1947, Sta3furt, Germany) Crotogino
studied chemistry at the Universities of Breslau and
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Clausthal, where he performed, guided by — Kiister,
E W, studies on redox potentials. For that research he re-
ceived his Ph.D. in 1900 at the University of Giessen [i].
He was the first who demonstrated the possibility to
follow a — redox titration with the help of — poten-
tiometry [ii]. Following short periods at the ETH Zurich
and University of Breslau, Crotogino worked all his life
as a chemist and in leading positions in the industry,
mainly in potassium salt fabrication [iii].
Refs.: [i] Crotogino F (1900) Studien iiber Oxidationspotentiale. Ph.D.
thesis, University of Giessen, Metzger und Wittig, Leipzig; [ii] Cro-
togino F (1900) Z anorg Chem 24:225; [iii] Crotogino F (1922) Chemie
der Kalisalze. Verlag von Erich Homuth, Vacha

FS

Crown — A — molecular entity comprising a monocyclic
— ligand assembly that contains three or more bind-
ing sites held together by covalent bonds and capable of
binding a guest in a central (or nearly central) position.
The — adducts formed are sometimes known as coro-
nates. The best known members of this group are macro-
cyclic polyethers, such as “18-crown-6” containing sev-
eral repeating units —-CR-CRO- (where R is most com-
monly H), and known as crown ethers.
Ref.: [i] Muller P (1994) Pure Appl Chem 66:1077
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Cruikshank, William Cumberland

(Reproduced with permission of
Edgar Fahs Smith Collection, Uni-
versity of Pennsylvania Library)

(1745, Edinburgh, Scotland, UK - June 27, 1800, Scot-
land, UK) Studied theology at the University of Glasgow
and later became a private teacher. Because of his serious
interest in medicine he was employed since 1773 by the
St. Georges Hospital, and he was awarded the doctor of
medicine in 1783. Later he was employed as medical doc-
tor and teacher of anatomy in London and in the admin-
istration of the Royal Academy of Artillery at Woolwich.
In 1787 he discovered strontium. He is the author of the
“The Anatomy of the Absorbing Vessels of the Human
Body”. Cruikshank contributed to the early experiments

with the Volta pile. Thus he discovered that metals pre-
cipitate in an — electrolysis at the negative pole, and he
suggested to employ that phenomenon for the purpose
of analysis (qualitative determination of copper) [ii].
Refs.: [i] Ostwald W (1896) Elektrochemie. Ihre Geschichte und Lehre.
Veit, Leipzig; (Engl transl: Ostwald W (1980) Electrochemistry. History
and theory, 2 vols. Amerind Publ, New Delhi); [ii] Cruikshank WC
(1800) Nicholsons Journal 4:187
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Cruikshank pile — This was a variant of the — Volta
pile developed by — Cruikshank. Rectangular zinc and
copper plates are soldered to each other and placed in
a trough filled with dilute acid.

Cruikshank pile — Figure

Ref.: [i] Hauck WP (1883) Die Galvanischen Batterien, Accumulatoren
und Thermosiulen, 2"% edn. Hartleben’s Verlag, Wien
FS

Crystallization — The process of forming solid crystals
from solution, melted or polycrystalline phase. Used to
separate solid and liquid phase or preparing high purity
materials. Crystallization from solution is the most com-
mon example of solid-liquid separation. In the process,
the solid crystals are formed from supersaturated solu-
tion (the solution that contains more soluble molecules,
ions etc. that it would under equilibrium conditions).
Usually the supersaturated solution is obtained either
by cooling the solution, evaporating the solvent, pH
change, or adding another solvent. The crystallization
process can be induced electrochemically (— electrode-
position, — electrocrystallization). The most common ex-
ample of preparing high-purity materials is the produc-
tion of ultrapure Si crystals by zone melting (the pro-
cess where solid Si crystal is melted on one end and the
molten zone travels toward the second end of the crys-
tal. As a result the impurities concentrate in the melted
zone and are concentrated in one end). Similar tech-
nique is used to form metal single crystals. Crystalliza-
tion generally consists of two steps: nucleation (when



Current

127

soluble molecules start to form solid clusters, the pre-
cursors of the final crystals) and crystal growth (as crys-
tallization proceeds). Those two processes occur simul-
taneously, with the speed dependent on the conditions.
See also — crystallization overpotential (polariza-
tion), — nucleation and growth kinetics, — equilibrium
forms of crystals and droplets, — half-crystal position,
— Kaischew, — metal deposition, — supersaturation,

— Stranski, — Zeldovich.
PK

Crystallization overpotential (polarization) — An elec-
trochemical process usually consists of several steps (dif-
fusion in the bulk solution, charge transfer, etc.). During
an electrochemical — metal deposition one key step is the
formation of an — adatom on a lattice plane (see Fig. 1).
This adatom diffuses to an edge (step) site (Fig. 1, 1-2)
and from there to a growth (kink) site (— half-crystal
position) (Fig. 1, 2—3) where it becomes a member of
the ordered lattice of the solid metal electrode. If the
inclusion or the release of adatoms represents the rate-
determining step of the metal deposition it is associated
with an — overpotential (or — polarization) and thus
is called crystallization overpotential. Assuming that all
other processes such as — diffusion, - charge transfer,
and chemical reaction in the electrolyte are in thermo-
dynamic equilibrium the crystallization overvoltage can

be defined as: . = E (i) — Eeq = — BT 1 Saa()

zF AM,ad,eq
am,ad (1) and ayad.eq are the activities of adatoms at the

potentials E(i) and E.q, respectively. The potential E(1)
denotes the potential of the electrode under passage of
current and Eq is the equilibrium potential. For a (ca-
thodic) metal deposition E(i) < Eeq and thus 7. < 0. If
there are enough surface dislocations (e.g., screw dislo-
cations) surface diffusion of the adatoms from the lattice
plane to the edge sites (Fig. 1,1-2) is the rate-controlling
step and a concentration gradient exists between the
growth step and positions of the lattice plane far from
the step, i.e., amad(i) > Amadeq- A perfect single crys-

where

Dislocation

1)

Crystallization overpotential (polarization) — Figure. Schematic
representation of the mechanism of a metal deposition

tal face exhibits no growth sites and a 2D — nucleation
process is required for the deposition of every new layer.
Such systems can be held at potentials some mV negative
from the — Nernst potential without any metal deposi-
tion occurring. As the potential is made more negative
— nucleation of new growth sites occurs. For the system
Ag(100)/AgNO; a nucleation overvoltage in the range
-8 mV to -5 mV has been found [iii].
Refs.: [i] Vetter KJ (1967) Electrochemical kinetics. Theoretical and ex-
perimental aspects. Academic Press, New York, pp 282-334; [ii] Bock-
ris JO'M, Khan SUM (1993) Surface electrochemistry. A molecular
level approach. Plenum Press, New York, pp 349-380; [iii] Budevski E,
Staikov G, Lorenz W] (1996) Electrochemical phase formation and
growth. An introduction to initial stages of metal deposition. VCH,
Weinheim, pp 201-261

AB

Curie-von Schweidler law — dielectric relaxation

Current — Symbol: I, SI unit: ampere, Symbol: A Cur-
rent (electric) is the flow of electric charge. The cur-
rent within a bulk phase comprises macroscopic dis-
placement of charged particles - e.g., movement of elec-
trons in metals, or drift of solvated ions in — elec-
trolytes, or displacement of both the electrons and ions
in the — mixed ionic-electronic conductors (see also
— charge transport). The current across a boundary of
two different conductors may be due either to the charge
transfer across the boundary (- faradaic current) or to
charge accumulation at the two sides of the boundary
(— nonfaradaic or — charging current). The current is
the amount of charge passing through a hypothetical or
real surface per unit time; it is given in ampere (A) units
(1A = 1Cs™!). Whenever the current flow is not uni-
form across the electrode surface, it is characterized by

the distribution of the — current density.
TP
Catalytic currents (in polarography) — Two

types of currents are denoted as catalytic:

1. Limiting currents of a wave of a reversible
oxidation-reduction system can be increased in the
presence of a catalyst. If the electroactive species is
reduced, the increase is observed in the presence
of an oxidizing agent. This agent reacts with the re-
duced form of the redox couple and converts it into
an oxidized one, which is again reduced. The size
of the increase of the reduction current depends
on the rate of the action of the oxidizing agent. In
effect, the redox couple causes an electrochemical
reduction of the oxidized form of the catalyst. -
When in the initial process the reduced form of the
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redox couple is electrochemically oxidized, the re-
duced form can be regenerated from the oxidized
one by an action of a catalyst, which in this case is
areducing agent. Under such conditions, the redox
couple causes an electrochemical oxidation of the
reduced form of the catalyst.

2. Reduction currents, most frequently those of hy-
drogen ions, that are observed at more positive
potentials than currents observed in the absence
of the catalyst. The facilitation of the reduction is
caused by the catalyst — usually a basic electroin-
active compound - which is often adsorbed at the
electrode surface. For both types of catalytic cur-
rents most information has been obtained for elec-
trolyses using the dropping mercury electrode.

1. Catalytic currents of the first type sometimes called
regeneration currents show an increase with in-
creasing concentration of the oxidant. At low con-
centration of the oxidant, increase of the limiting
current as a function of concentration of the ox-
idant, is first nonlinear, but becomes linear above
a certain concentration of the oxidant. As oxidiz-
ing agents hydrogen peroxide, chlorate, UO3*, and
hydroxylamine were used.

2. Catalytic currents of hydrogen evolution are usu-
ally observed in buffered solutions. These currents
increase with increasing concentration of the bufter
at a given pH and with increasing acidity. The plots
of current as a function of pH show a sharp increase
in current with decreasing pH. This type of catalytic
current — at a given pH and buffer composition -
increases with increasing concentration of the cat-
alyst, but at a certain concentration the current
reaches a limiting value. This value corresponds to
a complete coverage of the electrode surface by the
catalyst. Such currents are often observed at a very
low concentration of the catalyst. For example, in
solutions of cobalamin (vitamin B,,) they are ob-
served at concentrations as low as 10™"! M. They can
be used for trace analysis, provided that the sam-
ple contains a single catalytically active component.
This condition is fulfilled in analyses of some phar-
maceutical preparations. They are often useless in
analyses of mixtures.

Well-demonstrated examples of practical applications of
catalytic currents of hydrogen evolution are analyses of
proteins. Those proteins, which contain in their struc-
ture one or more sulfur atoms, yield in ammoniacal so-

lutions containing Co(III) a characteristic catalytic dou-
ble wave. When the samples of sera of patients were de-
natured in alkaline solutions, treated with sulfosalicylic
acid, and filtrated product introduced into an ammoni-
acal cobalt solution, the height of the catalytic wave is
higher in sera of patients suffering from most variants of
cancer than in sera of healthy individuals. The method
was widely used in the 1950s and 1960s in hospitals in
Central Europe as one of the tests in cancer diagnosis.

See also — catalytic current, — catalytic hydrogen evo-
lution, — electrocatalysis.

Refs.: [i] Heyrovsky J, Kuta ] (1966) Principles of polarography. Academic
Press, New York; [ii] Bond AM (2005) Modern polarographic methods
in analytical chemistry. Marcel Dekker, New York; [iii] Galus Z (1994)
Fundamentals of electrochemical analysis, 2" edn. Ellis Horwood, New
York, Polish Scientific Publisher PWN, Warsaw; (iv) Zuman P, Palecek E
(2006) Perspectives in bioanalysis, vol. 1. Elsevier, Amsterdam
Pz
Diffusion current — The rate of an — electrode
process is always determined by one of its consecutive
steps (i.e., by the most hindered or ‘slowest’ one). The
— charge transfer step is always accompanied by — dif-
fusion because, as the reagent is consumed or the prod-
uct is formed at the electrode, concentration gradients
between the vicinity of the interface and the bulk solu-
tion arise, which induce diffusion. When the diffusion is
the rate-determining step we speak of diffusion kinetics.
The — current which flows under this condition is called
diffusion current.

The flux in the case of — planar diffusion can be de-
scribed by — Fick’s first law. If the concentration of the
species at a given location (x) changes with time (t)
FicK’s second law should be considered.

The relationship between the — current density (j)
and the diffusional flux (J;) is

j/nF=-Ji(x=0,t) =D, [dci(x,t)[ox],, » (1)

where D; is the — diffusion coefficient of species i. FicK’s
equations should be solved in order to obtain the con-
centrations of the species at a location x and time ¢. This
is possible if the initial (values at t = 0) and boundary
conditions (values at certain location x) are known.

For steady-state electrolysis conditions, ie.,
[dci(x,t)/0x] = 0, when the solution is well stirred, and
both the reactant and product molecules are soluble, in
the case of planar diffusion in x direction, the following
relationship is valid:

j=nFD;[c/ - ci(x=0)]/d;
=kmi [c] —ci(x=0)] , )
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where ¢} is the bulk concentration of species i, §; is the
— diffusion layer thickness, and k,,; is the — mass trans-
port coefficient.

The term ¢;(x = 0, t) depends on the — electrode po-
tential (— overpotential).

If the charge transfer is so facile that every reacting
species arriving at the electrode surface immediately re-
acts, then the concentration of the reacting species ap-
proaches zero, i.e., ¢;(x = 0) = 0, the current becomes
independent of potential, and reaches a maximum value
which depends only on the actual hydrodynamic con-
ditions. The maximum current is called the diffusion
— limiting current (ji):

jL = }’lemiC; . (3)

For a — rotating disc electrode (RDE) the — convective-
diffusion equations can be solved which gives the depen-
dence of the diffusion layer thickness on the angular ve-
locity of the rotation (w)

8; = 161D w216 (4)
therefore,
j=0.62nFD¥ M2V [ci(x = 0) - ¢[] , (5)

where v is the kinematic viscosity.

Diffusion current is usually measured in the case
of several transient electrochemical methods, e.g., in
chronoamperometric and chronocoulometric experi-
ments (see — chronoamperometry, - chronocoulometry,
— Cottrell equation) as well as it determines the shape of
— cyclic voltammograms. In these cases the diffusional
flux varies with time. The diffusion current density also
depends on the size of the electrode (— microelectrodes).
In — electrochemical impedance spectroscopy the — War-
burg impedance corresponds to the semi infinite diffu-
sion of the charged particles.

See also — diffusion overpotential, — diffusion time,
— fractals in electrochemistry, — mass transport overpo-
tential, — mass transport processes.

Refs.: [i] Inzelt G (2002) Kinetics of electrochemical reactions. In:
Scholz F (ed) Electroanalytical methods, Springer, Berlin Heidelberg New
York, pp 29-47; [ii] Bard AJ, Faulkner LR (2001) Electrochemical meth-
ods, 2" edn., Wiley, New York
GI
Faradaic current — A — current can flow
through the external circuit connecting the — electrodes
of an — electrochemical cell for two reasons. First, elec-
trons or ions cross the electrode-electrolyte — interfaces,
and these charge transfer steps (— charge transfer re-
action) are accompanied by oxidation reactions at the

— anode and reduction reactions at the — cathode. Since
such reactions are governed by — Faraday’s law, i.e., the
amount of chemical reaction caused by the flow of cur-
rent is proportional to the amount of electricity passed,
they are called faradaic processes. The current belong-
ing to these processes is called the faradaic current. Sec-
ond, external currents can flow - at least transiently -
when the — potential, — electrode surface area, or the so-
lution composition changes due to — adsorption and/or
— desorption processes. In the simplest case, changes in
the structure of the electrochemical — double layer oc-
cur (= charging current — nonfaradaic current). From
an electrical point of view the circuit element associated
to the faradaic current is a nonlinear resistor.

GI

Limiting currents (in polarography)

Adsorption limiting currents — In the pres-
ence of — adsorption, separate waves are observed on
current-voltage curves at potentials more positive or
more negative than the half-wave potential of the corre-
sponding — diffusion-controlled wave. Available infor-
mation is restricted to adsorption currents on current-
voltage curves recorded using the dropping mercury
electrode. A common characteristic of adsorption cur-
rents is their dependence on concentration of the elec-
troactive species. The plots of such currents on concen-
tration are at low concentrations linear, but above a cer-
tain concentration reach a limiting value.

For reversible oxidation-reduction systems (— re-
versibility) the adsorption wave is observed at more pos-
itive potentials than that of the diffusion-controlled pro-
cess when the reduced form is adsorbed, at more nega-
tive potentials, when the oxidized form is adsorbed. For
irreversible processes, the adsorption of both the oxi-
dized or that of the reduced form can either facilitate or
hinder reduction or oxidation.

In some cases, like reduction of azulene or for anodic
waves, corresponding to mercury salt formations with
various ligands, two or even three consecutive adsorp-
tion waves can be observed at gradually increased con-
centration. Two or three adsorbed layers can be formed,
which can differ in chemical composition, in number
and structure of adsorbed layers, or in orientation of
compounds in such layers.

A more informative electroanalytical technique for
investigation of adsorption processes is > AC polarog-
raphy, which among other information enables distin-
guishing between adsorption of the oxidized, the re-
duced form, or of both.

Refs.: [i] Heyrovsky ], Kuta ] (1966) Principles of polarography. Academic
Press, New York; [ii] Bond AM (2005) Modern polarographic methods
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in analytical chemistry. Marcel Dekker, New York; [iii] Galus Z (1994)
Fundamentals of electrochemical analysis, 2" edn. Ellis Horwood, New
York, Polish Scientific Publisher PWN, Warsaw; [iv] Zuman P, Rusling |
(2002) Encyclopedia of surface and colloid chemistry. pp 4143-4161

PZ

Kinetic limiting currents — These currents are
observed when investigating solutions, in which an
equilibrium is established between an electroactive form
and a species, which is not reduced or oxidized within
the studied potential range. If the rate of conversion of
the electroinactive species into the form which can be
reduced or oxidized, is slower than the transport by dif-
fusion, a kinetic limiting current results. In such sit-
uations the limiting current is controlled by the rate
of the chemical reaction, conversion of the electroinac-
tive into the electroactive species. The available infor-
mation is restricted to limiting currents, obtained from
current-voltage curves recorded using the — dropping
mercury electrode. Examples of chemical reactions gov-
erning such currents are dissociation of some EDTA
complexes, dehydrations of strongly hydrated carbonyl
or azomethine compounds, formation of geminal diol
anions in oxidation of some aldehydes, or formation
of some reducible acids from their conjugate bases. In
the latter case, the acid is always more easily reduced
(at more positive potentials) than the corresponding
base. In oxidations the situation is reversed - the con-
jugate base is always more easily oxidized (at more neg-
ative potentials than the corresponding acid). In all
such processes an equilibrium precedes the electron
transfer.

Proving the existence of a kinetic current is the best
possible under polarographic conditions when the stud-
ied kinetic current is lower than about 20% of the the-
oretical diffusion-controlled limiting current. Such cur-
rents are independent of mercury pressure, i.e., height
of mercury column. Furthermore, such currents have
much higher temperature coefficient (5-10% K™') than
diffusion currents (1.8% K™!).

If the equilibrium constant of the chemical reac-
tion (such as complex stability constant, hydration-
dehydration equilibrium constant, or the pK, of the in-
vestigated acid-base reaction) is known, limiting cur-
rents can be used to calculate the rate constant of the
chemical reaction, generating the electroactive species.
Such rate constants are of the order from 10* to
10" Lmols™. The use of kinetic currents for the deter-
mination of rate constants of fast chemical reactions pre-
ceded even the use of relaxation methods. In numerous
instances a good agreement was found for data obtained
by these two independent techniques.

Refs.: [i] Heyrovsky J, Kuta ] (1966) Principles of polarography. Academic
Press, New York; [ii] Meites L (1965) Polarographic techniques, 2" edn,
Wiley Interscience, New York; [iii] Galus Z (1994) Fundamentals of elec-
trochemical analysis, 2"% edn. Ellis Horwood, New York, Polish Scientific
Publisher PWN, Warsaw; [iv] Zuman P (1969) Elucidation of organic
electrode processes. Academic Press, New York
Pz

Nonfaradaic current — A current where the
chemical entity associated to the charge does not change;
the current appears as if it made an electric condenser
charged (or discharged); thus we often denote the non-
faradaic currents as — charging currents. Currents of ad-
sorption and of double-layer charging belong to the class
of nonfaradaic currents. From an electrical point of view,
the impedance element associated to the nonfaradaic
current is a capacitor.

TP

Peak currents in DC-polarography and voltam-
metry — Peak currents are observed on current-voltage
curves obtained by voltammetry using electrodes with
a surface that remains constant during the time-window
of the experiment. Such conditions are fulfilled, when
solid electrodes are used, but also using a hanging mer-
cury drop electrode or even a dropping mercury elec-
trode at high scan rates. Such curves are obtained when
at more positive potentials (for reductions) or at more
negative ones (for oxidations) the current is controlled
by the rate of transport of the electroactive species to
the electrode surface. Then at a certain potential the
rate of charge transfer would exceed that of the trans-
port, therefore the latter step becomes rate determining.
This causes a gradual decrease of the concentration of
the electroactive species in the vicinity of the electrode.
Such decrease is manifested by a gradual decrease in cur-
rent with increasingly negative (for reductions) or pos-
itive (for oxidations) potentials. The resulting peak cur-
rents depend on the number of electrons transferred, on
the rate of the transport to the electrode, and hence on
the diffusion coefficient and concentration, on the sur-
face area of the electrode, on the rate of the electrode
process, and on the rate of scanning. For a reversible
oxidation-reduction system the peak current is given by
the — Randles-Sev¢ik equation (at 25 °C):

I, = (2.69 x10°)n*/* - A- D/? . C. 12

where I, is the peak current (in amperes), # is the num-
ber of transferred electrons, A the surface area of the
electrode (in cm?), D the — diffusion coefficient of the
electroactive species (in cm?s™), C is the bulk concen-
tration of this species (in molcm™), and v the — scan
rate (in Vs™).
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Dependence of peak currents (I,) on the scan rate
(v) enables distinguishing between diffusion currents
(I, ~ v!/?), adsorption controlled currents (I, ~ v), and
kinetic currents (I, # f(v)).

Refs.: [i] Heyrovsky ], Kuta ] (1966) Principles of polarograpy. Academic
Press, New York; [ii] Bond AM (1980) Modern polarographic methods of
analysis. Marcel Dekker, New York; [iii] Kissinger PT, Heineman WR
(eds) (1996) Laboratory techniques in analytical chemistry, 2"% edn.
Marcel Dekker, New York; [v] Pleskov YuV, Filinovskii VY (1976) The
rotating disc electrode. Plenum Press, New York; [vi] Galus Z (1994)
Fundamentals of electrochemical analysis, 2" edn. Ellis Horwood, New
York, Polish Scientific Publ PWN, Warsaw

Pz

Current balance — Historic instrument to measure cur-
rents by measuring the repulsive force between metal
wire coils through which currents flow. The electromag-
netic force is balanced by gravity acting on a known
mass. Such instruments have been used for the absolute
determination of the ampere (— SI base units).
Ref.: http://physics.kenyon.edu/EarlyApparatus/

FS

Current collector — In the battery discipline, a good
electron conductor support designed to transfer elec-
trons from the external circuit to the active materials of
the cell. Current collectors are usually metal foils or nets
that are inert under the operational chemical and elec-
trochemical conditions. In some cases carbon cloth is
also used. In secondary — lead-acid batteries the chem-
ical nature of the current collectors (plates, grids) is par-
ticularly imperative, as it influences the self-discharge
and the performance under overcharge and discharge
conditions. Frequently, current collectors have also the
important role of imparting mechanical stability to the
electrodes.
Refs.: [i] Linden D (1994) Handbook of batteries, 2" edn. McGraw-Hill,
New York, Appendix A; [ii] Gates Energy Products (1998) Rechargeable
batteries applications handbook (EDN Series for design engineers). Else-
vier, Newnes, p 274; [iii] Crompton TR (2000) Battery reference book,
3" edn. Buttersworth-Heinemann, Oxford, chapters 1, 18, 50

YG

Current compliance — compliance limits

Current density — 1. For characterizing interfacial pro-
cesses — current, I, flowing through an interface, is
usually normalized with respect to the geometric (pro-
jected) interfacial area, A, yielding the current density, j
(j = I/A), being a scalar quantity of unit Am™2. Since
the current does not necessarily flow uniformly across

an interface, it is useful to define the local current den-
sity at point p of the interface by j(p) = 8I/84; ie., by
the current flowing through an infinitesimally small unit
area. The unevenness of the current density along the in-
terface can be characterized by the j(p) function.

2. The local current density function can also be
used for characterizing the inhomogeneity of the charge
flow within the electrolyte. Disregarding the simple
cases (like that of an infinite flat electrode), in the
vicinity of an electrode the current flow is uneven
within the bulk electrolyte. The local current density,
according to the microscopic Ohm’s law, j(x,y,z) =
—-(1/p)grad(¢(x, y,z)) where p and ¢(x, y, z) stand for
the solution’s specific resistance and for the potential
map, respectively. Since div(j) = 0, the A¢(x,y,2) =0
Laplace equation holds for the potential distribution
within the electrolyte; the current density distribution is
therefore proportional to its gradient field.

Depending on the electrical and transport properties
of the interface, primary, secondary, and tertiary current
density distributions are defined. The distribution is

o primary, if the interfacial impedance is negligibly
small with respect to the solution bulk resistance;

« secondary, if the interfacial impedance is compara-
ble to that of the solution bulk; and the interfacial
impedance comprises processes across the double
layer (double-layer charging and/or charge trans-
fer) - alternatively, when the overvoltage of the in-
terfacial processes is comparable to the ohmic volt-
age drop in the solution bulk;

o tertiary, if the interfacial impedance is compara-
ble to that of the solution bulk; and the interfacial
impedance stems from diffusion-controlled pro-
cesses — alternatively, the — diffusion overpotential
is comparable to the ohmic voltage drop in the so-
lution bulk.

The type and nature of the current density distributions
are very important when electroplating is used; for uni-
form deposits, appropriate conditions e.g., electrolytes of
“high throwing power” are needed.
Ref.: [i] Ibl N (1983) Current distribution. In: Yeager E, Bockris JO'M,
Conway BE, Sarangapani S (eds) Comprehensive treatise of electrochem-
istry, vol. 6. Plenum, New York, pp 239-316

TP

Current efficiency — (— faradaic efficiency, current
yield) is the ratio between the partial current density j;,
which corresponds to a given — electrode reaction and/or
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given species, to the total current density j. The inte-
gral current yield has similar physical meaning, but is
expressed in terms of electrical charges for a definite pe-
riod of time. When there are no consecutive chemical
reactions, the current efficiency is directly related to the
product yield via — Faraday’s law. When the system is
close to equilibrium and electrode polarization can be
neglected, the current efficiency may be expressed via
— transport numbers of species i.
Refs.: [i] Bagotsky VS (2005) Fundamentals of electrochemistry, 2% edn.
Wiley, New York; [ii] Rickert H (1982) Electrochemistry of solids. An in-
troduction. Springer, Berlin

VK

Current followers — operational amplifier

Current sampling — Measurement of the current at
a specified time. The usual objective is to sample the
current in as short a time as possible and this means
a sampling time interval that is as short as possible. With
modern instrumentation, that interval is defined by the
speed of a sample-and-hold device coupled with analog-
to-digital (A-to-D) conversion.

AMB

Current-voltage curve — The plotted dependence of
current vs. applied potential for a given system; used
in many fields of science and technology, for exam-
ple, as a characterization of electronic elements, ei-
ther linear (following — Ohm’s law) or nonlinear (re-
dox sytems, semiconductors, discharge lamps). Current-
voltage curves are recorded, e.g., in — polarography, and
— voltammetry. The response is highly nonlinear for
— charge-transfer reactions.

PK

Current step — “The excitation signal used in controlled
current techniques in which the potential is measured at
a designated time” [i]. See also — chronopotentiometry,
— cyclic chronopotentiometry, — staircase voltammetry.
Ref.: [i] Heineman WR, Kissinger PT (1984) In: Kissinger PT, Heine-
man WR (eds) Laboratory techniques in electroanalytical chemistry.
Marcel Dekker, New York, pp 129-142

AMB

Currentyield — current efficiency, — faradaic efficiency

Cut-off voltage — The end-point for — battery charge
or discharge, defined by its — voltage. Discharge cut-
off voltage is defined both to protect cells from overdis-
charge, and to set regulation for characterization bat-
tery’s performance, based on intended application.

Charging cut-off voltage is defined to protect a cell’s
overcharge and damage. Cut-off voltage is called also
cutoff voltage or end-voltage.
Refs.: [i] Crompton TR (2000) Battery reference book, 3¢ edn.
Buttersworth-Heinemann, Oxford, 9/8, 30/3, 47/11; [ii] Linden D (1994)
Factors affecting battery performance. In: Linden D (1994) Handbook of
batteries, 2" edn. McGraw-Hill, New York, pp 3.5-3.1% [iii] Carcone JA
(1994) Sealed nickel-cadmium batteries. In: Linden D (1994) Handbook
of batteries, 2" edn. McGraw-Hill, New York, pp 28.1-33.35

YG

Cycle life — The number of charge-discharge cycles
a — rechargeable battery can go through, at speci-
fied conditions, before it reaches predefined minimum
performance limits. The cycle-life of any particular
rechargeable battery is highly dependent on charge and
discharge rates, charge and discharge cut-off limits,
DOD (depth of discharge), self discharge rate, and ser-
vice temperatures.
Refs.: [i] Linden D (1994) Handbook of batteries, 2" edn. McGraw-Hill,
New York, Appendix, p A.3.; [ii] Nagy Z (ed) (2005) Online electrochem-
istry dictionary. http://electrochem.cwru.edu/ed/dict.htm; [iii] Cromp-
ton TR (2000) Battery reference book, 3 edn., Buttersworth-
Heinemann, Oxford, chap 2-6, Glossary p 4

YG

Cyclic chronopotentometry — A controlled current
technique where the applied — current step is reversed
at every transition time between cathodic and anodic
to produce a series of steps in the potential vs. time
plot — chronopotentiogram. The progression of tran-
sition times is characteristic of the mechanism of the
electrode reaction. For example, a simple uncompli-
cated electron transfer reaction with both products sol-
uble and stable shows relative — transition times in the
series 1:0.333:0.588:0.355:0.546:0.366.... independent of
the electrochemical reversibility of the electrode reac-
tion.
Refs.: [i] Bard AJ, Faulkner LR (1980) Electrochemical methods, p 266;
[ii] Herman HB, Bard AJ (1963) Anal Chem 35:1121

AJB

Cyclic deflectogram — cyclic voltadeflectogram

Cyclic staircase voltammetry — Cyclic voltammetry us-
ing a staircase waveform (instead of a constant |dV'/ d¢|).
The current response will be a series of transients which
are measured by Fourier transform [i] or by sampling
near the end of each (staircase) step [ii] thereby, in prin-
ciple, eliminating or at least minimizing the — double-
layer charging component. The responses are similar to
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but not identical to those obtained using a classical, i.e.,
a constant |dV/dt|, perturbation [ii].
Refs.: [i] Bond AM, Duffy NW, Guo S, Zhang J, Elton D (2005) Anal
Chem 77:186A; [ii] Bilewicz R, Wikiel K, Osteryoung R, Osteryoung |
(1989) Anal Chem 61:965

AMB

Cyclic voltadeflectogram — A deflection signal in
which the deviation angle (6) of a probe laser beam
is recorded as a function of time and plotted against
the potential applied to the — working electrode. Usu-
ally, a cyclic voltadeflectogram is performed keeping the
— potential sweep (or scan) rate (v) constant [i].
Ref.: [i] Barbero CA (2005) Phys Chem Chem Phys 7:1885

FG

Cyclic voltadeflectometry (CVD) — A — probe beam
deflection method in which a — cyclic linear potential
sweep is imposed to the — working electrode at a con-
stant — potential sweep (or scan) rate (v) in order to ob-
tain a deflection-potential curve denominated — cyclic
voltadeflectogram [i].
Ref.: [i] Barbero CA (2005) Phys Chem Chem Phys 7:1885

FG

Cyclic voltammetry — A commonly employed type of
— voltammetry where measurement of the current re-
sponse of an electrode to a linearly increasing and de-
creasing potential cycle is performed [i] (see also — stair-
case voltammetry). The experiment is usually started at
a potential where no electrode process occurs (0.2V in
the plot) and the potential is scanned with a fixed scan
rate to the switching potential (0.7 V in the plot).
When an electrochemically active compound is
present in the solution phase, an anodic current peak at
the potential E,, , is detected with the peak current I, ,.
When the potential is swept back during the reverse scan
a further current peak (see E, /) may be observed with

Eswitch
I J

Current/ A
T

. Ep,c :
M

0.4 0.6
Potential / V

Cyclic voltammetry — Figure 1

a cathodic peak current I,, .. The magnitude of the peak
current for a reversible electron transfer is given by the

FvD
I, = 0.446nFAcy | = |
RT

In this equation the peak current I, is dependent on #,
the number of electrons transferred per molecule diftus-
ing to the electrode surface, F, the - Faraday constant,
A, the electrode area, ¢, the concentration of analyte in
solution, R, the — gas constant, T, the absolute temper-
ature, v, the scan rate, and D, the — diffusion coefficient.

Cyclic voltammetry is an excellent technique to sur-
vey the reactivity of new materials or compounds and
can provide information about (i) the potential at which
oxidation or reduction processes occur, (ii) the oxida-
tion state of the redox species, (iii) the number of elec-
trons involved, (iv) the rate of electron transfer, (v) pos-
sible chemical processes associated with the electron
transfer, and (vi) adsorption effects [iv-vi], etc.

When applied to immobilized redox systems at an
electrode surface (or to stagnant solutions in — thin-
layer cells), cyclic voltammetry produces distinct peak
shape and the peak current characteristics.

Symmetric “bell-shaped” oxidation and reduction
peaks are observed for — electrochemically reversible sys-
tems. The peak current now becomes proportional di-
rectly to the scan rate.

_ n’F?
 4RT
In this equation the peak current I, is directly propor-
tional to v, the scan rate, and I' the surface concentration

(for immobilized redox species). In the case of a thin-
layer cell the surface concentration has to be replaced by

I VAT .

I
(n2F2/RT)VAT,

—

0.0 0.1 0.2
n(E-E,)/V

-0.2 -0.1

Cyclic voltammetry — Figure 2
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cell height x concentration. Integration of the current
versus time allows the number of electrons transferred
at the electrode surface to be determined. A plot of the
logarithm of peak current versus logarithm of scan rate
allows diftfusion controlled processes and processes in-
volving surface immobilized redox systems to be distin-
guished.

Experiments conducted at a range of different scan
rates allow the time dependence of processes to be stud-
ied. For a “simple” one electron transfer reaction at suf-
ficiently high scan rate the rate of heterogeneous elec-
tron transfer will be slow (or “irreversible”) when com-
pared to the duration of the experiment (— Eisrey di-
agnostics, - Erey diagnostics, - EreyCirrey diagnostics,
— ErevCrev diagnostics). This effect is the cause of the
peak-to-peak separation to become wider. A full anal-
ysis of a set of voltammograms is possible by — digital
simulation.

Refs.: [i] Nicholson RS, Shain I (1964) Anal Chem 36:706; [ii] Ran-
dles JEB (1948) Trans Faraday Soc 44:327; [iii] Sev¢ik A (1948) Collect
Czech Chem Commun 13:349; [iv] Bard AJ, Faulkner LR (2001) Electro-
chemical methods. 2% edn. Wiley, New York; [v] Marken F, Neudeck A,
Bond AM (2000) Cyclic voltammetry. In: Scholz F (ed) Electroanalytical
methods. Springer, Berlin, p 51f; [vi] Gosser DK (1993) Cyclic voltamme-
try: simulation and analysis of reaction mechanisms. VCH, New York
FM

Cytochrome ¢ — Electron carrying protein with
a — heme functional group. Cytochrome ¢ proteins
are water soluble and approximately spherical with
a diameter of ca. 34 A consisting of a polypeptide chain
with 104 amino acid residues [i]. The heme unit is
covalently attached to cysteins and the Fe(III/II) center
is ligated by methionine and histidine. The interactions
of cytochrome ¢ with cytochrome ¢ oxidase and re-
ductase are dominated by an electrostatic attraction in
which the positively docking region of the cytochrome
¢ interacts with negatively charged reaction partners.
H.A.O. Hill et al. [ii] demonstrated that this type of
interaction can be exploited for the facile electrochem-
ical transfer of electrons to and from cytochrome ¢
at negatively charged electrode surfaces. Today horse
heart cytochrome c¢ is widely employed as a model
electrochemical redox protein system, for example,
immobilized in mesoporous oxide electrodes [iii].
Refs.: [i] Stryer L (1995) Biochemistry. WH Freeman, New York;
[ii] Scott RA, Mauk AG (1995) Cytochrome c. University Science Books,
Sausalito; [ii] Eddowes MJ, Hill HAO (1979) ] Am Chem Soc 101:446;
[iii] McKenzie KJ, Marken F (2003) Langmuir 19:4327

FM

Cytochrome oxidase — respiration, electrochemical as-
pects
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D

DAC — digital-to-analog converter

Dahms-Ruff theory — For fast electron exchange pro-
cesses coupled to isothermal diffusion in solution,
the theoretical description and its experimental ver-
ification were given by Dahms [i] and by Ruff and
co-workers [ii-v]. Ruff and co-workers studied the dis-
placement of the centers of mass particles, which is
brought about by both common migrational motion and
chemical exchange reaction of the type

A+AX 2 AX+A (1)

It was concluded that the exchange reaction (— electron
hopping) can be described in terms of second-order ki-
netics, and a relationship was given between the mea-
sured — diffusion coefficient (D) and the diffusion coef-
ficient (D,) that would be measured in the absence of
any electron exchange reaction:

2
D=D, + 07

c=Dy+ D, (2)

where k. is the second-order rate constant of the ex-
change reaction and ¢ and § are the concentration and
the distance between the centers of the chemically equiv-
alent species involved in the electron exchange, respec-
tively. In fact, § is the distance with which the hy-
drodynamic displacement is shortened for the species
and can be determined or at least estimated on the
basis of independent data, e.g., the results of neutron
scattering.

Later, Ruff, and Botar [vi] corrected the original ther-
modynamic derivation, which was affected by some er-
rors. According to the corrected thermodynamical treat-
ment, the constant factor in Eq. (2) is1/6,1/4, or 1/2 (in-
stead of 77/4) for three-, two-, and one-dimensional dif-
fusion, respectively, i.e.,

D =D, + k.8*c/6 . (3)

They also used a random-walk treatment to describe
the electron-hopping process coupled to physical diffu-
sion [vii].

Refs.: [i] Dahms H (1968) ] Phys Chem 72:362; [ii] Ruff I, Friedrich
V] (1971) ] Phys Chem 75:3297; [iii] Ruff I, Friedrich V], Demeter K,
Csillag K (1971) ] Phys Chem 75:3303; [iv] Ruff I, Friedrich V] (1972) ]

Phys Chem 76:162; [v] Ruff I, Friedrich V] (1972) ] Phys Chem 75:2957;
[vi] Botdr L, Ruff I (1986) Chem Phys Lett 126:348; [vii] Ruff I, Botdr L
(1985) ] Phys Chem 83:1292

GI

Damascene process — The single or dual damascene
copper — electroplating method represents one of the
nowadays most significant copper processing technolo-
gies, which is applied in the microprocessor production
for high-quality copper interconnects for integrated cir-
cuit chips. Of special importance were the changes of
the wiring material from aluminum to copper, as well
as from silicon dioxides to newer low-K materials (see
— insulator) in that branch. In damascene processing,
the dielectric material is deposited first as a blanket film,
and is patterned and etched leaving holes or trenches.
In the following step, single, and dual d.p. are distin-
guished: In the first one, copper is firstly deposited in
the holes or trenches surrounded by a thin barrier film,
necessary to prevent copper diffusion into the dielectric,
resulting in filled vias or wire lines, respectively. In the
dual d.p. technology, both the trench and via are fabri-
cated before the deposition of copper, resulting in for-
mation of both the via and line simultaneously. That is,
only a single metal deposition step is used to simulta-
neously form the main metal lines and the metal in the
vias. More recently, the number of interconnect levels for
logic has substantially increased due to the large number
of transistors that are now interconnected in a modern
microprocessor. Thus, especially the application of the
dual d.p. can reduce the number of processing steps and
reduce costs, but nevertheless ensures a performance en-
hancement.
Refs.: [i] Wolf S (2002) Silicon processing for the VLSI era, deep-
submicron process technology, vol. 4. Lattice Press, Sunset Beach; [ii] An-
dricacos PC (1999) Interface 8:32; [iii] Stickney JL (2002) Electrochem-
ical atomic layer epitaxy (EC-ALE): Nanoscale control in the electrode-
position of compound semiconductors. In: Alkire RC, Kolb DM (eds)
Advances in electrochemical science and engineering, vol 7. Wiley-VCH,
Weinheim, pp 1-106

MHer

Damping — Diminishing of the amplitude of oscil-
lations. Electrical damping of the current oscillations
caused by the — dropping mercury electrode was used
in - polarography. Damping is also used to dimin-
ish higher-frequency contributions to — noise; however,
great care has to be taken not to cause over-damping, i.e.,
to obscure the time-dependence that is supposed to be
studied.

ES
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Daniell, John Frederic

Daniell, John Frederic

English scientist (March 12, 1790, London, UK - March
13, 1845, London, UK) The first professor of chemistry
at Kings College, London, in 1831. First investigations in
batteries coincided with the appearance of commercial
telegraph systems. The fast electrode kinetics of the cop-
per and zinc electrodes in the — Daniell cell (1836) en-
abled their use in the rapidly growing telegraph systems
employing the Morse code. In 1839 Daniell produced
a strong electric arc with a 70-cell battery. He demon-
strated that metal ions are carriers of electric charge in
a metal-salt solution instead of the metal oxides. He was
a friend and admirer of - Faraday, to him he dedicated
his textbook Introduction to the Study of Chemical Phi-
losophy (1839).
Refs.: [i] Magnusson M (ed) (1990) Chambers biographical dictionary.
W & Chambers, Edinburgh; [ii] Crystal D (ed) (1998) The Cambridge
biographical encyclopedia. Cambridge University Press, Cambridge
RH

Daniell cell — Electrochemical primary cell composed
of a zinc and a copper electrode. Both metals are im-
mersed into aqueous solutions of their respective sul-
fates (described according to the — Stockholm conven-
tion), the solutions are separated by, e.g., a porous glass
frit:

~Zn|Zn**|Cu®**|Cu + .
The cathode reaction is the reduction of copper cations
Cu?* +2¢ - Cu.
The anode reaction is the oxidation of zinc
Zn — Zn>* +2e” .
The cell reaction is
Cu®* +Zn — Zn** + Cu.

Even under open-circuit conditions diffusion of ions
across the separator causes a continuous change of
cell voltage despite the reversibility of both electrodes,

a — liquid junction potential may be established (For
possibilities of suppression see — salt bridge). The cell
voltage E.; (also infrequently called potential of the cell
reaction (— Galvanic cell)) as well as the respective elec-
trode potentials are connected according to

Ecen = ECuZ*/Cu - Ean*/Zn

with electrodes in their standard state the standard
cell voltage can be calculated (also infrequently called
— standard potential of the cell reaction)

o1 = E& jou = Epae 7 = 0:3402 = (<0.7628)
=1103V.

The standard free energy (Gibbs energy) of the reaction
proceeding in the cell is AG® = —212.867 k] mol ", it is
related to the standard cell potential according to

AG® = -nFE(,

cell *

The relationship between the equilibrium constant K of
a chemical reaction and the standard free energy (Gibbs

energy)
AG® = -RTInK.

(van’t Hoft reaction isotherm) provides a value of K. =
2.15 x 10%7. As expected and as well known from the
technological — cementation process the equilibrium is
shifted to the discharge products: copper metal and zinc
ions.

The change of the cell voltage as a function of the
cell temperature (temperature coefficient) dEZ, /0T =
-0.83x10~* V K™! and the relationship between the stan-
dard reaction entropy and the standard free enthalpy of
reaction (JAG® /0T), = —~AS® the value for the cell re-
action can be calculated as: —AS® = -16.02J K™ mol .
Refs.: [i] Bockris JO'M, Reddy AKN, Gamboa-Aldeco M (2000) Mod-
ern electrochemistry, vol. 2A. Kluwer, Dordrecht, p 1356; [ii] Holze R
(1989) Leitfaden der Elektrochemie. Teubner, Stuttgart; [iii] Handel S
(1971) A dictionary of electronics. Penguin Books, London; [iv] Rieger PH
(1994) Electrochemistry. Chapman-Hall, New York, p 2

RH

Dark current — In photovoltaics it means the current
measured in — photovoltaic devices and photoconduc-
tive devices under dark conditions.

IH

D’Arsonval galvanometer — Historic moving-coil
— galvanometer where a rectangular metal coil is hang-
ing between the horseshoes of a permanent magnet.
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A fixed iron core may be situated in the center of the
coil.
Refs.: [i] http://physics.kenyon.edu/EarlyApparatus/; [ii] Michels W (ed)
(1956) The international dictionary of physics and electronics. Van Nos-
trand, Princeton

FS

Davy, Sir Humphry, Baronet

(by an unknown artist after Sir
Thomas Lawrence, 1821)

(Dec. 17, 1778, Penzance, Cornwall, UK - May 29, 1829,
Geneva, Switzerland) Davy was one of the founders of
modern chemistry [i-iii]. He studied electricity, elec-
trical phenomena in chemistry [iv], and connections
between — electricity and magnetism [v]. Davy eluci-
dated compositions of many compounds (particularly
of nitrogen oxides) supporting Dalton’s atomic theory.
He studied — electrolysis of molten salts that resulted
in discovery of several new elements (magnesium, cal-
cium, strontium, and barium) in 1808. He also discov-
ered boron (by heating borax with potassium), hydro-
gen telluride, hydrogen phosphide (phosphine), and two
chlorine oxides. Davy was the first to observe that plat-
inum catalyzes the oxidation of alcohol vapor in air. This
was one of the earliest demonstrations of catalysis. His
research on flame [vi] resulted in the important inven-
tion of a safety lamp for miners.
Refs.: [i] Williams HS (1904) A history of science, vol. 4. Harper ¢ Broth-
ers, New York, chap 3; [ii] Treneer A (1963) The mercurial chemist: A life
of Sir Humphry Davy. Methuen, London; [iii] Siegfried R (1961) In: Far-
ber E (ed) Great chemists. Interscience Publishers, New York, pp 370-
384; [iv] Russell CA (1963) Annals Sc 19:255; [v] Davy H (1821) Phil
Trans Royal Soc 111:7; [vi] Davy H (1817) Phil Trans Royal Soc 107:45
EK

DC — direct current, and also — decoupling of AC and DC
signals

DC (Direct current) techniques — Electrochemical ex-
periments where the applied potential (in — potentio-
static techniques) or current (in — galvanostatic tech-

niques) is constant or changed linearly or stepwise, but
not sinusoidally.
JL

DC field — direct current

DCP Acronym for direct current polarography. See — po-
larography, and subentry — DC polarography.

DC polarography — polarography, and subentry — DC
polarography.

DC potential — direct current

DC voltammetry — Voltammetry with an applied DC
potential that varies, usually, linearly with time. That is,
constant |dV / d¢| without embellishments of the voltage
perturbation as applies, for example, in AC voltammetry.
See — polarography, and subentry — DC polarography.
Refs.: [i] Bond AM (1980) Modern polarographic methods in analytical
chemistry. Dekker, New York; [ii] Galus Z (1994) Fundamentals of elec-
trochemical analysis, 214 edn. Ellis Horwood, New York, Polish Scientific
Publisher PWN, Warsaw

AMB

Dead-stop titration — biamperometry

Debije, Petrus Josephus Wilhelmus — Debye, Peter
Joseph Wilhelm

Debye, Peter Joseph Wilhelm

(© The Nobel Foundation)

(Debije, Petrus Josephus Wilhelmus; Mar. 24, 1884,
Maastricht, The Netherlands - Nov. 2, 1966, Ithaca,
USA) Dutch physicist, studied physics in Aachen, ob-
tained habilitation in 1910 in Munich, became professor
of theoretical physics in Ziirich 1911, in Utrecht 1912, in
Gottingen 1914, in Ziirich again 1920, in Leipzig 1927. In
1935 he became director at the Kaiser-Wilhelm-Institut
fir Physik in Berlin, since 1939 he taught at Cornell
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Debye-Clausius-Mossotti equation

University in Ithaca. Nobel Prize in 1936 for contribu-
tions to the knowledge of molecular structure based
on his research on dipole moments, X-ray diffraction
(Debye-Scherrer method), and electrons in gases. His
investigations of the interaction between ions and elec-
tric fields resulted in the — Debye-Hiickel theory. See
also — Debye-Falkenhagen effect, — Debye-Hiickel lim-
iting law, — Debye-Hiickel length, — Debye relaxation
time.
Refs.: [i] Magnusson M (ed) (1990) Chambers biographical dictionary.
WeR Chambers, Edinburgh; [ii] Crystal D (ed) (1998) The Cambridge
biographical encyclopedia. Cambridge University Press, Cambridge
RH

Debye-Clausius-Mossotti equation — Debye expanded
the — Clausius-Mossotti equation and related the mo-
lar polarization P with the — dielectric constant &, the
electron polarizability « of an individual molecule, and

the — dipole moment fi: p= %nNO ((x + %) = Z—;Vm
(Vi is the molar volume of the compound). The Debye-
Clausius—Mossotti equation is applicable only to nonpo-
lar gases at moderate pressure, and to nonpolar solvents
and solutes in nonpolar solvents. For polar gases and po-
lar solvents the — Onsager equation gives more precise
data.
Refs.: [i] Debye P (1912) Phys Z 13:97; [ii] Debye P (1929) Polare
Molekeln. Hirzel, Leipzig; (Debye P (1929) Polar molecules. Chemical
Catalogue Company, New York); [iii] Kortiim G (1962) Lehrbuch der
Elektrochemie. Verlag Chemie, Weinheim, pp 121-129

FS

Debye effect (potential difference in electrolyte solu-
tion upon ultrasonic radiation) — Sound waves pass-
ing through an — electrolyte solution result in an alter-
nating electric potential fluctuation, predicted theoret-
ically by — Debye in 1933 [i]. The existence of this “ul-
trasonic vibration potential” phenomenon was demon-
strated experimentally in 1949 by Yeager [ii]. The effect
is due to the different mobilities of cations and anions in
the sound field and it is measured by placing electrodes
into a resonating sound field. The frequency-dependent
effect can be used to determine ion association effects
and it is commonly employed to determine the proper-
ties of charged — colloids and — nanoparticles. A more
recent development is electroacoustic imaging [iii]. See
also — electroacoustics.
Refs.: [i] Debye P (1933) ] Chem Phys 1:13; [ii] Yeager E, Bugosh ],
Hovorka E McCarthy ] (1949) ] Chem Phys 17:411; [iii] Beveridge AC,
Wang SG, Diebold GJ (2004) Appl Phys Lett 85:5466

FM

Debye force — van der Waals forces

Debye length — (also: — Debye-Hiickel length) In the
formulation of the — Debye-Hiickel theory the counter
ions surrounding the sample ion under consideration
are substituted in an attempt of simplification by an ionic
cloud. The radius of this ionic cloud or atmosphere giv-
ing the distance between the ion under consideration
and the location where dq/ (1/x) is at maximum (dgq is
the charge enclosed in a shell of dr thickness around the
ion, and « is the — Debye-Hiickel parameter). The De-
bye length rp (Lp and other symbols are also used) also
is given by
=L =1988 x1070 /=L
K I

where ¢, is the relative dielectric — permittivity of the
solvent, T is the temperature (in K), and I is the — ionic
strength (concentration given in [molL™']). See also
— Gouy length.
Refs.: [i] Debye B, Hiickel E (1923) Phys Z 24:185; [ii] Bockris JO'M,
Reddy AKN (2006) Modern electrochemistry. Springer, New York

RH

Debye-Falkenhagen effect — Debye and — Falken-
hagen predicted, that in — electrolyte solutions the ionic
cloud may not be established properly and maintained
effectively when the ion and the cloud are exposed to
an alternating (AC) electric field in particular of high
frequency. Thus the impeding effect of the ion cloud on
the ion movement should be diminished somewhat re-
sulting in an increased value of the ionic conductance.
Above frequencies of v ~ 107 to 10 s™! this increase has
been observed, see also — Debye relaxation time.
Refs.: [i] Debye B, Falkenhagen H (1928) Phys Z 29:401; [ii] Falken-
hagen H (1971) Theory der Elektrolyte. Hirzel, Leipzig, p 117

RH

Debye-Hiickel approximation — In calculating the po-
tential distribution around a charge in a solution of
a strong — electrolyte, - Debye and — Hiickel made
the assumption that the electrical energy is small com-
pared to the thermal energy (|ziey|(kT), and they
solved the — Poisson-Boltzmann equation V*y =

—i le dzeexp ( _;‘;w) by expanding the exponential

and neglecting all but the first two terms, giving: Vy =

e [ZI: dzie - le 2z ezt///kT]. Since the first summa-

tion term is zero to maintain electroneutrality, it fol-
Zciozizezv/

lows that V2y = [ :

coe kT ] v = k*y, with « being the
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— Debye-Hiickel parameter. (V*: Laplace operator, &:
— permittivity of vacuum, &,: — dielectric constant of the
electrolyte solution, c’: bulk concentrations of all ions i,
zi: charges of the ions i, y: electric potential, k: — Boltz-
mann constant, and T: the absolute temperature). See
also - Debye-Hiickel theory.
Refs.: [i] Hunter R] (2004) Foundations of colloid science, 2" edn. Ox-
ford University Press, Oxford, pp 317; [ii] Bockris OM, Reddy AKN
(1998) Modern electrochemistry, vol. 1. Plenum Press, p 230

1N

Debye-Hiickel limiting law — The equation based on
the — Debye-Hiickel theory providing mean activity co-
efficients f for ions of charge z* and z~ at — ionic
strength I in dilute solutions: lg f, = 0.5091z*z"\/1T,
when mol and dm” units are used.

RH

Debye-Hiickel-Onsager equation — Onsager equation,
— Debye-Hiickel-Onsager theory

Debye-Hiickel-Onsager theory — (— Onsager equa-
tion) Plotting the equivalent conductivity A®? of solu-
tions of strong electrolytes as a function of the square
root of concentration (c'/?) gives straight lines accord-
ing to the — Kohlrausch law

A=Ak /c.

As the dependency does not include any specific prop-
erty of the ion (in particular its chemical identity) but
only its charge the explanation of this dependency in-
vokes properties of the ionic cloud around the ion. In
a similar approach the Debye-Hiickel-Onsager theory
attempts to explain the observed relationship of the
conductivity on ¢"/2. It takes into account the — elec-
trophoretic effect (interactions between ionic clouds of
the oppositely moving ions) and the relaxation effect
(the displacement of the central ion with respect to the
center of the ionic cloud because of the slightly faster
field-induced movement of the central ion, — Debye-
Falkenhagen effect). The obtained equation gives the
Kohlrausch constant:

k=A+BA°
with
4 zZeFZ( P )1/2
3y \eRT
and

B qz’eF ( 2 )1/2
 247meRT \ eRT

Debye-Hiickel-Onsager theory — Table. Debye-Hiickel-Onsager
coefficients of 1-1-electrolytes at 298 K

Solvent A/ B/

(S cm? mol~'/(mol dm~3)""2) | (mol dm~3)"/2
Methanol 156.1 0.923
Ethanol 89.7 1.83
Propanone 32.8 1.63
(Acetone)
Nitromethane | 125.1 0.708
Nitrobenzene | 44.2 0.776
Water 60.2 0.229

with the number of charges per atom z, the elementary
charge e of an electron, the viscosity #, and the dielectric
constant ¢, and a constant q depending on the type of
electrolyte. For a 1-1-electrolyte g = 0.586.
Refs.: [i] Atkins PW (1994) Physical chemistry. Oxford University Press,
Oxford, p 855; [ii] Bockris OM, Reddy AKN (1998) Modern electro-
chemistry, vol. 1. Plenum Press, p 520

RH

Debye-Hiickel parameter — The Debye-Hiickel pa-
rameter k of an — electrolyte solution is calculated as

12
follows: k = (62 ) cioziz/sosrkT) , where e is the — el-

ementary electric charge, ¢ are the bulk concentrations
of all ions i, z; are the charges of the ions, & is the — per-
mittivity of vacuum, ¢, is the — dielectric constant of the
electrolyte solution, k is the — Boltzmann constant, and
T is the absolute temperature. The Debye-Hiickel pa-
rameter follows from the — Debye-Hiickel approxima-
tion. The reciprocal value k™' is the — Debye length. See
also - DLVO theory.
Refs.: [i] Hunter R] (2004) Foundations of colloid science, 2nd o, Oxford
University Press, Oxford, pp 320; [ii] Bockris JOM, Reddy AKN (1998)
Modern electrochemistry, vol 1. Plenum Press, p 230

FS

Debye-Hiickel theory — The interactions between the
ions inside an electrolyte solution result in a non-
ideal behavior as described with the concepts of mixed-
phase thermodynamics. Assuming only electrostatic
(i.e., coulombic) interactions — Debye and — Hiickel
suggested a model describing these interactions result-
ing in — activity coefficients y suitable for further ther-
modynamic considerations. Their model is based on
several simplifications:

o The dielectric constant of the pure solvent is used;
changes caused by the presence of dissolved ions
are not taken into account.



Debye relaxation time

« Ions are assumed to be of spherical symmetry, not
polarizable and to generate a spherical electrical
field around them.

o The electrostatic interaction is assumed to be small
in comparison with the energy of thermal move-
ment.

o Strong electrolytes are assumed to be completely
dissociated.

The mean ionic activity coefficient is

|z,z_| F?
Iny, = ——-+—
SHSNARTTD

with the number of charges z on the ions, the — dielec-
tric constant €, Avogadro constant N,, the — gas con-
stant R, the temperature T (in K), and the — Debye length
rp. At room temperature with water as solvent and at
concentrations below 0.0lmolL™ for 1-1 electrolytes
and 0.001 mol L™! for solutions of polyvalent electrolytes
the mean activity coefficient is Ig fu = 0.5091z%z"\/T
with the — ionic strength I and z*; z~ the charge num-
ber of the involved ions. This relationship is also called
— Debye-Hiickel limiting law.
Refs.: [i] Debye B, Hiickel E (1923) Phys Z 24:185; [ii] Bockris JO’M, Reddy
AKN (2006) Modern electrochemistry. Springer, New York

RH

Debye relaxation time — A stationary ion is surrounded
by an equally stationary ionic cloud; only thermal move-
ment causes any change in the actual position of a partic-
ipating ion. Upon application of an external electric field
the ions will move. At sufficiently high frequencies f of
an AC field (1/f < 7) the symmetry cannot be main-
tained anymore. The characteristic relaxation time 7 is
called Debye relaxation time, the effect is also called
— Debye-Falkenhagen effect. In the absence of a com-
plete and perfectly shaped ionic cloud movement of the
ions is less impeded by the ionic cloud, thus electrolytic
conductivity should increase. Above frequencies f ~ 10
to 108 s™! this increase has been observed, accordingly
the Debye relaxation time is 7~ 107%s.
Ref.: [i] Bockris JO'M, Reddy AKN (2006) Modern electrochemistry.
Springer, New York

RH

Decamethylferrocene — A — ferrocene derivative with
10 methyl substituents symmetrically replacing hydro-
gen (permethylferrocene). Decamethylferrocene [i] and
decamethylferricenium salts [ii] are readily synthesized.

CHj3 cH
H3C - 3
BsCl 3
HsC CHj
HsC -
CHj 3

Decamethylferrocene — Figure

Decamethylferrocene undergoes facile oxidation to de-
camethylferricenium (Cp;Fe) which is (in contrast to
ferrocene) chemically highly stable towards hydrolysis.
The 10 methyl groups sterically shield the metal cen-
ter against nucleophilic attack. Due to the electron-
donating nature of the methyl groups the reversible oxi-
dation potential of decamethylferrocene is shifted nega-
tive to —0.45 V vs. Fc*/? in acetonitrile. Solubility: highly
soluble in most organic media. Decamethylferrocene is
a popular redox system often employed as a model sys-
tem or in studies of ion transfer between two immiscible
electrolyte solutions (— droplets, electrochemistry of im-
mobilized ~). Decamethylferrocene has been proposed
as an alternative internal potential calibration system in
organic media [iii, iv].
Refs.: [i] King Bisnette MB (1967) ] Organomet Chem 8:287; [ii] Dug-
gan DM, Hendrickson DN (1975) Inorg Chem 14:955; [iii] Noviandri I,
Brown KN, Fleming DS, Gulyas PT, Lay PA, Masters AE, Phillips L (1999)
J Phys Chem B 103:6713; [iv] Matsumoto M, Swaddle TW (2004) Inorg
Chem 43:2724

FM

Decay constant — The reciprocal value of — time con-
stant. See also — exponential decay.
1N

Decomposition potential (voltage) — The onset voltage
for electrochemical decomposition of the electrolytic so-
lution or the electrodes. The decomposition can take
place due to either oxidation or reduction, or both. The
decomposition potentials define the — electrochemical
window of the system. Its value depends on the salt, sol-
vent, electrode material, temperature, and the existence
of materials that can catalyze decomposition reactions,
such as Lewis acids. Exact decomposition voltages are
hard to reproduce as the onset current of the process is
very sensitive to the experimental conditions (e.g., scan
rate, temperature, type of electrode, etc.). Decomposi-
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tion potentials are usually quite subjectively determined
by — cyclic voltammetry as the potential at which — elec-
trolysis currents begin to increase rapidly, in excess of the
— background currents. Obviously, in such experiment
the determined decomposition potentials are sensitive
to the kinetics of the electrode processes, and thus the
value of — current density that sets the limits has to be
predefined (usually in an arbitrary manner or based on
subjective tolerable decomposition currents). These po-
tentials mark the limits of the stability window for the
measured system. The decomposition voltages are to be
avoided in case that the decomposition reactions alters
the measurement or the production of a desired prod-
uct. In some cases, like in the splitting of water and in the
— chlor-alkali production, it defines the working condi-
tions. In such cases the decomposition potential is the
minimum voltage necessary to carry out the reaction,
and in such cases it may be even thermodynamically de-
fined.
Refs.: [i] Aurbach D, Gofer Y (1999) Electrochemical window of elec-
trolyte solutions. In: Aurbach D (ed) Nonaqueous electrochemistry.
Marcel Dekker, New York, pp 137-212; [ii] Hamann C, Hamnett A,
Vielstich W (1998) Electrochemistry. Wiley-VCH, Weinheim, pp 4-6;
[iii] Maier J (2004) Physical chemistry of ionic materials: Ions and elec-
trons in solids. Wiley, Chichester, p 281

YG

Deconvolution — This operation, as its name implies,
means “undoing” a — convolution. If a function, say
M(t), results from convolving the functions I(t) and
g(t), M(t) = I(t) » g(t), then I(¢) may be regener-
ated from M(¢t) by convolution with another function
h(t) such that h(t) » g(t) = 1. Thus deconvolution is
simply convolution with k(t), the complementary func-
tion of g(t). The term “deconvolution” is often used in
electrochemistry as a synonym for — semidifferentiation.
The motive is to convert an expression proportional to
a concentration difference to an expression proportional
to current.
Refs.: [i] Imbeaux JC, Saveant JM (1973) ] Electroanal Chem 44:196;
[ii] www.codecon.co.uk

KBO

Decoupling of AC and DC signals — An electrical volt-
age measured between two points showing a fixed polar-
ity is called a - DC voltage. Voltages showing changes
of polarity as a function of time, both in a fixed or in
a variable rhythm (frequency) are called — AC voltages.
A voltage displaying a change in magnitude as a func-
tion of time without a change of polarity is called a vari-
able or fluctuating or modulated DC voltage. The lat-

ter case is frequently encountered in electrochemical
investigations. In particular, in AC-methods (like e.g.,
— impedance measurements, — faradaic rectification)
and in the — electrochemical quartz microbalance the
potential of an electrode is subject to changes best de-
scribed in electrical terms by the last type of voltage.
This voltage can be composed most easily by adding
a DC voltage (which finally might be equivalent to the
desired operating potential of the investigated working
electrode) and an AC voltage of the necessary type (sine
wave, noise etc.). The current flowing across the solu-
tion/electrode interface will be also of the latter type,
consequently it is composed of a DC fraction (equivalent
to the DC-current caused by the applied DC-electrode
potential) and the AC response. Further signal process-
ing is much easier and can be performed with much bet-
ter precision when AC- and DC-components are sepa-
rated. This can be accomplished most easily by inserting
a sufficiently large capacitor in the signal line. Any DC-
voltage will be blocked, whereas the AC signal will pass
the capacitor only slightly diminished depending on the
capacity of the capacitor. This attenuation is caused by
the frequency-dependent impedance (capacitive resis-
tance) of a capacitor. Thus for the passage of low frequen-
cies larger capacitors are needed.
Ref.: [i] Malmstadt HV, Enke CG (1963) Electronics for scientists. Ben-
jamin, New York

RH

Deep discharge — In the batteries world, operation of
a — battery under deep discharge conditions means that
at least 80% of the rated capacity of the battery (— depth
of discharge (DOD)) is discharged during cycling. Op-
eration under deep discharge conditions usually limits
the — cycle life of the battery. The reduction in the cycle
life is strongly dependent on the rates used for discharg-
ing. In addition, when using a stacking battery pack it is
extremely important to limit deep discharge to prevent
reverse charge from a cell within the pack that becomes
fully discharged. Therefore, in normal operation of a bat-
tery deep discharge should be avoided. The common
way to limit the depth of discharge is by the selection of
an appropriate cut-off voltage. Using cut-off voltage as
a restrictive parameter is limited when very low C rates
are used. In the case of -~ Ni—Cd cells, deep-discharge
cycles should be done occasionally in order to avoid the
memory effect of the battery. Batteries are especially de-
signed for applications requiring deep discharge opera-
tion. Usually, excess of active material is used to com-
pensate for the losses due to deep discharge. In the case
of — lead-acid batteries (see also — accumulator), an-
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Defects in solids

timony is added to the Pb plates in order to allow for
thicker plates.
Refs.: [i] Linden D (1994) Handbook of batteries, 2" edn. McGraw-Hill,
New York, Appendix A; [ii] Rand DAJ, Moseley PT, Garche J, Parker CD
(2004) Valve regulated lead-acid batteries. Elsevier, New York, p 128-
150, 229-240

ocC

Defects in solids — are, in a general sense, imperfections
with respect to the ideal crystal structure. Point defects
involve only one atom or site. These include — vacan-
cies (vacant sites), interstitials (— ions or atoms placed
between regular sites of a crystal lattice), and the par-
ticles placed in crystallographic sites which should be
ideally occupied by another component of the lattice.
When a — solid material contains impurities dissolved in
the lattice or when the composition is moderately mod-
ified by — doping, the admixed ions or atoms are also
considered as point defects. The point defects may asso-
ciate forming clusters; these are classified as a separate
group of defects or as extended defects, depending on
their size. As a rule, clustering leads to decreasing to-
tal effective — charge, thus reducing local stresses in the
lattice. The cluster growth may result in the formation
of microdomains, local structure of which is different
with respect to the structure of crystal (partial order-
ing of defects). The — electronic defects are also classified
sometimes as point defects, especially if the electronic
— charge carriers are localized.

A variety of defect formation mechanisms (lattice dis-
order) are known. Classical cases include the — Schottky
and — Frenkel mechanisms. For the Schottky defects, an
anion vacancy and a cation vacancy are formed in an
ionic crystal due to replacing two atoms at the surface.
The Frenkel defect involves one atom displaced from
its lattice site into an interstitial position, which is nor-
mally empty. The Schottky and Frenkel defects are both
stoichiometric, i.e., can be formed without a change in
the crystal composition. The structural disorder, charac-
teristic of — superionics (fast - ion conductors), relates
to crystals where the stoichiometric number of mobile
ions is significantly lower than the number of positions
available for these ions. Examples of structurally disor-
dered solids are — $-alumina, -~ NASICON, and §-phase
of — bismuth oxide. The antistructural disorder, typi-
cal for — intermetallic and essentially covalent phases,
appears due to mixing of atoms between their regular
sites. In many cases important for practice, the defects
are formed to compensate charge of dopant ions due to
the crystal electroneutrality rule (doping-induced disor-
der) (see also — electroneutrality condition).

The extended defects are often divided into three
groups: linear, plane, and three-dimensional, although
this classification is not entirely satisfactory. Key
type of the linear defects relates to dislocations (see
— Burger’s vector). The plane defects include, in particu-
lar, subgrain-boundaries formed due to a different an-
gular orientation of two parts of essentially the same
crystal, antiphase boundaries involving a lateral shift be-
tween two parts of essentially the same crystal, stacking
faults, and Wadsley defects (random crystallographic
shear planes). Notice that — grain boundaries in ceramic
materials and crystal — surface are also often consid-
ered among the two-dimensional defects. Furthermore,
the grain and subgrain boundaries may be visualized
as dislocation networks. Typical examples of the three-
dimensional defects are pores, nano-scale phase inclu-
sions, and various domain structures.

The type and concentration of defects in solids de-
termine or, at least, affect the transport properties. For
instance, the — ion conductivity in a crystal bulk is
usually proportional to the — concentration of — ionic
charge carriers, namely vacancies or interstitials (see also
— Nernst-Einstein equation). Clustering of the point
defects may impede transport. The concentration and
— mobility of ionic charge carriers in the vicinity of ex-
tended defects may differ from ideal due to space-charge
effects (see also — space charge region).

Refs.: [i] West AR (1984) Solid state chemistry and its applications. Wiley,
Chichester; [ii] Kittel C (1996) Introduction to solid state physics, 7t edn.
Wiley, Chichester; [iii] Rickert H (1982) Electrochemistry of solids. An in-
troduction. Springer, Berlin; [iv] Chebotin VN (1982) Physical chemistry
of solids. Khimiya, Moscow

VK

Deflection — refraction and — beam deflection

Degreasing — Degreasing is a typical pretreatment step
which is applied prior to — electroplating. The mechani-
cal pretreatment steps (machining, grinding, polishing,
etc.) may have left some contaminations on the substrate
surface which must be removed prior to the — electrode-
position process to ensure uniform coverage and good
adherence of the deposit. Usually degreasing is a two-
step process consisting of a coarse degreasing and a fine
degreasing. The latter is also called electrochemical de-
greasing. Coarse degreasing is done using organic sol-
vents (e.g., trichloroethylene) or hot alkaline solutions
(alkali phosphates, alkali silicates). Substrates with com-
plex geometry can be manually degreased by polishing
with a suspension of “Wiener Kalk” (Vienna lime) in wa-
ter. In the electrochemical degreasing step the action of
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an alkaline cleaner (saponification) is combined with the
mechanical action of the evolving gas bubbles (oxygen
or hydrogen) which tear away the last traces of contami-
nants. Cathodic degreasing has the advantage of produc-
ing twice the amount of gas but hydrogen — embrittle-
ment or (re)deposition of cationic contaminants may be
a problem.
Ref.: [i] Snyder DD (2000) Preparation for deposition. In: Schlesinger M,
Paunovic M (eds) Modern electroplating, 4'" edn. Wiley, New York,
pp 739-748

AB

Degree of titration — The ratio between the added
amount of — titrant (ATitrant) and the amount of titrant
necessary to reach the — equivalence point (n. ).
Commonly, the amount of titrant is expressed in moles
and the titration degree (7) is given by the following
equation: 7 = ﬁ [i].
Ref.: [i] Harris D (2002) Quantitative chemical analysis. WH Freeman,
New York

FG

Deionization — desalination

De La Rive, Auguste-Arthur

(Courtesy of Institute and Museum
of the History of Science, Florence)

(Oct. 9, 1801, Geneva, Switzerland — Nov. 27, 1873, Mar-
seille, France) De La Rive was physicist who studied elec-
tricity and magnetism, working in England, France, and
Switzerland on the theory and practical applications of
electricity [i]. He was one of the founders of the elec-
trochemical theory of — batteries. He studied electricity
passing through gases, and demonstrated that ozone is
formed by electrical sparks in oxygen. To explain the ro-
tatory movements of the aurorae boreales by the influ-
ence of the terrestrial magnetism, De La Rive designed
an egg-shaped evacuated glass chamber assembled on
an electromagnet. A Ruhmkorff coil powered an elec-
tric discharge in a rarefied gas demonstrating the rota-
tory effect of a magnetic field on the discharge process.

De La Rive invented a new — electroplating method to
deposit gold onto brass and silver, and designed one of
the first incandescent lamps using a platinum filament
in a partially evacuated glass tube. He also designed an
electrochemical — capacitor (condenser), 1843.
Ref.: [i] De La Rive AA (1853-1858) A treatise on electricity: In theory
and practice. Longman Brown Green & Longmans, London

EK

Delaurier cell — This was a chromic acid (carbon
electrode)-zinc — battery with a chromic acid elec-
trolyte that contained additionally iron(III) sulfate.
See also — chromic acid battery, — Daniell cell,
— zinc, — Zn**/Zn electrodes, - Zn**/Zn(Hg) electrodes,
— zinc—-air batteries (cell), and — Leclanché cell.

Ref.: [i] Hauck WP (1883) Die Galvanischen Batterien, Accumulatoren

an

und Thermosdulen, edn. Hartleben’s Verlag, Wien

FS

Delayed PBD (probe beam deflection) response — An
outcome related to the difference on time between the
— current response of a reaction that is measured at the
electrode surface and its corresponding deflection signal
measured at some micrometers from the surface. It is an
effect associated with the time required for the — dif-
fusion and — migration of soluble species between the
electrode surface and the position in which the signal
of — probe beam deflection is measured [i]. This effect is
also termed propagation delay or diffusional delay.
Ref.: [i] Barbero CA (2005) Phys Chem Chem Phys 7:1885; [ii] Garay F,
Barbero CA (2006) Anal Chem 78:6740

FG

Delocalization — A quantum mechanical concept most
usually applied in organic chemistry to describe the
n-bonding in a conjugated system. This bonding is not
localized between two atoms: instead, each link has
a “fractional double bond character” or — bond order.
There is a corresponding “delocalization energy”, iden-
tifiable with the stabilization of the system compared
with a hypothetical alternative in which formal (local-
ized) single and double bonds are present. Some degree
of delocalization is always present and can be estimated
by quantum mechanical calculations. The effects are par-
ticularly evident in aromatic systems and in symmetri-
cal - molecular entities in which a lone pair of electrons
or a vacant p-orbital is conjugated with a double bond
(e.g., carboxylate ions, nitro compounds, enamines, the
allyl cation). Delocalization in such species may be rep-
resented by partial bonds or as resonance (here sym-
bolized by a two-headed arrow) between contributing
structures.
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Demineralization
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Delocalization — Figure

These examples also illustrate the concomitant de-
localization of charge in ionic conjugated systems, like
n-conjugated — conducting polymers. Electrode surfaces
are modified with films of m-conjugated conducting
polymers to form — polymer-modified electrodes. Analo-
gously, delocalization of the spin of an unpaired electron
occurs in conjugated — radicals.

Ref.: [i] Muller P (1994) Pure Appl Chem 66:1077
WK

Demineralization — desalination

Dendrite growth (electrodeposition) — Electrochemi-
cal deposition (— electrodeposition) of matter by, e.g., re-
duction of metal ions or oxidation of aniline yields de-
posits on the electrode where the reaction occurs. In the
case of metal deposition various modes of growth have
been identified: Formation of many nuclei growing both
in diameter and height (spontaneous nucleation, three-
dimensional growth, — Volmer-Weber growth), layer-
by-layer growth (two-dimensional growth, - Frank-van
der Merwe growth) and growth of numerous nuclei on
a complete layer of the deposited metal (— Stranski-
Krastanov growth). Rapid increase of height by growth
of a nucleus away from the electrode surface may result
in the formation of dendrites (needle-shaped deposits).
They may penetrate separators in secondary — batteries
causing internal short circuiting, they will cause rough
surfaces in electroplating.

RH

Density gradient — Change of density dp as a function
of location dx. A density gradient is, e.g., observed in
front of an electrode where metal deposition by reduc-
tion of metal ions from solution is proceeding. The re-
moval of ions from solution causes a decrease in ionic

concentration and in most cases (especially with heavy
ions) a change in density. Closely related to the — con-
centration gradient established during this process a den-
sity gradient is established. In an otherwise stagnant
electrolyte solution this gradient might cause free — con-
vection. Generally convection is the fundamental reason
of the establishment of a finite — diffusion layer thick-
ness.

RH

Density of states (semiconductor-solution interface) —
Density of states is the number of allowed energetic
states in a solid. It is a property in statistical and con-
densed matter physics that quantifies how closely packed
energy levels are in a physical system. It is often ex-
pressed as a function g(E) of the internal energy E, or
a function g(k) of the wave vector k. Most frequently
density of states is used with electronic energy levels in
a solid (— metals and — semiconductors). Typical values
of the density of states in the conduction band of germa-
nium are 1.04 x 10", in the valence band 6 x 10'®. With
InP the respective values are 5.8 x 107 and 1.4 x 10",
Ref.: [i] Memming R (2002) Semiconductor electrochemistry. Wiley-
VCH, Weinheim

RH

Depletion region — A depletion region is any part of
a — semiconductor device that has been depleted of ma-
jority carriers due to the presence of an — electric field,
so that it becomes nearly insulating. The electric field
may arise from an externally applied bias, the presence
of a nearby — interface composed of a differently doped
semiconductor material (as in a p-n junction), or the
presence of a nearby interface composed of a metal (as
in a — Schottky barrier). In the presence of light, photons
may interact with matter inside a depletion region, cre-
ating electron-hole pairs that are then rapidly separated
by the electric field. Efficient separation permits the elec-
trons and holes to do useful work in an external circuit.
This is the basis of many photoelectrochemical (= pho-
toelectrochemistry) devices. The differential capacity Csc
of the depletion region (also called the space-charge re-
gion) in a semiconductor is related to the potential drop
Agsc across it by the Mott-Schottky equation (— Mott-
Schottky plot).

SE

Depolarization — The partial or complete elimination
or counteraction of — polarization of an — electrode dur-
ing electrochemical processes by adding a — depolar-
izer. The term refers to a situation where the electrode
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potential is the measured (dependent) quantity and the
current is the controlled (given) quantity. Since in many
electrochemical experiments the situation is vice versa,
i.e., the current is the measured (dependent) quantity
and the potential is controlled (given), the term ‘depo-
larization’ is used - not completely correct in the sense
of the word - for processes that cause the current to flow,
i.e., by — faradaic reactions.

BM

Depolarizer — A compound that is capable of reducing
or eliminating the — polarization of an electrode when
a — current is applied, i.e., a compound that causes — de-
polarization. The term is used for any compound that is
oxidized or reduced on an electrode, independent of the
experimental setup, i.e., for experiments with controlled
currents and also controlled potentials.

BM

Deposition — A process in which a compound or mate-
rial is deposited on an electrode surface using electroly-
sis. Deposition processes play an important role in many
technologies (e.g., coating of materials with metals or
oxides, — electrodeposition) and in analytical methods
(— electrogravimetry, — stripping voltammetry).

BM

Deposition overpotential — potential, and — overpoten-
tial

Deposition potential — potential, subentry — deposition
potential

Depth of discharge — (DOD) is defined as the per-
centage of the rated — capacity that is drawn off during
each discharge step. DOD is expressed in percentage (%)
from the rated maximum capacity of the — battery. The
depth of discharge is one of the dominant parameters
that determine the cycle life of a rechargeable battery. If
along — cycle life is desired, the battery should be oper-
ated at low DOD or low rates.
Refs.: [i] Linden D (1994) Handbook of batteries, 2" edn. McGraw-Hill,
New York, Appendix A; [ii] Anil Ahuja (1997) Integrated M/E design:
Building systems integration. Springer, New York, p 116

ocC

Derjaguin-Landau-Verwey-Overbeek theory
— DLVO theory

Desalination — is a process to produce clean (potable)
water from brackish or seawater. This is done mainly by

thermal evaporation, but also by several membrane sep-
aration processes, including reverse — osmosis, — elec-
trodialysis, or membrane distillation.

Industrially most significant is the d. by reverse — os-
mosis. It is used especially in d. plants with lower ca-
pacities, as e.g., on passenger (cruise) and war ships.
The design of a typical plant comprises either a spiral-
wound or hollow fiber membrane module design. Ei-
ther composite membranes or asymmetric phase inver-
sion membranes made of polyamide are used. The in-
coming feed water must be prefiltered and chemically
treated, in order to avoid membrane fouling and scal-
ing. It is fed by a high-pressure pump into the mem-
brane modules, operated in parallel or in series. A por-
tion of the feed stream permeates the membrane and is
recovered as product water. The retentate becomes in-
creasingly concentrated and leaves the membrane mod-
ules at a pressure ca. 10-15% lower than at the in-
let. Typical product recovery rates in seawater desali-
nation plants are ca. 50%, depending on the feed wa-
ter composition, membrane properties, product water
quality requirements, and plant operating conditions.
The approximate required energy for the desalination
of sea- or brackish water is 1-4 kWh per cubic meter
of product water, depending on the above-mentioned
factors. Total process costs for reverse osmosis water d.
amount to ca. 0.7-3 US $ per cubic meter of product wa-
ter, mainly depending on the composition of the feed
solution. Reverse osmosis technology, combined with
— ion-exchange resins, is used in the production of pure
and ultrapure water for biomedical and microbiologi-
cal use, for the semiconductor industry and analytical
laboratories.

The second typical technology applied for d. of wa-
ter is — electrodialysis. After appropriate pretreatment
(as above), the feed solution is pumped through the
unit of one or more stacks in series or parallel. The
concentrated and depleted process streams leaving the
last stack are recycled, or finally collected in storage
tanks. The plants operate unidirectionally, as explained,
or in reverse polarity mode, i.e., the current polarity is
changed at specific time intervals (minutes to hours),
and the hydraulic flow streams are reversed simulta-
neously, thus preventing the precipitation in the brine
cells.

Refs.: [i] El-Dessouky HT, Ettouney HM (2002) Fundamentals of salt
water desalination. Elsevier; [ii] Rautenbach R (2002) Membrane sepa-
ration processes in water treatment. In: Ullmann’s encyclopedia of indus-
trial chemistry, 6™ edn. Wiley-VCH; [iii] Leitner GF (1989) Desalination
76:201

MHer
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Desorption

Desorption — A physical process leading to separation
of substances. Desorption is a process opposite to — ad-
sorption. In this phenomenon sorbed substance is re-
leased from the adsorbing surface to bulk of solution or
to the gas phase. Desorption can be accomplished by dis-
turbing the equilibrium of adsorption, and by diminish-
ing the concentration of adsorbed substance in the sur-
rounding phase. Also changes in physical conditions of
the system, like decreasing of pressure or increasing of
temperature may trigger a desorption. In electrochem-
istry desorption of substances from the surface of an
— electrode can be induced by changing the — electrode
potential. Desorption phenomena usually strongly affect
the — double layer structure and change its — capaci-
tance as seen in voltammetric experiments.
Ref.: Atkins PW (1998) Physical chemistry, 6" edn. Oxford University
Press, Oxford

MD

Despi¢, Aleksandar

(Reproduced with permission of
the Institute of Electrochemistry,
Belgrade, Serbia)

(Jan. 6, 1927, Belgrade, Serbia — Apr. 7, 2005, Belgrade,
Serbia) Despi¢ studied chemistry at Belgrade University
(B.Sc. in 1951) and the Imperial College, London, UK
(Ph.D.in1955). He specialized in electrochemistry at the
University of Pennsylvania, Philadelphia, USA (1957-
1959) and was visiting professor at that University in
1969 [i]. He worked at the Faculty of Technology of Bel-
grade University since 1953, from 1971 as a full profes-
sor. Despi¢ was a corresponding member (1965-1976)
and full member (since 1976) of the Serbian Academy
of Sciences and Arts, in which institution he served as
vice-president (1981-1994) and president (1995-1999).
He was also president (1973-1977) and honory president
(since 1978) of the Serbian Chemical Society, and vice-
president of the International Society of Electrochem-
istry (1977-1979). Despi¢ wrote about 170 scientific and
40 professional papers, 14 book chapters, and he received

27 patents in the fields of electrodeposition and disso-
lution of metals, electrode reaction mechanisms and ki-
netics, corrosion, catalytic reactions, power sources, and
solar energy [ii].
Refs: [i] Bockris JO'M (2005) ] Serb Chem Soc 70:789; [ii] Despi¢ AR
(1983) Deposition and dissolution of metals and alloys, Part B: mech-
anism, kinetics, texture and morphology. In: Bokris JO'M, Conway BE,
Yeager E (eds) Comprehensive treatise of electrochemistry, vol. 7, Plenum
Press, New York

MLo

Detectors — Detectors are instruments to detect the
presence of a substance and to measure its concentration
(or amount). Electrochemical detectors can be based
on — potentiometry, — conductometry, — amperome-
try, — voltammetry, — impedance spectroscopy, — oscil-
lometry, — coulometry, or any other signal-generating
technique. Most detectors are applied to measure un-
der flow-through conditions, e.g., in chromatography,
flow-injection analysis, gas analysis. Among the poten-
tiometric detectors, the — lambda probe outnumbers all
other detectors because of its use in controlling the com-
bustion process in car engines. As amperometric detec-
tors — ultramicroelectrodes are used because they allow
measurements at low electrolyte concentrations. Elec-
trochemical gas detectors (— gas detectors) have been
developed also for the security surveillance of work-
places, etc.

Refs.: [i] Ryan TH (ed) (1984) Electrochemical detectors. Fundamental
aspects and analytical applications. Plenum Press New York; [ii] Vina ]
(1982) Gas and liquid analyzers. In: Svehla G (ed) Wilson and Wil-
son’s comprehensive analytical chemistry, vol. XVIIL. Elsevier, Amster-
dam; [iii] Mount AR (2003) Hydrodynamic electrodes. In: Bard AJ, Strat-
mann M, Unwin P (eds) Instrumentation and electroanalytical chem-
istry. Encyclopedia of electrochemistry, vol. 3. Wiley-VCH, Weinheim,

pp 134
FS

Detection limit — limit of detection

Deutonium (D;0%) activity — glass electrode

DHE — dynamic hydrogen electrode

Diabatic process — Nonadiabatic (diabatic) process

Diamond electrode — Electrode made from — boron-
doped diamond or similar doped diamond materials. Di-
amond, natural or synthetic, exhibits some exceptional
material properties such as low thermal expansion, op-
tical transparency for visible, IR, and microwave ra-
diation, mechanical strength, and shock resistance [i].
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Boron-doped diamond is electrically conducting and
has found applications as electrode material in waste-
water treatment, ozone generation, electroanalysis, and
trace metal detection [ii]. Due to their exceptional
chemical inertness and mechanical strength, diamond
electrodes have been proposed for applications in ex-
tremely aggressive media such as strong acids or plas-
mas. See also — carbon electrodes.
Refs.: [i] Wilks E, Wilks J (1991) Properties and applications of diamond.
Buttersworth-Heinemann, Oxford; [ii] Swain GM, Anderson AB, An-
gus JC (1998) MRS Bull 23:56

M

Diaphragm — Device separating electrochemical
— half-cells, but providing the necessary — ionic
conductivity, while preventing free mixing of the
— electrolytes. Diaphragms and — membranes are used
to separate the electrolyte solution surrounding the
— working electrode from the electrolyte solutions of the
— auxiliary and — reference electrodes. This is needed
because the products that are formed at the auxiliary
electrode should not interfere with those produced by
the reaction on the working electrode. Diaphragms are
particularly important in — electrolysis cells and espe-
cially in — coulometry. In experiments using a reference
electrode, that electrode must be separated from the cell
because its potential depends on the composition and
the concentration of the electrolyte that surrounds it.
The compartments can be separated using diaphragms
of sintered glass or porous, permeable glass (— Vycor®),
ceramic materials and porcelain, agar gel, or — ion
exchange membranes. Some examples of — anolyte and
— catholyte separators used in the industry are steel
net-supported asbestos diaphragms and ion-selective
polymer membranes in the chlor-alkali production and
water electrolysis. Good separators must be chemically
inert and mechanically durable. However, because of
— ohmic resistance, they are avoided wherever it is
possible.
See also — separator and — electroosmosis.

Ref.: [i] Pletcher D, Walsh FC (1993) Industrial electrochemistry. Blackie
Academix & Professional, London

SKL
Diaphragm process — alkali chloride electrolysis

Dichloromethane — Organic solvent (CH,Cl,, methy-
lene chloride, melting point —94.9 °C, boiling point
39.6 °C) with a density (1.325gcm™ at 25 °C) heavier
than water and essentially immiscible with water. Due
to its inert properties and good — solvation power for

organic molecules (— dielectric constant &, = 8.93),
dichloromethane is often used as a solvent for organo-
electrochemical processes with a suitable electrolyte
salt such as tetrabutylammonium hexafluorophosphate.
Dichloromethane is readily purified by passing over ac-
tive basic alumina or P,Oyy [i].
Ref.: [i] Reichardt C (2003) Solvents and solvent effects in organic chem-
istry. Wiley-VCH, Weinheim

FM

Dielectric — A material in which a — DC field does not
produce a DC — current flow is called a dielectric, or
insulator.
Ref.: Eliott SR (1998) The physics and chemistry of solids. Wiley, Chich-
ester

ES

Dielectric constant — Symbol: ¢, (dimensionless).

Relative — permittivity of a dielectric (an electronic
— insulator) or relative dielectric constant or, shorter,
dielectric constant &, is the proportionality constant be-
tween the electric field strength and the charge den-
sity for a plate condenser with a dielectric medium be-
tween the two plates. In case of vacuum this constant
is called the permittivity of free space ¢y and its value
is 8.85418782 x 1072 CV~'m™. When a dielectric is
present between the two plates, an increase of the charge
density is observed compared to the case with a vac-
uum. This relative increase is called the relative dielec-
tric constant ¢, i.e., it is unity for vacuum. The dielec-
tric constant can be determined from the capacity of
a condenser with the dielectric to be studied between
the plates. The electric susceptibility of the dielectric is
defined as: y. =& — 1.
Ref.: [i] Kuhn H, Forsterling HD (1999) Principles of physical chemistry.
Wiley, Chichester, p 27

MLo

Dielectric relaxation — Dielectric materials have the
ability to store energy when an external electric field is
applied (see — dielectric constant, dielectric — permit-
tivity). Dielectric relaxation is the delayed response of
a dielectric medium to an external field, e.g., AC sinu-
soidal voltage, usually at high frequencies. The result-
ing current is made up of a charging current and a loss
current. The relaxation can be described as a frequency-
dependent permittivity. The real part of the complex per-
mittivity (¢') is a measure of how much energy from an
external electric field is stored in a material, the imagi-
nary part (¢'’) is called the loss factor. The latter is the
measure of how dissipative a material is to an exter-
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nal electric field. A material may have several dielec-
tric mechanisms or polarization effects that contribute
to its overall permittivity. Each dielectric mechanism ef-
fect has a characteristic resonant frequency or relaxation
frequency.

Materials that exhibit a single relaxation time con-
stant can be modeled by the Debye relation which ap-
pears as a characteristic response in the permittivity as
a function of frequency. The complex permittivity dia-
gram is called Cole-Cole diagram constructed by plot-
ting &” vs. ¢’ with frequency as independent parameter.

The dielectric relaxation plays an important role in
electrochemistry. For instance, the solvent dipoles, e.g.,
water molecules, have a smaller relaxation time (in MHz
range) when bonded to an ion in the hydration sphere
or to a charged surface in comparison with the free
water molecules the characteristic relaxation time of
which falls in the GHz range. The Bockris-Devanathan-
Miiller theory takes this effect into account in model-
ing the — double layer. The ionic — conductivity only
introduces losses into a material. Interfacial or space-
charge polarization occurs when the motion of migrat-
ing species is impeded. The charges can become trapped
within the interface of a material. Motion may also be
impeded when charges cannot be freely discharged or
replaced at the electrode. The field distortion caused by
the accumulation of these charges increase the overall
capacitance of a material which appears as an increase
in ¢’. When electrically conducting regions are sepa-
rated by nonconducting regions ¢’ decreases as a func-
tion of frequency since at high frequencies the charges
have no time to accumulate at the surfaces of the bor-
ders (Maxwell-Wagner effect). Dielectric relaxation in
an electrochemical environment [iv] can be caused by
the — electrolyte [v], by surface layers, or by the — dou-
ble layer. Characteristic for dielectric relaxation is the
frequency-dependent — impedance according to

dlogZ
dlogt

or an almost constant phase angle > —90° (— constant
phase element). In the time domain, after a potential step,
the — current density relaxes according to

dlogi
dlogt

ioct™hor -
(Curie-von Schweidler law). Such behavior is simulated
by a number of combinations of capacitors and resis-
tors with overlapping time constants. Dielectric relax-
ation is mainly explained by two models, the dipole

+

, K

' Dipolar ?

o

<)
3
S

Dielectric relaxation — Figure. The frequency responses (dielectric
relaxation) of a material and the related dielectric mechanisms. On the
abscissa the frequencies are indicated in Hertz. (from ref [iii])

model and the geometric model. The dipole model as-
sumes a large number of dipoles in the dielectric which
are reversibly turned or stretched by an electric field. If
the field is lowered, the dipoles relax again. Both pro-
cesses require a field-supported thermal activation and
are therefore delayed. Normally, a flat distribution of
activation energies is necessary to describe the experi-
ments [vi]. The geometric model assumes a special shape
of a rough or structured electrode surface [vii]. These
structures (e.g., a fractal topography [viii] or trenches
and pores [ix]) are simulated by special ladder networks
of resistances and capacitors which describe the complex
interaction of — double-layer capacities and electrolyte
or surface film resistances, respectively. Both models
must be able to explain the wide range of dielectric relax-
ation which covers up to ten decades in the time domain.
An experimental distinction between the models is not
trivial.
Refs.: [i] Geyer RG (1990) Dielectric characterization and reference ma-
terials. NIST Technical Note, p 1338; [ii] von Hipple A (1961) Dielec-
tric materials and applications. MIT Press, Cambridge; [iii] Hewlett-
Packard Application Note 1217-1 (1992) Basics of measuring the dielec-
tric properties of materials; [iv] Jonscher AK (1983) Dielectric relaxation
in solids. Chelsea Dielectric Press, London; Ross JR (1987) Impedance
spectroscopy. Wiley, New York; [v] Buchner R, Barthel J (2001) Annu
Rep Prog Chem C 97:349; [vi] Dutoit EC, Van Meirhaege RL, Cardon E,
Gomes WP (1975) Ber Bunsenges Phys Chem 79:1206; [vii] de Levie R,
Vogt A (1990) ] Electroanal Chem 278:25; [viii] Liu SH (1985) Phys Rev
Lett 55:529; Sapoval B, Chazaviel J-N, Peyriére ] (1988) Phys Rev A
38:5867; [ix] de Levie R (1965) Electrochim Acta 10:113

GI, MML
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Dielectrophoresis — Defined as the translational mo-
tion of an electrically neutral particle caused by polar-
ization (see — dipole moment) effects in a nonuniform
electric field [i, ii]. The translational force producing this
effect arises from the interaction of the particle’s dipole
moment ‘m’ (permanent or induced) with the nonuni-
form electric field. In the figure below, case (a) is shown
where the charge relaxation time (see — dielectric relax-
ation) of the particle is less than that of the surround-
ing fluid. The dipole ‘m’ induced in the particle, as a re-
sult of the build-up of surface free charges, is oriented
in such a way that the particle experiences a net force
attracting it more towards the anode than the cathode.
The particle is thus attracted to the high field region,
and this is termed positive dielectrophoresis. Case (b)
applies where the charge relaxation time inequality is re-
versed, and now the particle is pushed away from the an-
ode more strongly than the repulsion from the cathode.
The net force acting on the particle pushes it away from
the strong field region under the action of negative di-
electrophoresis.

In its simplest form the force acting on the particle
is given by F = (m.V)E where V is the grad vector
operator defining the gradient of the local electric
field E. The dipole moment m induced in a particle,
of volume v, is given by m = pvE where p is the
polarizability factor that determines the relative charge
relaxation times of the particle and fluid. From these
two equations we can write the translational force
as F = pv(E.V)E = %va|E|2. It follows that the
dielectrophoretic force is zero if the field is uniform (i.e.,
for VE = 0), and that the force depends on the — polar-
izability of the particle, the volume of the particle, and
the square of the applied electric field magnitude.

The polarizability of a particle is a sensitive function
of its physico-chemical properties and structure. This
means that particles such as biological cells can be
selectively manipulated as a result of their own intrinsic
properties, without the need for biochemical labels,
beads, dyes, or other markers and tags. The dependence
on particle volume indicates that, with all other factors
remaining constant, the larger the object the greater
will be the dielectrophoretic force acting on it. The
dependence on the square of the field emphasizes that
the effect is independent of the polarity of the applied
field, and can thus be observed using either AC or DC
fields. Selective manipulation of a specific particle type
in a mixture is best achieved using a radio frequency
field at a frequency where the induced charge relaxation
properties of the target particle differ significantly from
the other particle types. Dielectrophoresis, which can

10,
10)

+
7

Dielectrophoresis — Figure

operate on uncharged particles in AC fields, thus differs
significantly from electrophoresis (see — electrophoretic
effect) where particles carrying a net charge are induced
to move in a uniform DC field. Dielectrophoresis
has been exploited for biomedical applications, such
as separating stem cells from bone marrow [iii] and
for manipulating cells and other bioparticles on
lab-on-a-chip devices [iv].
Refs.: [i] Pohl HA (1978) Dielectrophoresis. Cambridge University Press,
Cambridge; [ii] Jones TB (1995) Electromechanics of particles. Cam-
bridge University Press, Cambridge; [iii] Stephens M, Talary M, Pethig
R et al (1996) Bone Marrow Transplant 18:777; [iv] Voldman ] (2006)
Annu Rev Biomed Eng 8:425

RP

Diffuse double layer — double layer

Difference effect — During anodic dissolution of metals
whose — standard electrode potential is more negative
than that of the — hydrogen electrode, hydrogen evolu-
tion may proceed as competing process. If the hydrogen
evolution is faster when an anodic current is flowing
this is called negative difference effect, a decrease of
hydrogen evolution is called positive difference effect.
The negative difference effect is explained by assuming
that anodic current flow and the concomitant metal
dissolution removes protective surface layers (scale)
on, e.g., magnesium, aluminum, or titanium resulting
in enhanced chemical attack of the electrolyte solution
and corresponding hydrogen evolution. The origin of
the positive difference effect is still under discussion,
chemical reaction inhibiting the formation of films is
mostly considered.
Refs.: [i] Straumanis ME (1958) ] Electrochem Soc 105:284; [ii] Strauma-
nis ME, Wang NY (1956) ] Electrochem Soc 102:304

RH
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Differential capacity — An older name for differential
capacitance (— double layer).
A

Differential galvanometer — Historic — amperemeter
where a small magnetic needle is placed between two
metal coils that can be connected to two current sources.
The needle deflection depended on the difference of cur-
rents.
Ref.: [i] http://physics.kenyon.edu/EarlyApparatus/

FS

Differential potentiometric titration — means the ex-
perimental recording of the first derivative of potential
over volume of added titrant of a — potentiometric titra-
tion curve. This can be achieved with a — retarded elec-
trode as developed by — Maclnnes. In a broader sense
this term also covers the mathematical derivation of po-
tentiometric titration curves.

FS

Differential pulse polarography — polarography, suben-
try — differential pulse polarography

Differential pulse voltammetry (DPV) — Voltammet-
ric technique (— voltammetry) in which small voltage
pulses are superimposed to a linear varying voltage or to
a staircase ramp voltage (see also — differential pulse po-
larography). The current is measured shortly before each
pulse and before the end of each pulse, and the difference
is amplified. DPV is one of the most sensitive voltam-
metric techniques because the capacitive currents are
strongly discriminated and the ratio of — faradaic cur-
rent to — charging current is large. DPV is rather insen-
sitive to electrochemical irreversibility of the electrode
process, so that even irreversible systems produce high
peak currents.
Refs.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods, 24 edn,
Wiley, New York; [ii] Bond AM (1980) Modern polarographic meth-
ods in analytical chemistry. Marcel Dekker, New York; [iii] Galus Z
(1994) Fundamentals of electrochemical analysis, 2"¢ edn. Ellis Hor-
wood, New York, Polish Scientific Publ PWN, Warsaw; [iv] Stojek Z
(2002) Pulse voltammetry. In: Scholz F (ed) Electroanalytical methods.
Springer, Berlin

FS

Differential staircase voltammetry — In this variation
of staircase — voltammetry the current is sampled twice
on each tread of the staircase potential-time waveform.
The difference between the two currents sampled on the
same step is amplified and recorded as a function of the

step potential. The response is a bell-shaped current-
potential curve with a maximum that is proportional to
the bulk concentration of an analyte [i]. By this proce-
dure, the — background current can be successfully sup-
pressed [ii]. The theory is described in [iii] and [iv].
Refs.: [i] Scholz E, Nitschke L, Henrion G (1988) Fresenius Z Anal Chem
332:805; [ii] Scholz E, Draheim M, Henrion G (1990) Fresenius | Anal
Chem 336:136; [iii] Lovri¢ M (1995) Croat Chem Acta 68:335; [iv] Yu JS,
Zhang ZX (1997) ] Electroanal Chem 427:7

MLo

Diffraction (X-ray, neutron, or electron diffraction
- simultaneous application in electrochemistry) —
A unique method for studying the phase composition
and the atomic structure of crystalline materials. — Elec-
trodes and — solid electrolytes are usually crystalline ma-
terials with a regular atomic structure that predicts their
electrochemical behavior. For instance, the ionic trans-
port in solid electrolytes or — insertion electrodes is pos-
sible only owing to the special atomic arrangement in
these materials. The method is based on the X-ray (neu-
tron or electron) reflection from the atomic planes. The
reflection angle 6 depends on the X-ray (neutron or
electron) wave length A and the distance d between the
atomic planes (Bragg’s Law):

2d sin 6 = nA (here n - integer) .

The positions (angles) and intensities of the reflections in
the diffraction patterns are typical (fingerprint) for each
compound and can be transformed into the atomic ar-
rangement. The samples for the crystal structure deter-
minations are usually single crystals, but more complex
modern methods allow such an analysis for powder ma-
terials. The X-ray powder diffraction patterns are widely

Aluminium Trovidur Teflon

Stainless Steel

O-Rings Lithium Foil

Spring

Diffraction (X-ray, neutron, or electron diffraction - simultaneous
application in electrochemistry) — Figure 1. A typical cell for in situ
XRD experiments in transmission mode (Ref. [v])
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Diffraction (X-ray, neutron, or electron diffraction - simultaneous application in electrochemistry) — Figure 2. The evolution of the XRD

patterns of spinel LixMn,Oy: bottom x = 0, top x =1 (Ref. [v])

used to identify the type of material in any mixture by
comparing them with the standard patterns of the In-
ternational Powder Diffraction File (PDF) database. For
instance, the phase composition of the active electrode
mass (such as LiMO,, M = Co, Ni, Mn) obtained in the
synthesis is commonly controlled by XRD.

The phase identification is especially important for
insertion electrodes. In this case, the electrochemical
curves can be regarded as some kind of phase diagram
for the hosts and the insertion ions. Thus, the electro-
chemical process reflects the — phase transitions that
take place in the host upon ion insertion. The study
of this process by phase analysis can be performed for
electrodes removed from the solution at the character-
istic points of the electrochemical curve (ex situ experi-
ments), but it can be also performed simultaneously with
electrodes polarized in electrochemical cells, as shown
below (in situ experiments).

In situ XRD measurements in the cell described
herein may be especially useful when the source of the
beam is a synchrotron. Such a beam has the necessary
intensity for use in the transmittance mode, which is
the most convenient for simultaneous XRD and electro-
chemical measurements.

Refs.: [i] West AR (1988) Basic solid state chemistry. Wiley, New York,
pp 323; [ii] Nazri GA, Pistoia G (eds) (2004) Lithium batteries: Science
and technology. Kluwer, Boston, parts I-III; [iii] David WIE Shank-
land K, McCusker LB, Baerlocher C (eds) (2002) Structure determi-
nation from powder diffraction data. Oxford University Press, Oxford,
pp 337; [iv] Jenkins R, Snyder RL (1996) Introduction to X-ray powder
diffractometry. Wiley, New York, pp 403; [v] Baehtz C, Buhrmester T,
Bramnik NN, Nikolowski K, Ehrenberg H (2005) Solid State Ionics
176:1647

EL, DA

Diffuse layer capacitance — The diffuse layer is the out-
ermost part of the electrical double layer [i]. The elec-
trical - double layer is the generic name for the spa-
tial distribution of charge (electronic or ionic) in the
neighborhood of a phase boundary. Typically, the phase
boundary of most interest is an electrode/solution in-
terface, but may also be the surface of a colloid or the
interior of a membrane. For simplicity, we here focus
on the metal/solution interface. The charge carriers in-
side the metal are — electrons, which are confined to
the metallic phase. The charge carriers inside the solu-
tion are ions, which are confined to the solution phase.
Due to the differences in — work function between the
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two phases, the different charge carriers in the different
phases accumulate in the vicinity of the interface, in an
attempt to maintain overall — electroneutrality. Due to
the high concentration and small size of electrons in the
metal, the excess charge on the metal is localized at its
surface. But due to the low concentration and large size
of ions in solution, any neutralizing charge in the so-
lution is distributed over a finite region of space. This
region of space may be imagined as consisting of three
zones of different character. There is a near-field region
in which desolvated ions are essentially immobilized in
contact with the metal surface. The forces involved are
both electrostatic and quantum in character. There is an
intermediate-field region in which ions are continuously
undergoing — solvation/desolvation processes driven by
electrostatic forces, and finally there is a far-field region
in which fully solvated ions are undergoing continuous
place-exchange with ions from the bulk of solution. This
latter region is known as the — diffuse layer. There is
some experimental support for the idea that the total ca-
pacitance of the three regions of solution adjacent to an
electrode surface may be treated as three capacitors in
series:

I/CTII/C1+1/C2+1/Cd ,

where the diffuse layer capacitance Cq4 is given by
— Chapman’s formula

22 \2
2¢,80€°7; cl) COsh(ez(V(a))) .

Ci=A
¢ ( kT 2kT

Here ¢, is the relative — permittivity (static dielectric
constant) of the solution, ¢ is the permittivity of free
space, e is the unit charge on the electron (— elementary
electric charge), z; is the valence of the ionic species i,
¢; is the bulk concentration of the adsorbing species i,
k is the — Boltzmann constant, T is the absolute tem-
perature, and (V (a)) is the time-averaged value of the
electric potential difference across the diffuse layer. The
diffuse layer capacitance is (very roughly) of the order of
10 uF cm 2. The “thickness” of the diffuse layer is essen-
tially the — Debye length Lp,
1/2
&.&RT

Lp=| 5=
P2y ¢z}

1
where ¢, is the relative permittivity (static dielectric con-
stant) of the solution, & is the permittivity of free space,
R is the — gas constant, T is the absolute temperature,
F is the — Faraday constant, c; is the bulk concentration
of species i, and z; is the valence of species i.

Ref.: [i] Parsons R (1954) Equilibrium properties of electrified inter-
phases. In: Bockris JO'M, Conway BE (eds) Modern aspects of electro-
chemistry. Academic Press, New York

SF

Diffuse reflection spectroscopy — spectroscopy

Diffusion — Diffusion is transport of particles caused
by the local difference in the chemical potential [i]. The
flux, J, of particles is proportional to the gradient of
the concentration See — Fick’s first law. This equation
can be derived thermodynamically by equating the force
acting on a spherical particle by the — chemical poten-
tial gradient with the frictional force. When the parti-
cle in radius a moves at velocity v in the medium of
the — viscosity 1, the Stokes’ law mentions that the force
is given by 6nnav (— Stokes’ viscous force). When the
chemical potential per particle is expressed by u© +
kpT1n(c/c®), the force of the one-dimensional gradi-
ent is given by —(kp T/c)(dc/dx), where u® is the stan-
dard chemical potential, kg is the — Boltzmann con-
stant, and ¢* is the standard concentration. Letting the
molar flow rate of the species be ] = cv, the balance
of the forces, —(kgT/c)(dc/ox) = 6mua(]/c), yields
J = —=D(9c/dx), where D = kgT/6nna is the — diffu-
sion coefficient [ii]. The relation is the — Stokes-Einstein
equation. Electrochemical reactions are heterogeneous
and hence they are frequently controlled by diffusion.
When the concentration gradient near the electrode is
large, the current density is expressed by j = nF (J),_, =
—-nFD (dc/0x),_,. When the FicK’s first law is combined
with the equation of continuum, dc/dt = —d]/dx, in the
one-dimensional space, it becomes the Fick’s second law,
dc/dt = D(9*c/dx?), for the diffusion coefficient inde-
pendent of x. A diffusion problem in electrochemistry
lies in solving the diffusion equation together with initial
conditions and boundary conditions. Diffusion is always
coupled to — charge-transfer reactions. See also — mass
transport, — electrode processes.

Refs.: [i] Kittel C (1969) Thermal physics, 3" edn. Wiley, New York, p 215;
[ii] Atkins PW (1998) Physical chemistry, 6" edn. Oxford University
Press, Oxford, p 748

KA
Ambipolar diffusion — ambipolar conductivity
Convective diffusion — The electrochemical

— mass transport controlled by both — convection and
— diffusion is called a process by convective diffusion [i].
Convection is caused by externally controlled force or
spontaneous force. Convective diffusion has been con-
ventionally used in a strict sense for well-controlled flow
such as for — rotating disk electrodes [ii], — channel elec-
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trodes (— flow-through electrodes) and — wall-jet elec-
trodes. Convective diffusion is also operative in case of
— dropping mercury electrodes in — polarography. Spon-
taneous flow occurs when heterogeneous density distri-
bution of reactants or products causes natural convec-
tion of solution for long electrolysis. Convective diffu-
sion increases the current of the electroactive species
by the flow rate, v. When there is no effect of electric
— migration, the flux is expressed by ] = —D grad ¢ + ¢v,
where D is the — diffusion coefficient and c is the con-
centration. Combining it with the equation of contin-
uum, dc/dt = —div J, yields dc/dt = DV*c - v - Vc. The
expression of v as a function of time and space can be
obtained from the — Navier-Stokes equation.
Refs.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods, 2" oy,
Wiley, New York, pp 332; [ii] Opekar E, Beran P (1976) ] Electroanal
Chem 69:1
KA
Concentration profile caused by diffusion —
Formation or consumption of reacting species at the
electrode surface causes concentration distribution of
electroactive species in the solution phase during elec-
trolysis. Equi-concentration contours stand for a con-
centration profile. A concentration profile can be mea-
sured by detecting — current or — potential by use of
a small probe electrode at various locations near a tar-
get large electrode. A typical method is scanning electro-
chemical microscopy. See also — diffusion layer, — scan-
ning electrochemical microscope.
KA
Edge diffusion — The diffusion edge is the fic-
tional boundary between the diffusion layer and the
bulk. It is a convenient concept when an extending dif-
fusion later reaches an object to react, e.g., at a pair elec-
trode and a — scanning electrochemical microscope [i].
Ref.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods, 214 edn,
Wiley, New York, p 669
KA
Finite diffusion — Finite (sometimes also called
— limited) diffusion situation arises when the — diffu-
sion layer, which otherwise might be expanded infinitely
at long-term electrolysis, is restricted to a given distance,
e.g., in the case of extensive stirring (— rotating disc elec-
trode). It is the case at a thin film, in a thin layer cell,
and a thin cell sandwiched with an anode and a cathode.
Finite diffusion causes a decrease of the current to zero
at long times in the — Cottrell plot (— Cottrell equation,
and — chronoamperometry) or for voltammetric waves
(see also — electrochemical impedance spectroscopy). Fi-
nite diffusion generally occurs at - hydrodynamic elec-
trodes.

Refs.: [i] Crank ] (1975) The mathematics of diffusion, 2" edn. Claren-
don Press, Oxford, chap 3; [ii] Jost W (1960) Diffusion in solids, liquids,
gases, 3™ edn. Academic Press, New York
KA
Hemispherical diffusion — Electrolysis at
a hemispherical electrode provides hemispherical
diffusion. A hemispherical electrode can be constructed
by plating mercury onto an inlaid disk metal [i].
It is not easy to control the geometry accurately.
A hemispherical electrode has often been employed
for a model of the microelectrode behavior because
three-dimensional — mass transport can be reduced
mathematically to the one-dimensional mass transport.
This model has been applied to estimation of charge
transfer kinetics, effect of electric migration, and
chemical complications. The time-dependent diffusion
equation at the hemispherical or a spherical electrode
is given by dc/dt = D(9%c/or* + (2/r)dc/or). The
substitution of ¢ = y/r alters this equation to the
one-dimensional diffusion equation at the Cartesian co-
ordinate (dy/dt = Do*y/dr*). The diffusion equation
has the steady-state solution, ¢ = ¢*(1 - ro/r), for the
radius 7y of the spherical electrode when concentration
at the electrode surface is zero and the bulk concentra-
tion is ¢* [i]. Then the steady-state diffusion current is
given by I = 2mrgFDc*.

\\l//

Diffusion — Hemispherical diffusion — Figure

Refs.: [i] Demaille C, Brust M, Tsionsky M, Bard A] (1997) Anal Chem
69:2323; [ii] Bard AJ, Faulkner LR (2001) Electrochemical methods, 2%
edn. Wiley, New York, p 165
KA
Limited diffusion — applies to a thin film or
a — thin layer cell. Limited diffusion causes a decrease of
the current to zero at long times (i.e., the — Cottrell equa-
tion will then not any more be followed; — chronoamper-
ometry) or at the voltammetric waves (— cyclic voltam-
metry) because there is not an infinite reservoir of elec-
troactive species. (See also — electrochemical impedance
spectroscopy.)
KA
Nernst diffusion layer — is the domain in which
diffusion caused by electrode reactions occurs predom-
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inantly, and is often used for the — diffusion layer under
the presumed steady-state conditions even if the current
varies with time. See also — Nernst layer.
Ref.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods, 21 ey,
Wiley, New York, p 29
KA
Planar diffusion — is one-directional diffusion of
electroactive species to and from an electrode, and is also
called linear diffusion. It is observed when a character-
istic length of an electrode is larger than the diffusion
layer thickness [i]. A disk electrode with a radius larger
than 0.2 mm usually exhibits planar diffusion for a sim-
ple redox couple. See — diffusion layer thickness, — radial
diffusion.
Refs.: [i] Aoki K, Akimoto K, Tokuda K, Matsuda H, Osteryoung J (1984)
] Electroanal Chem 171:219; [ii] Bard AJ, Faulkner LR (2001) Electro-
chemical methods, 2" edn. Wiley, New York, p 161
KA
Radial diffusion — Diffusion converging to
a point is called radial diffusion, and is applied for dif-
fusion at small microelectrodes when the radius of the
electrode is much larger than the diffusion layer thick-
ness estimated from (Dt)"/2. Genuine radial diffusion
occurs at a spherical electrode. However, radial diffusion
is sometimes used for diffusion at an edge of a planar
electrode, which is also called lateral diffusion. See also
— hemispherical diffusion.
KA
Semi-infinite diffusion — One-dimensional dif-
fusion toward both x = co and x = —oo is called infinite
diffusion, whereas that toward only one direction with
x = oo is called semi-infinite diffusion. Diffusion asso-
ciated with electrochemical — mass transport often be-
longs to the latter category. Semi-infinite diffusion has
the boundary condition: lim,_, . c(x, t) = ¢* where ¢*
is the bulk concentration. See also — finite diffusion.
KA
Spherical diffusion — hemispherical diffusion

Diffusion coefficient — The diffusion coefficient, D, is
a proportion coefficient for the — Fick’s first law. The
values in liquid are of the order of 107> cm? s™!, whereas
those in solids are often less than 107 cm?s™". The dif-
fusion coefficient of hydrogen ion in water is exception-
ally large (10~* cm? s™!) because hydrogen ion can prop-
agate via cleavage and formation of the hydrogen bonds
with neighboring water molecules [i]. The diffusion co-
efficient is inversely proportional to the radius of diffus-
ing species and inversely proportional to the — viscosity
of the medium. Electrochemical currents are often con-
trolled by diffusion and hence depend on D. Values of D

can be evaluated from diffusion-controlled current. The
diffusion coefficient of a spherical particle can be esti-
mated from the — Stokes-Einstein equation for known
values of the radius and the viscosity of the medium. See
also — diffusion.
Ref: [i] Atkins PW (1998) Physical chemistry, 6™ edn. Oxford University
Press, Oxford, p 741

KA

Diffusion coefficient: determination in solids —
For — solid materials with predominant — ion conductiv-
ity (— solid electrolytes), the diffusion coefficient of mo-
bile ions can be calculated from the bulk — conductiv-
ity using the — Nernst-Einstein equation, provided that
the — charge carrier concentration is known. Such in-
formation is readily available for materials where all ions
contributing to the transport processes are energetically
equivalent. In this case, the concentration can be deter-
mined from structural and/or chemical analysis data.
For materials where the probability of an ion jump is
strongly dependent on crystallographic position of the
given ion, only a macroscopic analysis of diffusion pro-
cesses is possible until obtaining detailed information on
the crystal structure and energetic factors.

Powerful methods for the determination of diffusion
coeflicients relate to the use of tracers, typically radioac-
tive isotopes. A diffusion profile and/or time depen-
dence of the isotope concentration near a gas/solid, lig-
uid/solid, or solid/solid interface, can be analyzed using
an appropriate solution of — Fick’s laws for given bound-
ary conditions [i-iii]. These methods require, however,
complex analytic equipment. Also, the calculation of
self-diffusion coefficients from the tracer diffusion coef-
ficients makes it necessary to postulate the so-called cor-
relation factors, accounting for nonrandom migration
of isotope particles. The correlation factors are known
for a limited number of lattices, whilst their calculation
requires exact knowledge on the microscopic diffusion
mechanisms.

The diffusion coeflicients can be assessed studying the
product formation rate in diffusion couples, or the diffu-
sion rate from a gas phase or aliquid into a solid material
(e.g., metal oxidation rates) [i-iii]. In this case, however,
the results may be affected by microstructural and inter-
facial factors due to transport in pores, surface diffusion,
limited contact area between solid phases, formation of
multiple reaction products, etc.

The — current efficiency methods are based on the
analysis of amount of electrochemical reaction prod-
ucts during or after passing an electrical current through
a material [ii-v]. Taking into account the electrode po-
larization, one can then determine the ion — trans-
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port number; the ionic conductivity and macroscopic
diffusion coefficients can then be calculated using
a complementary information, at least total conduc-
tivity. These methods can be used with a high ac-
curacy for a limited range of ion transference num-
bers. Another problem may appear if the charge car-
rier concentration depends significantly on the applied
— voltage.

Similar approaches are used for most steady-state
measurement techniques developed for mixed ionic-
electronic conductors (see — conductors and — con-
ducting solids). These include the measurements of
concentration-cell — electromotive force, experiments
with jon- or electron-blocking electrodes, determina-
tion of — electrolytic permeability, and various com-
bined techniques [ii-vii]. In all cases, the results may
be affected by electrode polarization; this influence
should be avoided optimizing experimental procedures
and/or taken into account via appropriate modeling. See
also — Wagner equation, — Hebb-Wagner method, and
— ambipolar conductivity.

As for the permeability measurements, most tech-
niques based on the analysis of transient behavior of
a mixed conducting material [iii, iv, vii, viii] make it pos-
sible to determine the ambipolar diffusion coefficients
(— ambipolar conductivity). The transient methods
analyze the kinetics of weight relaxation (gravimetry),
composition (e.g. coulometric — titration), or electrical
response (e.g. conductivity — relaxation or potential
step techniques) after a definite change in the — chem-
ical potential of a component or/and an — electrical
potential difference between electrodes. In selected
cases, the use of blocking electrodes is possible, with
the limitations similar to steady-state methods. See also
— relaxation techniques.

Finally, the diffusion coefficients can also be esti-
mated using alternative techniques, such as the analysis
of Hall effect, electrode reaction kinetics, or solids de-
composition rate.

Refs.: [i] Ghez R (2001) Diffusion phenomena. Kluwer, New York;
[ii] Kroger FA (1964) The chemistry of imperfect crystals. North-Holland,
Amsterdam; [iii] Chebotin VN (1989) Chemical diffusion in solids.
Nauka, Moscow; [iv] Rickert H (1982) Electrochemistry of solids. An
introduction. Springer, Berlin; [v] Kharton VV, Marques FMB (2001)
Solid State Ionics 140:381; [vi] Wagner C (1936) Z phys Chem B 32:447;
[vii] Bouwmeester HIM, Burggraaf A] (1996) Dense ceramic membranes
for oxygen separation. In: Burggraaf AJ, Cot L (eds) Fundamentals of
inorganic membrane science and technology. Elsevier, Amsterdam, pp
435-528; [viii] Belzner A, Giir TM, Huggins RA (1990) Solid State Ion-
ics 40/41:535

VK

Diffusion coefficient of metals in mercury —
When metal ion in solution is reduced to metal at
a mercury electrode, the metal in mercury or amalgam
is transported from the interface to the mercury bulk
by diffusion. Diffusion coefficients of amalgam are de-
termined by means of the double potential step method
at a > hanging mercury drop electrode [i]. Amalgam is
formed at the cathodic electrolysis of which charge de-
termines the average concentration of the amalgam. The
succeeding anodic potential step chronoamperometric
current (— chronoamperometry) allows us to evaluate
diffusion coefficients of amalgam. Most values range
from (0.7 to 1.6) x107> cm?s™L.

Ref.: [i] Galus Z (1984) Pure Appl Chem 56:635

KA

Diffusion-controlled rate — of an electrochemical reac-
tion is encountered if diffusion of a redox species to the
electrode surface is the most hindered (slowest) step in
the overall transport process including mass transport,
— chemical reaction and — electrode reaction.
Ref.: [i] Muller P (1994) Pure Appl Chem 66:1077

WK

Diffusion layer — The diffusion layer is an imaginary
layer of predominant occurrence of diffusion or a het-
erogeneous concentration by electrolysis, as shown in
the Figure [i]. It is used conveniently when we want
to conceptually separate a domain of charge transfer,
a domain of diffusion, and a bulk. The diffusion layer
thickness can be estimated (Dt)l/ *for the electrolysis
time, ¢, and ranges from 0.0l mm to 0.1 mm. When cur-
rent is controlled by diffusion, the thickness can also be
estimated from the current density, j, through DcF/j,
which is due to finite values of the differentiation in
j = FD(0c/0x). The concept of the diffusion layer is im-

Diffusion layer — Figure
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Diffusion layer thickness

portant when a rate-determining step is determined to
be either diffusion, chemical complications, or electron
transfer kinetics.
See also — Nernst layer, — Fick’s law.
Ref.: [i] Koryta ], Dvorak ], Bohackova V (1973) Electrochemistry.
Methuen & Co, p 119
KA

Diffusion layer thickness — diffusion layer

Diffusion overpotential — The diffusion overpotential
means the extra voltage which could compensate the dif-
ference between bulk concentration and surface concen-
tration, and is called — concentration overpotential [i].
As a performance of industrial electrolysis or batteries,
it has been used along with — activation overpotential
and — ohmic overpotential. It not only varies compli-
catedly with cell configuration, current, applied voltage,
and electrolysis time but also cannot be separated from
activation and ohmic overpotentials.
Ref.: [i] Newman, ]S (1991) Electrochemical systems. Prentice-Hall, En-
glewood Cliffs, p 13

KA

Diffusion potential — potential, subentry — diffusion po-
tential

Diffusion time (diffusion time constant) — This pa-
rameter appears in numerous problems of — diffusion,
diffusion-migration, or convective diffusion (— diffu-
sion, subentry — convective diffusion) of an electroac-
tive species inside solution or a solid phase and means
a characteristic time interval for the process to approach
an equilibrium or a steady state after a perturbation, e.g.,
a stepwise change of the electrode potential. For one-
dimensional transport across a uniform layer of thick-
ness L the diffusion time constant, 74, is of the order of
L*/D (D, - diffusion coefficient of the rate-determining
species). For spherical diffusion (inside a spherical vol-
ume or in the solution to the surface of a spherical elec-
trode) 7y = R*/D (R, radius of sphere) (- diffusion,
subentry — spherical diffusion). The same expression is
valid for hemispherical diffusion in a half-space (occu-
pied by a solution or another conducting medium) to the
surface of a disk electrode, R being the disk radius (- dif-
fusion, subentry — hemispherical diffusion). For the re-
laxation of the concentration profile after an electrical
perturbation (e.g., a potential step) 74 = L3/D; Lp be-
ing — diffusion layer thickness in steady-state conditions.
All these expressions can be derived from the qualita-
tive estimate of the thickness of the nonstationary layer

with the perturbed concentration profile within a short-
time interval, t, after the local concentration perturbed:
8, ~ (Dt)"/?. The above parameter, 74, can be estimated
as the time needed for the perturbation propagation to
the whole spatial area in which the equilibrium concen-
tration profile changed, i.e., from the relation 8;(7q) ~ L
or Ror Ly.
Ref.: [i] Barsoukov E, Macdonald JR (ed) (2005) Impedance spectroscopy.
Theory, experiment, and applications. Wiley, Hoboken

MAV

Digital filter — A mathematical algorithm implemented
by software used to eliminate unwanted frequencies
from a measured signal and thus, increase the — SNR.
Some of the most commonly used numerical signal en-
hancement techniques are:

o Boxcar averaging A software technique based on
replacing a group of closely spaced digital data that
depicts a relatively slow changing signal by a sin-
gle point that represents the average of the group.
This technique is a digital low-pass filter that can
be often implemented simultaneously with the ac-
quisition of the data (real time) since one group
of data (boxcar) can be acquired and averaged be-
fore the next boxcar arrives. Enhancement of the
— SNR can be calculated as: SNR = \/nSNRy, n is
the number of points averaged in each boxcar and
SNRy is the — SNR of the untreated data [i].

Ensemble averaging A technique based on the av-
erage of n repeated sets of measurements of the
same phenomenon. It can be applied to signals that
are changing rapidly and thus, it can be imple-
mented as a complement of the boxcar method.
Enhancement of the — SNR can be calculated as:
SNR = /nSNRy, n is the number of sets of
measurements that are averaged and SNRy is the
— SNR of the untreated data. The acquisition time
can be greatly reduced by using — Fourier trans-
formation for data processing, since pulsed sig-
nals instead of conventional scans can be analyzed.
These pulsed signals include all the frequencies of
the spectral range of the instrument, but the infor-
mation is enclosed in the form of superimposed
waves. — Fourier transformation is then used to
convert these data from time-domain to frequency-
domain. Thus, results appear as a conventional fre-
quency spectrum that can be easily averaged [i].

Weighted digital filtering A software technique in
which different weights to points as a function of
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Digital filter — Figure

their position relative to the central point are as-
signed to produce a more realistic filtering. Ad-
justable filtering parameters include the mathemat-
ical smoothing function, the number of points,
the relative position of points regarding the cen-
tral point in the moving average, and the number
of times the data are processed by the smoothing
function. This technique offers optimum flexibil-
ity in the choice of filter algorithms since it can be
implemented as low-pass, high-pass, band-pass or
band-stop filter. Weighted digital filters can be di-
vided in two big groups of filters: — recursive fil-
ters and — nonrecursive filters [ii]. However, data
can also be filtered by transforming their respective
amplitude-frequency spectrum to an amplitude-
time spectrum using — Fourier transforms, Fig. b.
The resulting waveform is then multiplied by an
appropriate mathematical filter function to obtain
the desired frequency response, Fig. c. Finally, the
inverse Fourier transformation regenerates the fil-
tered amplitude-frequency spectrum, Fig. d [i].

Refs.: [i] Willard HH, Merritt LL, Dean JA, Settle FA (1988) Instru-
mental methods of analysis. Wadsworth, California; [ii] Oppenheim AV,
Schafer RW (1999) Discrete-time signal processing. Prentice-Hall, New
Jersey

FG

Digital simulation — Data from electrochemical exper-
iments such as — cyclic voltammetry are rich in informa-
tion on solution composition, diffusion processes, kinet-
ics, and thermodynamics. Mathematical equations de-
scribing the corresponding parameter space can be writ-
ten down but can be only very rarely solved analytically.
Instead computer algorithms have been devised to ac-

curately reproduce current — potential data for complex
electrode processes and to allow voltammetric data to be
analyzed quantitatively [i, ii].

In digital simulation time and space can be dis-
cretized and the appropriate differential equations al-
low diffusion and reaction processes to be visualized.
A wide range of approaches (explicit, implicit, finite dif-
ference, orthogonal collocation, Monte Carlo, etc. [ii])
has emerged to deal with specific problems such as fast
chemical reactions, diffusion to complex shapes. Several
free or commercial software packages are available [ii].
Fitting of simulated voltammograms to experimental
voltammograms allows even complex mechanisms and
multi-component reactions to be disentangled and ana-
lyzed [iii]. Digital simulation may also be applied to data
analysis in — spectroelectrochemistry or for processes in
heated electrochemical cells (— heated electrodes) [iv].
Refs.: [i] Britz D (2005) Digital simulation in electrochemistry. Springer,
Berlin; [ii] Speiser B (1996) Numerical simulation of electroanalytical ex-
periments: Recent advances in methodology. In: Bard A, Rubinstein I
(eds) Electroanalytical chemistry, vol. 19. Marcel Dekker, New York;
[iii] Prenzler PD, Boskovic C, Bond AM, Wedd AG (1999) Anal Chem
71:3650; [iv] Tsai YC, Coles BA, Compton RG, Marken F (2002) ] Am
Chem Soc 124:9784

FM

Digital-to-analog converter (DAC) — An electronic de-
vice that transforms a digital input signal (most often
binary) to appropriate analog voltage signal with given
proportionality. The output range of the device is usu-
ally 0 + 1V. The resolution of the transformed points is
determined by the number of bits the converter works
with. Sufficient accuracy in electrochemistry is usually
obtained with 16-bit converters. The reverse transforma-
tion process is accomplished with analog-to-digital con-
verters.
Refs.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods, 24 edn,
Wiley, New York, p 632

Zs

Dimensionally stable anode (DSA) — dimensionally sta-
ble electrodes, — electrode materials, subentry - ORTA

Dimensionally stable electrodes — Electrodes (in par-
ticular anodes) which remain dimensionally stable dur-
ing prolonged operation. Many metal and carbon elec-
trodes undergo severe — corrosion when employed as
cathodes or as anodes. For industrial applications this
is not acceptable and metal oxide-based electrodes were
discovered as an important alternative [i]. Dimension-
ally stable oxide electrodes are manufactured by coating
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Dimensionless analysis

an electrically conducting mixed oxide layer (contain-
ing Ti, Ru, Ir oxides) onto titanium substrates [ii]. Today
dimensionally stable anodes (DSAs) are widely used in
chlorine production, in wastewater treatment systems,
in dialysis systems, in — supercapacitors, in — electrosyn-
thesis, and in many other applications. The lifetime of
DSAs in chlorine production can be in excess of 10 years.
See also — electrode materials, subentry — ORTA.
Refs.: [i] Beer HB (1965) Brit Patent 1147442; [ii] Trasatti S (2000) Elec-
trochim Acta 45:2377

FM

Dimensionless analysis — Use of dimensionless param-
eters (— dimensionless parameters) to characterize the
behavior of a system (— Buckingham’s m-theorem and
dimensional analysis). For example, the chronoampero-
metric experiment (— chronoamperometry) with semi-
infinite linear geometry relates flux at x = 0 (fx=o,
units: molescm™2 s71), time (¢, units: s7!), diffusion co-
efficient (D, units: cm? s™'), and concentration at x = co
(¢oo, units: molescm™). Only one dimensionless pa-
rameter can be created from these variables (— Buck-
ingham’s m-theorem and dimensional analysis) and that is
fezo (t/D)"?/c, thereby predicting that f,—ot'/? will be
a constant proportional to D"/?¢.,, a conclusion reached
without any additional mathematical analysis. Deter-
mining that the numerical value of fi—o (t/D)"?/ceo
is 1/7'/? or the concentration profile as a function of x
and t does require mathematical analysis [i].
Ref.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods. 21 ey,
Wiley, New York, pp 161-164

SWEF

Dimensionless parameters — A dimensionless parame-
ter is a dimensionless grouping of [usually dimensioned]
physical parameters sometimes referred to as “7 groups”
(see — Buckingham'’s n-theorem and dimensional anal-
ysis). For example, given the dimensioned physical pa-
rameters k (s71), k° (cms™), ¢ (s), D (cm?s™), E(V =
JC™), F (Cmole™), R Jmole™ K™), T (K), v (Vs™)
one can construct the following dimensionless group-
ings: kt, FE/RT, k°/(FDv/RT)?, k°/(D/t)"/?. The
number of dimensionless groupings (four in this exam-
ple) is predicted by Buckingham’s 77-theorem. A dimen-
sionless group which can be produced by the combina-
tion of two or more other dimensionless groups may be
more convenient in form for a particular application but
is not counted as a new group. For the example consid-
ered here, the dimensionless grouping kRT/Fv, partic-
ularly useful for — cyclic voltammetry, can be formed
from: kt, k°/(FDv/RT)"? and k°/(D/t)"/?. Other ex-

amples: steady-state current-voltage data for a — ro-
tating disk electrode (RDE) or ultramicrodisk electrode
(UMDE) (— ultramicroelectrode) may be presented as
i/iym vs. F(E—E_ ) /RT. Either of these examples could
also be a function of one or more additional dimension-
less parameters, e.g.: k°/(wD)'/? for the RDE response
or k°r/D for the UMDE response where w (s™') is the
rotation rate of the RDE and ry (cm) is the radius of the
UMDE.

When concentration profiles are of interest the con-
centrations are often expressed as a fraction of some
reference concentration - e.g., the bulk concentration
of the analyte. The resulting dimensionless concen-
tration(s), ¢j/crer can then be shown as a function
of dimensionless distance, e.g., x/ro (for a UMDE),
x(w/D)"? (for an — rotating disc electrode), x/(Dt)"/?
(for a chronoamperogram) or x(F|v|/RTD)Y? (for
a cyclic voltammogram).

SWF

Dimensionless potential — potential, subentry — di-
mensionsless potential

Dimerization — is the transformation of two, identical
— molecular entities A to give a — molecular entity A,.
For instance, in homogeneous chemical reactions:

H3C. + .CH3 - CH3CH3
2CH;COCH; — (CH;),C(OH)CH,COCH;
2RCOOH — (RCOOH), .

In electrochemical reactions, the electrode processes are
accompanied by dimerization of the primary product
formed during these processes. Three general electro-
chemical mechanisms of dimerization are distinguished.

DIM I: dimerization of the radical product of a one-
electron reduction.

- S
Ox+e” & Red Ox/Red

ky
2Red 5 A .
133

DIM 2: reaction of the radical product of a one-electron
reduction with a substrate.

— ©
Ox+e” & Red Ox/Red

k
Red + Ox & Red-Red ESomet -
ka
It is assumed that the following relation holds for the

cole. IO ©
standard potentials: ES_p.4 < ERo/rpe
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There are three types of DIM 2 mechanisms. In
DIM 2-ECE, the dimerization reaction is the chemi-
cal step separating two electrode processes while in the
DIM 2-DISP 1 and DIM 2-DISP 2 dimers are formed
in the disproportionating reactions that follow the elec-
trode process.

DIM 3: reaction of the product of a two-electron re-
duction with a substrate

Ox +2e~ s Red’

Red’ + Ox :s Red-Red .
2

It is assumed that the Red-Red dimer is electroinactive
in the potential range corresponding to formation of Red
or Red’ and that the chemical step is irreversible.

Kinetic parameters of dimerization can be deter-
mined by — polarography, — chronoamperometry, — lin-
ear potential scan and — convolution voltammetry, — ro-
tating disc voltammetry, and alternating current sinu-
soidal polarography. See also — association.
Refs.: [i] Muller P (1994) Pure Appl Chem 66:1077; [ii] Galus Z (1994)
Fundamentals of electrochemical analysis, 21 ody. Ellis Horwood, New
York, Polish Scientific Publ PWN, Warsaw

WK

Dimethyl sulfoxide (DMSO) — Organic solvent
((CH3)250 or DMSO, melting point 18°C, boiling
point 189°C) with a density (1.10gecm™ at 25°C)
higher than water. DMSO is highly polar (dielectric
constant & = 46.45) and hygroscopic. DMSO is mis-
cible with water in any ratio and can be dried over 4 A
molecular sieves [i].
Ref.: [i] Reichardt C (2003) Solvents and solvent effects in organic chem-
istry. Wiley-VCH, Weinheim

FM

Diode array spectrometer — spectrometer
Diosmosis — osmosis

Dipolar bond — A bond formed (actually or concep-
tually) by coordination of two neutral moieties, the
combination of which results in charge-separated struc-
tures, e.g.,

R3N 40— R3N+ -0
The term is preferred to the obsolescent synonyms “co-
ordinate link”, “co-ordinate covalence”, “dative bond”,
“semipolar bond”.

Ref.: [i] Muller P (1994) Pure Appl Chem 66:1077
WK

Dipolaron — electronic defects, and — polaron

Dipolar solvents — These solvents are also called po-
lar aprotic solvents. They are characterized by a com-
paratively high relative — permittivity (or — dielectric
constant), greater than ca. 15, and a sizable permanent
dipole moment, usually greater than ca. 2.5, as com-
pared to nonpolar solvents that possess low permittivity.
Examples of dipolar aprotic solvents are ketones, alkyl
carbonates, esters, sulfoxides, nitro compounds, nitriles,
N,N-disubstituted amides of carbon acids, etc. Though
the term polar and nonpolar are used in the literature
for solvent characterization both with respect to rela-
tive permittivity and dipole moment, these values do not
vary in parallel. The solvents with a high dielectric con-
stant act as dissociating solvents. With respect to dielec-
tric constant, the polarity is determined by the sum of
all of the molecular properties, which are responsible for
the interaction forces between the molecules of the so-
lute and solvent (coulombic, orientation, inductive and
dispersive forces, interactions with the charge transfer,
and H-bond formation). For example, benzene is a non-
polar solvent in terms of dipole moment, but it possesses
a solvating ability. From the electrochemical point of
view, the most important property of the solvents is their
ability to solvate anions and cations. This ability is very
well expressed by the so-called donor and acceptor prop-
erties. Polar aprotic solvent donor and acceptor proper-
ties are classified and evaluated by the — donor number
(DN) and — acceptor number (AN), introduced by Gut-
mann and Wychera. DN is defined as the molar enthalpy
value for the reaction of the solvent with the reference
acceptor antimony (V) chloride in a 107> mol L™! solu-
tion in dichloroethane. For the characterization of the
solvent acceptor properties, the AN has been proposed,
which is derived from values of the >’ P-NMR chemical
shifts of triethylphosphine oxide in the respective pure
solvent. Dipolar aprotic solvents are widely used in mod-
ern electrochemistry in the branch called — nonaqueous
electrochemistry. For instance, the field of — lithium bat-
teries involves the extensive use of such solvents in the
electrolyte solutions.
Refs.: [i] Gutmann V, Resch G (1995) Lecture notes on solution chemistry.
World Scientific Publishing, Singapore; [ii] Reichardt C (2003) Solvents
and solvent effects in organic chemistry, 3™ edn. Wiley-VCH, Wein-
heim; [iii] Aurbach D (ed) (2002) Nonaqueous electrochemistry. Marcel
Dekker, New York; [iv] Izutsu K(2002) Electrochemistry in nonaqueous
solutions. Wiley-VCH, Weinheim
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Dipole

Dipole — is the general term applied for two spa-
tially distinct electric or magnetic charges (or poles) of
equal amount, but spatially separated. A measure of the
strength of a dipole is the — dipole moment. In a nar-
row sense, especially in chemistry and physics of matter,
dipole is referred to specimens with a permanent dipole
moment, and usually to the electric dipole, only. (See
also — dipole moment).

MHer

Dipole-dipole interaction — refers to intermolecular or
intramolecular interaction between molecules or groups
having a permanent — dipole moment, y. The potential
energy of the interaction, V, is directly proportional to
dipole moments of both dipoles and depends on rela-
tive orientation of the — dipoles. For instance, this en-
ergy is inversely proportional to the third power of the
distance, r, for linearly arranged stationary dipoles of the
negative-to-positive directed charges.

2
v -k
4megr3

The term applies also to intramolecular interactions be-
tween bonds having permanent — dipole moments. See
also — van der Waals forces.

The potential energy of the dipole-dipole interaction
is the sum of energy of repulsion of similar charges and
attraction of opposite charges.

Refs.: [i] Muller P (1994) Pure Appl Chem 66:1077; [ii] Atkins PW (1998)
Physical chemistry, 6" edn. Oxford University Press, Oxford, chap 22.3
WK

Dipole moment — In chemistry and physics of mat-
ter, electric dipole moment is usually the measure of the
strength of an electric — dipole (magnetic d.m. is not
treated here). The d.m. ji is a vector quantity, conven-
tionally directed from the negative to the positive cen-
ter of charge distribution. It is given in Debye units, D
(— Debye). The conversion factor to SI units is 1D =
3.33564 x 107°° Cm. Usually, molecules have d.m’s be-
tween 0 and 10 D. The d.m. of every atom consists (addi-
tively) of the contributions from the positively charged
nuclei and negatively charged electrons, respectively, i.e.:
p = pu* + y. If negative and positive dipole centers
are not identical (and if the molecule does not exhibit
an inversion center), the molecule owns a permanent
d.m. Within an electric field, a d.m. can be induced in
an atom or molecule, and a measure of the response of
the electron cloud to an external field is the — polariz-
ability «. There are three main sources of different na-
ture that total polarization of atoms, ions, or molecules

is referred to. The displacement of the center of the lo-
cal electronic charge cloud around the nucleus under the
action of the affecting field E, causes electronic polariza-
tion, P. = Na.Ey, where a. is the electronic polarizabil-
ity. Ionic polarization arises in ionic materials, because
the electric field displaces cations and anions in oppo-
site directions: P, = Na; Ey, where «; is the ionic polariz-
ability. For substances with a permanent electric dipole,
temperature-depending orientational polarization may
occur, since the alignment of these dipoles leads to an
orientational polarizability per molecule, that is: oo, =
P?/3k T, where P is the permanent dipole moment per
molecule, kg is the — Boltzmann constant, and T is tem-
perature. These three polarization processes in response
to the applied electric field strongly depend on - and
differ from - the frequency of the latter. D.m. of simi-
lar compounds can be in good approximation estimated
by (vectorial) adding of bond moments. Experimentally,
d.m. values can be determined using dielectricity num-
bers and density at different temperatures, applying the
Debye-Clausius—Mossotti equation. Furthermore, the
Stark effect enables the determination from microwave
spectra, molecular beam electric resonance, and other
high-resolution spectroscopic techniques. D.m. can be
calculated ab-initio: presently, with ca. 0.05D accuracy
for small molecules. In a solid dielectric medium, the po-
larization P is defined as d.m. per unit volume averaged
over the volume of a crystal cell. See also — dielectric re-
laxation.
Refs.: [i] Bottcher CJF (1973) Theory of electric polarization: Dielectrics
in static fields, vol. 1. (1978) Dielectrics in time-dependent fields, vol. 2.
Elsevier, Amsterdam; [ii] Lide DR (2003) Dipole Moments. In: Lide DR
(ed) CRC handbook of chemistry and physics, 84" edn. CRC Press,
Boca Raton, pp 9-42 - 9-51; [iii] Miller TM (2003) Atomic and molec-
ular polarizabilities. In: Lide DR (ed) CRC handbook of chemistry and
physics, 84'" edn. CRC Press, Boca Raton, pp 10-163 - 10-177; [iv] Fred-
erikse HPR (2003) Polarizabilities of atoms and ions in solids. In:
Lide DR (ed) CRC handbook of chemistry and physics, 84" edn. CRC
Press, Boca Raton, pp 12-17 - 12-18

MHer

Dipole-induced dipole forces — van der Waals forces
Diradical — biradical

Direct current — Electric current that flows in a constant
direction, i.e., a current with constant sign (either + or
—). A direct current does not periodically change its di-
rection like an - AC current. AC and DC currents can
be superimposed (see also — decoupling of AC and DC
currents).
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The terms ‘DC field; and ‘DC potential’ are, although
not strictly correct, used for a situation where an elec-
tric field is spread between opposite charges (constant,
or changing charges) which do not change their sign
with time. When the charges are periodically changing
their sign with a certain frequency this is called an - AC
system (alternating current system).

ES

Direct electron transfer — electron transfer

Direct-methanol fuel cell (DMFC) — This type of — fuel
cell is similar to the — polymer-electrolyte-membrane fuel
cell in what concerns the nature of the — electrolyte -
a proton conducting membrane, such as a perfluorosul-
fonic acid polymer. In the DMFC the fuel is — methanol
(CH;OH) which is oxidized in the presence of water at
the anode and the resulting protons migrate through the
electrolyte to combine with the - oxygen, usually from
air, at the cathode to form water:

— Anodereaction: CH;OH+H,0 2 CO,+6H" +6e".

— Cathode reaction: 3/20; + 6H" + 6~ 2 3H,0

Overall — cell reaction: CH;0H + 3/20, 2 CO, +
2H,0.

The operating temperature is within the range 50-
140 °C (depending on the stability of the electrolyte) and
the electrodes consist on dispersions of — platinum or
platinum alloys catalysts on porous carbon paper.

One of the drawbacks of DMFCs is the relatively
slow rate of the anodic oxidation of methanol even on
highly active platinum electrodes. It was shown that the
Pt-Ru system is much more catalytically active than
pure platinum (pure ruthenium is inert towards this
reaction) (— platinum-ruthenium — electrocatalysis).
The so-called bifunctional mechanism is broadly ac-
cepted to describe this synergistic effect, according to
which organic species are chemisorbed predominantly
on platinum centers while ruthenium centers more read-
ily adsorb species OH, required for the oxidation of
the organic intermediates. Usually the composition of
such alloys is Pty sRugs and the metal loading is 2-
4mgcm™2.

The major problem associated with the operation of
DMECs is the gradual diffusion of methanol through the
membrane - known as “methanol crossover” - thatleads
to the establishment of a mixed potential at the cath-
ode and, consequently, to a decrease of the working volt-
age of the cell. Because of the methanol crossover phe-
nomenon, the maximum methanol concentration used
in DMFCs is about 2M and membranes as thick as
175 pm are used.

The net electrical efficiency of a DMFC is about
40%. At 140 °C a power density of 0.4 Wem™ at a cell
potential of 0.35V (0.12Wcm™2/0.35V at 90°C) was
recorded.

Refs.: [i] Costamagna B, Srinivasan S (2001) ] Power Sources 102:242;
[ii] Costamagna B, Srinivasan S (2001) ] Power Sources 102:253; [iii]
Narayanan S, Zawodzinski T, Gottesfeld S (eds) (2001) Direct methanol
fuel cells. The Electrochemical Society, Washington

]JC

Direct mirage effect — A deflection signal usually asso-
ciated with photothermal experiments in which the de-
flected probe light beam passes on the same side of the
photoilluminated — interface [i]. See also — photother-
mal deflection spectroscopy.
Ref.: [i] Terazima M, Hirota N, Braslavsky S, Mandelis A, Bialkowski S,
Diebold G, Miller R, Fournier D, Palmer R, Tam A (2004) Pure Appl
Chem 76:1083

FG

Dirichlet boundary condition — A Dirichlet boundary
condition specifies the value of a function at a surface.
In electrochemical systems that function is commonly
the concentration of a redox species at the surface of an
electrode. For reversible reactions in the absence of un-
compensated resistance, complicating homogeneous ki-
netics or adsorption, Dirichlet boundary conditions of
Ox and Red are specified by the applied potential, E, ac-
cording to

v}

p
9 (COx,bulk ( Ox ) + CRed,bulk)

DRed
COx,x=0 = b P
Ox
+
9 ( DRed ) 1
and
DOx P
Coxbulk | pp; ] T CRedbulk
CRed,x=0 = IS 5
ZOx +
( Dred ) 1
where
COx,x=0 F
9 = fOxx=0 :exp[—(E—Ef’)] ,
CRed,x=0 RT

E?’ is the — formal potential, cox pulk> CRed,bulk> COx,x=0
and cped x=o are the bulk and surface concentrations of
Ox and Red, F is Faraday’s constant, R is the gas con-
stant, T is the temperature (K), Doy and Dgq4 are the
diffusion coefficients of Ox and Red, and p = 1/2 for
semi-infinite linear diffusion in the absence of hydro-
dynamics, p = 1 for steady-state at small electrodes in
the absence of hydrodynamics, and p = 2/3 for steady-
state at a rotating disk electrode (see — rotating disk elec-
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trode). Dirichlet conditions for both coy,x=¢ and cred,x=o
will be independent of geometry and hydrodynamics
when Doy = Dgeq- Regardless of geometry or diffusion-
coefficient values the Dirichlet condition for cgeq r=o is
zero when 9 is very large and the Dirichlet condition for
Cox,x=0 18 zero when 9 is very small.

SWF

Discharge rate — In the field of — batteries, the pace
at which current is extracted from a battery is defined
as discharge rate. The discharge rate is expressed in am-
peres or in C rate, which is expressed as a multiple of
the rated capacity in ampere-hours. For example, when
a 2 Ah battery is discharged at C rate, the total capacity
will be delivered within 1hour at 2 A. When discharg-
ing at 0.5 C rate (C rate means coulombic rate), 2 hours
will be required for completely discharging the battery
at 1 A. Discharge rate is one of several factors (— depth
of discharge, temperature, etc.) that alters the practical
— energy density and the effective capacity that can be
obtained from a battery. Discharging at high C rates re-
duces the energy density that can be obtained from a bat-
tery. In general, discharge at rates higher than Crate, e.g.,
discharge the battery completely at less than one hour, is
considered as high rates. — Ragone diagram is a com-
monly used presentation that characterizes the reduc-
tion in the effective capacity with discharge rate (or the
power delivery).
Refs.: [i] Linden D (1994) Handbook of batteries, 2" edn. McGraw-Hill,
New York, Appendix A; [ii] Dell RM, Rand DAJ (2001) Understanding
batteries. Royal Society of Chemistry, p 7-19, 132-158

ocC

Discharging — Discharging occurs when energy is be-
ing supplied by an electrical energy — accumulator. In
electrochemistry, several energy sources are delivering
energy by a discharging process. (i) — Batteries: When
a battery is delivering energy it is said to be discharging.
During the discharging process a spontaneous chemi-
cal reaction is taking place between the battery’s compo-
nents. This reaction releases energy in the form of charge
(electrons) flow, i.e., electrical — current. Theoretically,
the discharging ends when all the active materials are
consumed. However, practically, the discharge process
stops way before the end point of the chemical reaction,
at the cut-off voltage of the battery. Battery discharge
curves, usually voltage vs. time at constant discharge
current or power, constitute one of the most important
properties of batteries as demonstrated in figure. Some
batteries exhibit flat potential discharge curves (Fig. a),
while others may show sloping and even stepwise dis-

Voltage

Time

Discharging — Figure. Several types of discharge curves from power
sources having the same capacity that were discharged at equal con-
stant currents. a Flat curve; b sloping curve; ¢ stepwise curve; d typical
capacitor discharge curve

charge curves (Fig. b, ¢). (ii) — Capacitors: The discharg-
ing process in capacitors (both electrochemical and dry)
refers to the step in which the charge that was previ-
ously stored in the capacitor is being released by produc-
ing electrical current. The driving force of discharging is
the potential differences between the charged capacitor
plates. Initially, there is a large current due to the large
potential difference across the plates. The current drops
as potential difference drops in an exponential manner,
according to the equations: V, = Vo e™"/RC (V; and V, are
the potential differences at ¢ = 0 and at time f, respec-
tively. R and C are the capacitor — resistance and — ca-
pacity). A typical capacitor discharge curve is shown in
Fig. d. Rarely, the term ion-discharge is used referring
to electrochemical reduction or oxidation of an ion to
a neutral molecule in the solution.
Refs.: [i] Crompton TR (2000) Battery reference book, 3 edn. Newness,
Oxford, pp 213; [ii] Harmen SL (2002) Residential construction academy.
Thomson Delmar learning, New York, pp 197-219

ocC

Dismutation — disproportionation

Dispersion forces — London forces, and — van der Waals
forces

Displacement deposition — Displacement deposition
(also called cementation) means the electroless — depo-
sition of a noble metal on a less noble metal. The driving
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force for the spontaneous process is the difference of the
— Nernst potentials of the two redox systems. The pro-
cess is self-limiting because the reaction needs exposed
substrate surface to proceed. A well-known example is
the cementation of copper on zinc, according to the re-
action Cu** + Zn — Cu + Zn**. A technical applica-
tion of the cementation is the recycling of precious met-
als like copper and gold from electronic waste utilizing
iron or zinc. To judge which is the noble redox pair one
must take into consideration the activities of all involved
species. For example, it is possible to electrolessly deposit
Sn on Cu in the presence of cyanide. As a complexing
agent cyanide shifts the Cu potential towards negative
values and thus allows the displacement deposition of
Sn on Cu (an important reaction in the printed circuit
board industry). In — electrodeposition processes one of-
ten tries to avoid the displacement deposition by pre-
venting direct contact of the anode materials with pos-
sible cementation species or by keeping the electrodes
under potential control.
Ref.: [i] Paunovic M, Schlesinger M (1998) Fundamentals of electrochem-
ical deposition. Wiley, New York, pp 161-166

AB

Disproportionation (or dismutation) — Reaction in
which species with the same oxidation state react with
each other to yield one species of higher oxidation state
and one of lower oxidation state, e.g., 3Au* — Au’* +
2Au, or 4KCIO; — KCI + 3KClOy, or the d. reaction
of an aldehyde in alkaline medium into the respective
carboxylic acid and alcohol compounds, known as Can-
nizzaro reaction: 2R — CHO + NaOH — R -~ COONa +
R - CH,OH. In practice, d. happens rarely sponta-
neously, but is usually achieved by a catalyst application.

The term also applies to an internal oxidation/
reduction process as occurs, for example, among the iron
atoms of CaFeQ;, according to: 2Fe** — Fe(4-0)+ 4
Fe(*+9)* at Fe domains on lowering the temperature.

A broader definition of d. includes herein any chem-
ical reaction of the type: A + A — A’ + A”, where A,
A" and A" are different chemical species, as for example:
2ArH* — ArH + ArH**.

The antonym of d. is comproportionation or synpro-
portionation.
Ref.: [i] Clark JB, Hastie JW, Kihlborg LHE, Metselaar R, Thackeray MM
(1994) Pure Appl Chem 66:577

MHer

Dissipation — The passage of direct or alternat-
ing — current (or an electromagnetic wave) through
amedium is generally accompanied by losses of the elec-

tric (or electromagnetic) energy, due to its gradual trans-
formation into heat. This effect is related to the spatial
displacement of charged species inside the medium ac-
companied by various dissipation processes. The inten-
sity of this energy transformation in the case of AC cur-
rent is determined by the time-averaged product of the
varying components of the potential and the current,
E' coswtand I' cos(wt + @), i.e., only the in-phase com-
ponent of this product which is proportional to the real
part of the complex — impedance, Z' = ReZ. The relative
intensity of the energy losses is characterized by the ratio
of in-phase and out-phase components of impedance, Z'
and Z", respectively, see — dissipation factor.

MAV

Dissipation factor — Dissipation factor characterizes
the ratio of the electric energy transformed to the ther-
mal one, to its conserved part. It is defined as D =
Z'|Z" = -Y'|Y" =¢"[¢, where Z' =ReZ, Z"" = ImZ,
Y’ = ReY, Y = ImY, ¢ = Res, ¢’ = Imeg, ie., real
and imaginary parts of complex — impedance Z or com-
plex — admittance Y or complex dielectric function e.
The dissipation factor is related to the “quality factor”, Q,
the loss angle, §, and the phase difference (phase shift),
¢:D=Q " =tan § = cot ¢ (see also — impedance).
Ref.: [i] Retter U, Lohse H (2005) Electrochemical impedance spec-
troscopy. In: Scholz F (ed) Electroanalytical methods. Springer, Berlin
MAV

Dissociation — is the separation or splitting of a chemi-
cal compound (complexes, molecules, or salts) into two
or more — jons by dissolution and — solvation, or by
any other means, the breaking into smaller molecules,
or radicals. In case of solvation, this results in an ioni-
cally conducting — electrolyte solution. D. usually occurs
in a reversible manner. The opposite process is associa-
tion or recombination. Assuming a reversible dissocia-
tion reaction in a chemical — equilibrium of the form
XY 2 X + Y, the ratio of dissociation is quantified by
the dissociation constant Kp, i.e: Kp = “;X“YY where a
denotes the activity of the species. The dissociation con-
stants are frequently quoted as values of pKp = —log Kp.
In mass spectrometry, the term is used in the mean-
ing of a fragmentation, i.e., a decomposition of an ion
into another ion of lower mass and one or more neutral
species.

Refs.: [i] Todd JF (1991) Pure Appl Chem 63:1541; [ii] Dissociation con-
stants of inorganic acids and bases. In: Lide DR (ed) (2003) CRC hand-
book of chemistry and physics, 84'" edn. CRC Press, Boca Raton, pp 8-44
- 8-45; [iii] Dissociation constants of organic acids and bases. In: Lide
DR (ed) (2003) CRC handbook of chemistry and physics, 84' edn. CRC
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Press, Boca Raton, pp 8-46 - 8-56; [iv] Dean JA (1992) Lange’s hand-
book of chemistry, 14'" edn. McGraw-Hill, New York, pp 8-13 - 8-71
MHer

Dissociation mechanism (mechanism of response of
the glass electrode) — glass electrode

Distonic radical cation — is a radical cation in which
charge and radical sites are separated, for instance,

CH,(CH,) nItIHz. Distonic radical cations are more sta-
ble than their conventional isomers CH;(CH,),NH;".
With the increase of n the energy difference converges
to alimit which is close to the energy difference between

L]
the component systems CH;CH, + CH3IJ{IH3 (represent-
ing the distonic isomer) and CH;CHj; + CH;NH;3* (rep-
resenting the conventional isomer). The term ylidion de-
scribes the subclass of distonic radical cations in which
the charge and radical sites are on adjacent centers, e.g.,

. +

methyleneoxonium radical cation, CH,OH,.

Ref.: [i] Yates BE Bouma W], Radom L (1986) Tetrahedron 42:6225
WK

Distribution (Nernst) potential — potential

Divided cells — Electrochemical cells divided by
sintered glass, ceramics, or ion-exchange membrane
(e.g., = Nafion) into two or three compartments.
The semipermeable separators should avoid mixing of
— anolyte and — catholyte and/or to isolate the refer-
ence electrode from the studied solution, but simultane-
ously maintain the cell resistance as low as possible. The
two- or three-compartment cells are typically used a) for
preparative electrolytic experiments to prevent mixing
of products and intermediates of anodic and cathodic
reactions, respectively; b) for experiments where differ-
ent composition of the solution should be used for an-
odic and cathodic compartment; c) when a component
of the reference electrode (e.g., water, halide ions etc.)
may interfere with the studied compounds or with the
electrode. For very sensitive systems additional bridge
compartments can be added.
Ref.: [i] Sawyer DT, Sobkowiak A, Roberts JL, Jr (1995) Electrochemistry
for chemists, 2" edn. Wiley, New York, pp 249

JL

DLVO theory (Derjaguin-Landau-Verwey-Overbeek
theory) — The DLVO theory is named after Derjaguin
and Landau [i], and Verwey and Overbeek [ii]. It de-
scribes the forces acting between colloidal particles in

ionic solutions. The theory builds on an idea of - Chap-
man [iii], who assumed that, everywhere throughout an
ionic solution, the local concentration of electrolyte ions
was determined by the local time-averaged value of the
electric potential (V(r)) according to a Boltzmann-like
formula. Thus, the local population of ions of species i
was assumed to take the form

AG;
. — 40 _0
ni(r) = n; exp( T )

so that

ezi(V(r
ni(r) = n exp (—%) ,
where AG; is the molar — Gibbs energy of the ionic
species i, n;(r) is the concentration of the ionic species i
atlocation r, n! is the concentration of ionic species i far
from the reactant, e is the unit charge on the electron
(— elementary electric charge), z; is the valence of the
ionic species i, k is the — Boltzmann constant, T is the
absolute temperature, and (V(r)) is the time-averaged
value of the electric potential at location r. The Chapman
model works reasonably well, at least at low concentra-
tions (<0.01 M). Assuming that there are only two types
of ions, having equal and opposite valences (z, and z_),
one finds

Z ezini(r) = ezyn,(r) —ez_n_(r)

p— [exp (_M)

kT
~ ezi(V(r))
exp (+ T
= —2ez;n} sinh (—ezi(V(r)) ) .
kT
Hence
2ez;n) i
V(1) = ez;n, sinh(ez (V(r))) ’
£ kT

where ¢, is the relative — permittivity (static dielectric
constant) of the solution, ¢ is the permittivity of free
space, and e/kT = F/RT = 25.7mV at room tem-
perature. This nonlinear partial differential equation in
(V(r)) is very well known and is called the — Poisson-
Boltzmann equation. But it is very badly named. Neither
Poisson nor Boltzmann advocated it, and neither lived
to see it! Still, it is the equation that needs to be solved.
Despite all the simplifications used in its derivation, no
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general solution of the Poisson-Boltzmann equation has
ever been found. Indeed, only the particular case of pla-
nar coordinates has been solved exactly, by Chapman
himself, yielding his celebrated formula for the diffuse
layer capacitance of a planar electrode

/2
2ece0e222n° | ez(V)

Compp = A 208 5T h .

DIFE ( kT O\ 2kt

To make headway with the colloidal problem, the
Poisson-Boltzmann equation must be solved in spher-
ical coordinates. — Debye and — Hiickel [iv] introduced
the following approximation into the spherical case,

Sinh(ez,-(V(r))) N ezi{(V(r)) ‘
kT kT

This transformed the nonlinear Poisson-Boltzmann
equation into the linear Helmholtz-type equation

VHV(r) » V(1))

where x was the reciprocal — Debye length

2¢222n0 |\
k=|——+ .
( e eokT )
Based on this idea, Derjaguin and Landau, and Verwey
and Overbeek, found the pair potential for the electro-

static repulsion of two identical spherical particles in an
electrolyte solution to be

SBC I
! - &g Ll+xka x

where (Ze) is the effective surface charge on the parti-
cles, e is the unit charge on the electron, ¢, is the relative
permittivity (static dielectric constant) of the solution,
go is the permittivity of free space, « is the reciprocal
Debye length (determined by the electrolyte concentra-
tion), a is the radius of the spheres, and x is the center-
to-center distance between the spheres. The full DLVO
pair potential can also be extended to take into account
an attractive van der Waals term U, (x), so that

Upivo = Ui(x) + Ux(x) ,
where

A 2a?
Uy A

2a° i r* —4a?
6 |r2-4a " r2 " n( r2 )]
and Ay is the — Hamaker constant. The van der Waals
term creates a minimum in Uppyo at very small inter-
particle separations [v]. However, in many practical ap-
plications this can be ignored.

Refs.: [i] Derjaguin B, Landau L (1941) Acta Physicochim URSS 14:633;
[ii] Verwey EJW, Overbeek JTG (1948) Theory of the stability of lyophobic
colloids. Elsevier, New York; [iii] Chapman DL (1913) Philos Mag 25:475;
[iv] Debye P, Hiickel E (1923) Phys Z 24:185; [v] Lyklema J (1991) Fun-
damentals of interface and colloid science. Academic Press, New York
SF

DMFC — direct methanol fuel cell
DN — donor number

DNA biosensors — Wide-scale DNA testing requires
the development of small, fast, and easy-to-use devices.
DNA — biosensors, based on nucleic acid recognition
processes, have been developed towards the goal of
rapid, simple and inexpensive testing of genetic and in-
fectious diseases, and for the detection of DNA damage
and interactions. DNA hybridization biosensors com-
monly rely on the immobilization of a single-stranded
(ss) oligonucleotide probe onto a transducer surface to
recognize — by hybridization - its complementary tar-
get sequence. The binding of the surface-confined probe
and its complementary target strand is translated into
a useful electrical signal.

Electrochemical devices have proven very useful for
sequence-specific biosensing of DNA. Electrochemical
detection of DNA hybridization usually involves mon-
itoring a current response under controlled potential
conditions. The hybridization event is commonly de-
tected via the increased current signal of a redox indi-
cator (that recognizes the DNA duplex) or from other
hybridization-induced changes in electrochemical pa-
rameters (e.g., conductivity or capacitance). Modern
electrical DNA hybridization biosensors and bioassays
offer remarkable sensitivity, compatibility with mod-
ern microfabrication technologies, inherent miniatur-
ization, low cost (disposability), minimal power require-
ments, and independence of sample turbidity or optical
pathway. Such devices are thus extremely attractive for
obtaining the sequence-specific information in a sim-
pler, faster, and cheaper manner, compared to traditional
hybridization assays.

The probe immobilization step plays a major role
in the overall performance of electrochemical DNA
biosensors. The probes are typically short oligonu-
cleotides (25-50 mer) that are capable of hybridiz-
ing with specific and unique regions of the target nu-
cleotide sequence. Control of the surface chemistry
and coverage is essential for assuring high reactivity,
orientation/accessibility, and stability of the surface-
bound probe, as well as for avoiding nonspecific bind-
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ing/adsorption events, and hence for meeting the high
sensitivity and selectivity demands.

Other modes of DNA interactions (besides base-pair
recognition) have been used for the development of
electrochemical DNA biosensors. In particular, dsSDNA-
modified electrodes can be designed for detecting small
molecules (e.g., drugs or carcinogens) interacting with
the immobilized nucleic-acid layer, or for detecting
DNA damage. The latter commonly reflects the fact that
the electrochemical response of DNA is strongly depen-
dent on the DNA structure.

Refs.: [i] Palecek E, Fojta M (2001) Anal Chem 73:75A; [ii] Wang ] (2000)
Nucleic Acids Res 28:3011; [iii] Gooding JJ (2002) Electroanalysis 14:1149
JW

DOD — depth of discharge

Dogonadze, Revaz (Rezo) Romanovich

(Courtesy of Prof. Z.D. Urushadze)

(Novw. 21, 1931, Thilisi, Georgia, USSR - May 13, 1985)
Dogonadze was one of the founders of the new science
— electrochemical physics [i]. The main scientific inter-
ests of Dogonadze were focused on condensed-phase
reactions. His pioneering works of 1958-59 have laid
the foundations of the modern quantum-mechanical
theory of elementary chemical processes in electrolyte
solutions. He developed a comprehensive quantum-
mechanical theory of the elementary act of electrochem-
ical reactions of — electron and — proton transfer at
metal and — semiconductor electrodes [ii-v]. He was the
first to obtain, by a quantum-mechanical calculation, the
expression for the electron transfer probability, which
was published in 1959 in his work with — Levich. He
conducted a number of studies on the theory of low-
velocity electrons in disordered systems, theory of sol-
vated electrons, and theory of photochemical processes
in solutions. He made an impressive contribution to the
theory of elementary biochemical processes [vi]. His
work in this area has led to the foundation of the the-
ory of low-temperature — charge-transfer processes cov-

ering not only tunnel processes in biochemical and elec-
trochemical systems, but also tunnel transport of atoms
and defects in solids.
Refs.: [i] Grafov BM, Krishtalik LI, Kuznetsov AM (2003) Russian ] Elec-
trochem 39:1; [ii] Dogonadze RR, Kuznetsov AM (1975) Prog Surf Sci
6:1; [iii] Dogonadze RR (1971) Theory of molecular electrode kinetics.
In: Hush NS (ed) Reactions of molecules at electrodes. Interscience, Lon-
don, pp 135-227; [iv] Dogonadze RR, Kuznetsov AM, Marsagishvili TA
(1980) Electrochim Acta 25:1; [v] Dogonadze RR, Kuznetsov AM (1983)
Quantum electrochemical kinetics: Continuum theory. In: Conway BE,
Bockris JO'M, Yeager E (eds) Comprehensive treatise of electrochemistry,
vol. 7. Plenum Press, New York, pp 1-40; [vi] Dogonadze RR, Kuznetsov
AM, Ulstrup J (1977) ] Theor Biol 69:239

EK

Donicity - donor number

Donnan, Frederick George

(Reproduced courtesy of the Library
and Information Center of the Royal
Society of Chemistry)

(Sep. 5,1870, Colombo, Ceylon (British Empire), now Sri
Lanka - Dec. 16, 1956, Canterbury, Kent, UK). Donnan
was a British chemist who greatly contributed to the de-
velopment of colloid chemistry, physical chemistry, and
electrochemistry [i-iii]. In different periods of his life,
he was working with van’t - Hoff, - Ostwald, EW., and
Ramsay. In electrochemistry, he studied (1911) the elec-
trical potential set-up at a semipermeable membrane be-
tween two electrolytes [iv], an effect of great importance
in living cells [v]. Donnan is mostly remembered for his
theory of membrane equilibrium, known as — Donnan
equilibrium. This equilibrium results in the formation of
— Donnan potential across a membrane.
Refs.: [i] Freeth FA (1957) Biographical memoirs of fellows of the Royal
Society 3:23; [ii] Freeth FA (1961) ] Am Chem Soc 83:2979; [iii] Taylor H
(1962) Colloid Polym Sci 183:81; [iv] Donnan FG (1911) Z Elektrochem
17:572; [v] Fuhrman FA (1959) Annu Rev Physiol 21:19

EK

Donnan equilibrium — originates from different per-
meability of cations and anions through a semiperme-
able membrane (because one of the ionic species is too
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large to pass through the pores of the membrane), thus
resulting in the formation of the — Donnan potential.
The membrane may be replaced by other kinds of re-
straint (e.g., field of gravity), which prevent some ionic
components from moving from one phase to another.
Ref.: [i] Bockris JO'M, Reddy AKN, Gamboa-Aldeco M (2000) Modern
electrochemistry. Electrodics in chemistry, engineering, biology, and en-
vironmental science, vol. 2B, 2" edn. Kluwer, New York, p 1914

EK

Donnan potential — is the — Galvani potential dif-
ference between two solutions separated by an — ion-
exchange membrane in the absence of any current flow-
ing through the membrane. This potential originates
from the different distribution of cations and anions on
both sides of the semipermeable membrane. See also
— potential.
Refs.: [i] Bockris JO'M, Reddy AKN, Gamboa-Aldeco M (2000) Modern
electrochemistry. Electrodics in chemistry, engineering, biology, and en-
vironmental science, vol. 2B, 2"¢ edn. Kluwer, New York, p 1914; [ii] Bo-
lam TR (1932) The Donnan equilibria and their application to chemical,
physiological and technical processes. G Bell, London (German ed: Bo-
lam TR (1934) Die Donnan-Gleichgewichte. Th Steinkopf, Dresden)
EK

Donor number (or donicity), DN — is an empirical
semiquantitative measure of nucleophilic properties
(= acid-base theories, subentry — Lewis acid-base the-
ory) of a solvent defined as the negative of the stan-
dard molar heat of reaction (expressed in kcal mol™) of
the solvent D with antimony pentachloride to give the
1:1 adduct, when both are in dilute solution in the in-
ert diluent 1,2-dichloroethane, according to the reaction
scheme:

Room temp.

D : +SbCl; 2
in CH(Cl,),Cl

&3] <
D - SbCl;s @
DN is determined calorimetrically. See also — acceptor
number.

Ref.: [i] Gutmann V, Vychera E (1966) Inorg Nucl Chem Lett 2:257
WK

Doping — is the controlled addition of a relatively small
amount of foreign component (dopant) to solid materi-
als in order to change their properties, or the process of
adding impurity atoms. As a rule, dopant ions or atoms
are incorporated into the crystal lattice of host material.
The dopant ions are often considered as point defects
(see — defects in solids). Depending on the type of host
lattice and dopant, the incorporation of foreign species
may lead to creation of — electronic defects, other point

defects, and defect clusters. This effect is widely used
for the optimization of semiconductors and solid elec-
trolytes (see — stabilized zirconia and — cerium dioxide).
The term “doping” is also incorrectly used in the field of
— conducting polymers, describing the incorporation of
ions (counter ions) into the polymer phase (layer, film)
by oxidizing or reducing the polymer.
Refs.: [i] West AR (1984) Solid state chemistry and its applications. Wiley,
Chichester; [ii] Smart LE, Moore EA (2005) Solid state chemistry: An
introduction. CRC Press/Taylor & Francis, Boca Raton

VK

Dorn effect - Dorn potential, and — sedimentation po-
tential

Dorn potential — Potential difference established dur-
ing sedimentation of charged particles (see — sedimen-
tation potential).

RH

Double layer — In general, a double layer of charges
exists at the interface between two conducting media:
One side carries a positive excess — charge, which is bal-
anced by a negative excess of equal magnitude on the
other side. The resulting potential drop across the in-
terface is the double-layer potential. Two limiting cases
exist: at an ideally polarizable — interface the two adja-
cent phases cannot exchange charges; the system then
behaves like a capacitor, which can be charged by ap-
plying an external potential. At an ideally nonpolariz-
able interface the two phases can exchange charge car-
riers, ions or electrons, and in the stationary case the
potential difference is determined by the difference of
the — chemical potential of these carriers in the two
phases.
Refs.: [i] Lipkowski ], Ross PN (eds) (1993) Structure of electrified inter-
faces. VCH, New York; [ii] Bockris JO'M, White RE, Conway BE (eds)
(1980) Comprehensive treatise of electrochemistry, vol. 1. Plenum Press,
New York

WS

Double-layer capacity (Capacitance) — The — excess
charge stored on both sides of the double layer depends
on the — electrode potential, therefore the double layer
can be represented by a capacitor in equivalent circuits.
In general, this capacitor in nonlinear, i.e., the stored
charge is not proportional to the potential. Hence two
different capacities can be defined:

differential capacity — C = i—g, where Q is the
excess — charge stored on the electrode, and E the elec-
trode potential; the differential capacity is easy to mea-
sure, for example by — impedance spectroscopy. This is
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Double layer, diffuse double layer, or Gouy-Chapman layer

the commonly used definition for the capacity. In gen-
eral, C depends on the electrode potential E, and in
impedance spectroscopy also on the frequency v; of-
ten, a frequency near v = 20 Hz is used as a reference,
since in this range interference from other processes is
small.

integral capacity — Ci; = , Where Ep, is

the — potential of zero charge of the electrode. This quan-
tity is rarely used, since it carries less information than
the differential capacity, and it requires a separate deter-
mination of the — potential of zero charge.

WS

Double layer, diffuse double layer, or Gouy-Chapman
layer — That part of the double layer which is adequately
described by the Gouy-Chapman theory. Details can be
found under — double layer models. See also — Gouy,
— Chapman.
See also — diffuse double-layer capacitance.
WS

Double layer, excess charge density — The charge den-
sity per unit area that resides on the electrode surface.
It is defined as the excess of the atomic charge over the
electronic charge per unit area. For the case in which the
electrode contains only one kind of atoms, the definition
is: 0 = zeog Iy — egIe, where Ty is the surface excess of the
atoms of the electrode, and z is their charge number; e,
is the unit of charge (— elementary electric charge), and
I the surface excess of electrons. The excess charge on
the electrode is balanced by a corresponding excess in
the solution: ¢ = — Y, z;eo; where the sum is over all
ionic species i with charge number z; and surface excess
I; in the solution.

WS

Double layer, Helmholtz layer, Helmholtz plane —
These terms are based on a simple geometric model of
the interface. One distinguishes between an inner and
an outer Helmholtz layer. The inner Helmholtz layer
comprises all species that are specifically adsorbed on
the electrode surface. If only one type of molecule or
ion is adsorbed, and they all sit in equivalent positions,
then their centers define the inner Helmholtz plane.
The outer Helmholtz layer comprises the ions that are
closest to the electrode surface, but are not specifically
adsorbed. They have kept their — solvation spheres in-
tact, and are bound only by electrostatic forces. If all
these ions are equivalent, their centers define the outer
Helmbholtz plane.

WS
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Double layer, Helmholtz layer, Helmholtz plane — Figure

Double layer models — The oldest model for the dou-
ble layer at metal/solution interfaces was proposed
by — Helmholtz. He suggested that an excess charge
(= double layer, excess charge density) on the metal at-
tracts an equivalent amount of counter ions to the inter-
face, the two opposing layers are separated by a certain
distance, which determines the capacity. His model gave
rise to the concepts of the inner and outer Helmholtz
planes (layers) (— Double layer).

— Gouy and — Chapman proposed the first statisti-
cal model: By combining electrostatics with Boltzmann
statistics, they derived the — Poisson-Boltzmann equa-
tion for the distribution of ions in the solution. For
planar geometry, and for an electrolyte containing two
kinds of ions with opposite charge numbers, this can be
solved exactly. This Gouy—Chapman theory is equiva-
lent to the — Debye-Hiickel theory, which it preceded
by several decades. It is valid at low electrolyte concen-
trations in the vicinity of the point of zero charge. In par-
ticular, it predicts that the capacity attains its minimum
at this point.

For higher concentrations, and far from the point of
zero charge, the Gouy—Chapman theory predicts inter-
facial capacities that are much higher than the experi-
mental values. To explain these findings, Stern combined
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the ideas of Helmholtz, Gouy, and Chapman into what
is known as the Gouy-Chapman-Stern model, which is
meant to describe the interface in the absence of spe-
cific adsorption. In this model the ions can approach the
electrode surface only up to the outer Helmholtz plane;
in this context, the outer Helmholtz layer is also known
as the Stern or ion-free layer. Mathematically, the in-
terface can then be described as two capacitors in se-
ries: 1/C = 1/Cy + 1/Cgc. The first term is known as
the Helmholtz or inner layer capacity; this equation also
forms the basis of the — Parsons and Zobel plot. At high
concentrations and charge densities, the Helmholtz ca-
pacity, which is independent of the ionic concentration,
dominates. The variation of the dielectric — permittivity
of the solvent in the double layer was considered in the
Bockris-Devanathan—Miiller model.

In the Gouy-Chapmann theory the electrolyte is de-
scribed as point ions in a dielectric continuum. The
hard-sphere electrolyte model constitutes a significant
advance; here the ions and solvent molecules are de-
scribed as hard spheres with a charge resp. with a point
dipole at their center. The statistical mechanics of this
model have been solved in the vicinity of the point of
zero charge in the so-called mean spherical approxima-
tion. Due to the layering of the hard spheres near the
metal surface, the electrostatic potential exhibits oscilla-
tions. Formally, the interfacial capacity can again be de-
scribed as two capacitors in series, but the term corre-
sponding to the Helmholtz capacity is caused by an ex-
tended boundary layer rather than by a single Helmholtz
layer. This model permits the calculation of the capacity
from the radii of the spheres and from the dipole mo-
ment of the solvent. Reasonable estimates of these quan-
tities for aqueous solution result in interfacial capacities
that are too small by a factor of two to three compared
with experimental values.

The double-layer capacity depends strongly on the
nature of the electrode material, even in cases where
there is no specific adsorption of ions and solvent. It
was therefore suggested, first by O.K. Rice, that the metal
makes a direct contribution to the double-layer capacity.
This idea was quantitatively pursued within the — jel-
lium model, in which the distribution of the electrons
at the surface is affected by the double-layer field. In
essence, the surface electrons form a highly polarizable
medium, which enhances the capacity. In combination
with the hard sphere electrolyte model, it gives the cor-
rect order of magnitude for the capacity at the - point
of zero charge; also, it predicts correctly that the capacity
of simple sp-metals should increase with the electronic
density. An extension of the jellium-hard sphere elec-

trolyte model to metals containing d-bands and beyond
the point of zero charge has not yet been achieved.
Much recent work on double-layer models has been
based on computer simulations, while these have given
further insight into the distribution of particles for spe-
cific cases, they have not contributed new concepts or
given quantitative results.
Refs.: [i] von Helmholtz H (Nov 1881) Monatsber Preuss Akad Wiss;
[ii] Gouy A (1909) Compt Rend 149:654; [iii] Chapman DL (1913) Philos
Mayg (6) 25:475; [iv] Carnie SL, Chan DYC (1980) ] Chem Phys 73:2949;
[v] Blum L, Henderson D (1981) ] Chem Phys 74:1902; [vi] Rice OK (1928)
Phys Rev 31:105; [vii] Schmickler W, Henderson D (1986) Prog Surf Sci
22:323; [viii] Guidelli R, Schmickler W (2000) Electrochim Acta 45:2317
WS

Double layer, effect on charge transfer rate — At the in-
terface, the concentration of charged reactants is affected
by the charge on the electrode surface. Thus, a nega-
tively charged reactant will be repelled from a nega-
tively charged surface. Therefore, the interfacial concen-
tration may deviate significantly from the bulk value. At
low electrolyte concentration, the magnitude of this so-
called — Frumkin effect can be estimated from — Gouy-
Chapman theory.
Ref.: [i] Frumkin AN (1933) Z phys Chem 164A:121

WS

Double-step chronocoulometry — chronocoulometry
GI

Dow, Herbert Henry

(Feb. 26, 1866, Belleville, Ontario, Canada - Oct. 16,
1930, Rochester, Minn, USA) Dow graduated at the
Case School of Applied Science (now Case Western Re-
serve University). During his undergraduate chemistry
project he discovered that Michigan brines were un-
usually reach in bromine. In 1890 he established Mid-
land Chemical Company to produce bromine from
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Dow-Huron cell

brine. The Dow process was the first commercial pro-
cess for the production of bromine by — electrolysis.
He also applied electrolysis to produce sodium hydrox-
ide and chlorine from sodium chloride. In 1895 he
formed the Dow Chemical Company. Taking advan-
tage of the opportunity during World War I - when
import from Germany was blocked - Dow produced
massive amounts of bromine, chlorine, sulfur chloride,
monochlorobenzene, phenol, magnesium, and synthetic
indigo. It helped the development of the company which
became the fifth largest chemical company in the world
that sells more than 2000 chemicals and plastic products
around the globe. Photo was taken from Ref. [i].
Refs.: [i] http://www.chemheritage/eminentchemists/HHDow/
HerbertDow.htm; [ii] Whitehead D (1983) The Dow story: the history of
Dow Chemical Company, McGraw-Hill, New York

GI

Dow-Huron cell — Electrochemical cell for hydrogen
peroxide production. A diaphragm-divided cell employ-
ing a carbon chips-PTFE composite as cathode material
fed with air. At the anode oxygen is developed at, e.g.,
a platinized titanium electrode.
Ref.: [i] Pletcher D, Walsh FC (1993) Industrial electrochemistry. Blackie
Academic & Professional, London

RH

Downs cell — Cell designed for the — electrolysis of
molten NaCl (Downs process). In a steel container lined
with ceramic tiles a cast iron cathode and a graphite an-
ode are immersed in the molten salt. A diaphragm keeps
chlorine gas from reaching the liquid sodium. In order to
operate the electrolyzer at moderated temperatures (the
melting temperature of NaCl is T;,, = 801 °C) CaCl, and
BaCl, are added resulting in an operating temperature
T = 600 °C. The sodium is always contaminated with
traces of calcium.
Ref.: [i] Pletcher D, Walsh FC (1993) Industrial electrochemistry. Blackie
Academic & Professional, London

RH

DRAM (dynamic random access memory) — A type of
a commonly used random access memory that allows
the stored data to be accessed in any order, i.e., at ran-
dom, not just in sequence. That type of computer mem-
ory stores each bit of data in a separate capacitor charged
and discharged by only one logic element transistor.
However, the DRAM capacitors are not ideal and hence
leak electrons; the information eventually fades unless
the capacitor charge is periodically refreshed (circa ev-
ery 64 ms). This makes this type of memory more power

consuming. Because of the refresh requirement, DRAM
is a dynamic memory as opposed to SRAM (Static Ran-
dom Access Memory) and other static memories. Its ad-
vantage over SRAM is its structural simplicity: only one
transistor and one capacitor are required per one bit of
information, compared to six transistors in SRAM. This
allows the DRAM memories to reach a very high density.
A serious disadvantage of the DRAM modules is the loss
of the data when the power supply decays.

Modern DRAM-capacitor dimensions are less than
1 um, the capacities are lower than 10™* F, and the col-
lected electrical charge is usually lower than one million
of electrons.
Ref.: [i] Stallings W (2005) Computer organization and architecture: De-
sign for performance, 7" edn. Prentice Hall, chap 5

MD

Drop time method — drop weight method

Drop weight method — Method to determine the — in-
terfacial tension in liquid-gas and liquid-liquid sys-
tems [i]. When a liquid is dispensed by gravity from
a tube with a circular orifice with radius r, the weight of
the drops wg,,p, depends on the interfacial tension y as
follows: Warop = Mdropg = 2717y (Eq. 1) (mMgrep is the mass
of adrop, g is the constant of gravitational acceleration).
This equation is known as Tate’s law [ii]. Alternatively
to weighing the drops, one can measure the drop time,
for which follows: tarop = 2727y/f g (Eq. 2) (f is the con-
stant volume flow rate). Equations 1 and 2 are not exact
and a number of corrections have been published [iii—v].
However, it is common practice to use correction factors
and calibrate the method with liquids of known inter-
facial tension. — Kucera applied the drop time method
to the — dropping mercury electrode to measure the po-
tential dependence of interfacial tension. The anomalies
observed were studied by — Heyrovsky and led to the de-
velopment of — polarography.

See also — electrocapillarity, — electrocapillary curve,
— Gibbs-Lippmann equation, — Wilhelmy plate (slide)
method, — ring method, — Lippmann capillary electrom-
eter.
Refs.: [i] Adamson AW, Gast AP (1997) Physical chemistry of sur-
faces, 6™ edn. Wiley, New York, pp 19; [ii] Tate T (1864) Philos Mag
27:176; [iii] Rayleight JWS (1899) Philos Mag 48:321; [iv] Harkins WD,
Brown FE (1919) ] Am Chem Soc 41:499; [v] Albert HE, Scholz F (1987)
J Electroanal Chem 235:107

ES

Droplets, electrochemistry of immobilized ~ — Tech-
nique for studying the electrochemical reactions at
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— three-phase boundaries [i], i.e., when droplets of a lig-
uid are attached to a solid electrode that is immersed into
another liquid that is immiscible with the droplet-phase.
The three-phase arrangement allows performing a si-
multaneous electron and ion transfer reactions, giving
access to the — Gibbs energies of ion transfer: A droplet of
a solution of an electroactive and lipophilic compound
is dissolved in a water-immiscible liquid and the droplet
is attached to the surface of a working electrode, e.g.,
a — paraffin-impregnated graphite electrode. The Fig-
ure depicts the coupled electron and ion transfer reac-
tions for the example of decamethylferrocene (dmfc).
The overall process occurring at the three-phase elec-
trode can be described by the following reaction scheme:

dmfc () + Azaq) —e dmfczro) + AEO) . (I)
The thermodynamic treatment to the reaction
scheme (I), leads to the following equation [ii, iii]:

A?,\r,ng_
Ece, = Ec?mfc{'orgﬁdmfc(o,g) + F
RT RT Cdmf(:(o,g)
_?IH(CA(W))-F?IH(T) . (1)

Similarly, the reduction of an electroreducible lipophilic
compound will provoke the transfer of cations from the
aqueous to the organic phase:

(1)

The thermodynamic treatment of the reaction given in
Eq. (2) leads to the following form of the — Nernst equa-
tion, Eq. (2) [i]:

Ox(o) + Catz’aq) +e 2 Redzo) + CatE'O) .

org
Ee/ _ Ee AW Ggat+
c - Ox(org)‘Red(org) B F
RT RT 2
+ —1In(ccyr )+ —1n . 2
F ( Cat(w)) F (COX(O,g)) ( )

Various mechanistic studies concerning the electro-
chemistry of redox active liquids have been reported by
Marken and Compton et al. [iv, v].

counter
electrode

reference
electrode

three-phase graphite three-phase
junction (working electrode) junction

! 3 J

dmfc é? dmfc”

organic phase

aqueous phase (Cat'An’)

Droplets, electrochemistry of immobilized ~ — Figure. Scheme of
the processes taking place at a three-phase electrode

Refs.: [i] Scholz E Schroder U, Gulaboski R (2005) Electrochemistry
of immobilized Particles and droplets. Springer, Berlin, pp 183-253;
[ii] Scholz E Komorsky-Lovrié S, Lovri¢ M (2000) Electrochem Commun
2:112; [iii] Scholz E, Gulaboski R (2005) ChemPhysChem 6:16; [iv] Banks
CE, Davies T], Evans RG, Hignett G, Wain AJ, Lawrence NS, Wadhawan
JD, Marken F, Compton RG (2003) Phys Chem Chem Phys 5:4053;
[v] Davies TJ, Banks CE, Compton RG (2005) ] Solid State Electrochem
9:797

RG

Dropping mercury electrode (DME) — Polarizable elec-
trode formed by sequence of mercury drops falling from
a small aperture. After its first description in 1871 [i] it
was explored by many authors in connection with de-
velopment of the concept of — electrode potential [ii].
In that way it represented a scientific problem, and only
after 30 years it was first used as a scientific tool [ii].
At that time the DME was mostly formed at the end of
a narrow glass capillary connected by elastic tubing with
a reservoir of mercury. By changing the height of mer-
cury level in the reservoir above the orifice of the cap-
illary the time of formation of the drop was usually ad-
justed to several seconds. With radius of the orifice of
the capillary of less than 0.2 mm the shape of the drop
is strictly spherical. Such DME is then characterized by
two parameters: rate of flow of mercury m (in grams per
second) and drop-time # (in seconds). Its weight w can
then be expressed thus: w = mt;g = 2ary, where g is
gravitational constant (980.67 cmpers?®), 7 is 3.14, r is
radius of the orifice of the capillary (in cm), and y is
surface or interfacial tension (in dynes per cm). On the
basis of this relation - Kucera introduced a method of
determining interfacial tension between polarized mer-
cury, and a solution by measuring drop-weight or drop-
time [ii], later I. Oref [iii] used DME for studying the ad-
sorption from the gas phase. - Mercury as electrode ma-
terial (— mercury, and mercury electrodes) has specific
advantages: a) it has of all metals the highest — hydro-
gen overpotential, which enables polarization of the elec-
trode to fairly negative potentials; b) the surface of mer-
cury drops is homogeneous and isotropic, allowing sen-
sitive and precise study of adsorption; in addition, DME
has special features: c) periodic renewal of ideal liquid
surface, unaffected by preceding events, which leads to
reproducible results in electrolytic measurements irre-
spective of direction of polarizing scan; d) the small size
of the mercury drop guarantees negligible consumption
of electroactive species during electrolysis, which is the
condition of quantitative reproducibility of electrolytic
measurements. Aware of these advantages - Heyrovsky J
used DME for electrolysis [iv], which developed into
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— polarography [v]. As the surface of DME keeps chang-
ing in time, the first polarographs were recording the
mean value of current flowing during the whole drop-
life. In equations expressing different types of currents
in — polarography the terms m and t; always appear,
characterizing the particular DME used; the values of
m should be always less than 2 mg/s, which guarantees
that the flow of mercury into the drop remains laminar.
Faster flow causes inner turbulences of mercury in the
drop, transferred to the adjacent solution, and disturb-
ing the regular hydrodynamic regime defining the cur-
rent. As the interfacial tension electrode/solution, y, de-
pends on the electrode potential, the spontaneous drop-
time of DME, t;, becomes shorter with increasing nega-
tive potential. To get rid of this inconstancy an automatic
device is used, which knocks the drop off the capillary
at a constant time. - For DME in — polarography best
suited is the — Smoler’s capillary, which eliminates trans-
fer of electrolytic products among subsequent drops, in
measurements of interfacial tension the “spindle” cap-
illary [vi] is recommended, which by its inner conical
shape minimizes penetration of the solution by capil-
lary forces to the interior of the capillary, and thereby
issues mercury drops with drop-time of highest repro-
ducibility. - By stopping the growth of mercury drops
from DME the — static mercury drop electrode (SMDE)
or — hanging mercury drop electrode (HMDE) is pro-
duced.
Refs.: [i] Varley CF (1871) Philos Trans 101:129; [ii] Palmaer W (1907)
Z phys Chem 59:129; [iii] Labin R, Oref I (1977) ] Appl Phys 48:406;
[iv] Heyrovsky J (1923) Philos Mag 45:303; [v] Heyrovsky J, Shikata M
(1925) Recl Trav Chim Pay-B 44:496; [vi] Novotny L, Heyrovsky M
(1987) Trends Anal Chem 6:176

MHey

Dry cell — Popular name of batteries made by the ad-
dition of starch, flour (Paul Schmidt, 1899), or other
gelling agents to the liquid electrolyte solution which
then shows no typical properties of a water-like liquid
anymore, in particular it is nonspillable. One of the first
representatives of this class of primary cells was designed
by — Leclanché.
Ref: [i] Linden D, Reddy TB (eds) (2002) Handbook of batteries.
McGraw-Hill, New York

RH

Dry-charged battery — Batteries that are shipped and
stored in the charged state, but dry and free of elec-
trolyte. Under such conditions the batteries exhibit very
long shelf life, and can be rapidly activated by introduc-
ing the electrolyte upon demand. Silver-oxide based bat-

teries, both primary and secondary, can be stored dry-
charged almost indefinitely. Dry-charged — lead-acid
batteries are produced either by emptying the electrolyte
after manufacturing the full battery and charging, or by
separately charging the plates before assembly in the bat-
tery. Dry-charged lead-acid batteries are made for the
purpose of extending shelf life, especially during ship-
ping and when exposure to high temperatures is ex-
pected.
Refs.: [i] Salkind AJ, Kelley J], Cannone AG (1994) Lead-acid batteries.
In: Linden D (1994) Handbook of batteries, 274 edn. McGraw-Hill, New
York, p 24.32-24.33; [ii] Crompton TR (2000) Battery reference book,
3" edn. Newnes, Oxford, p 5/4, 20/5, Glossary p 4

YG

Dry pile — Ritter was the first who constructed piles of
galvanic cells with “dry” separators, e.g., of leather. The
function of these piles is based on the small amounts of
humidity in these separators.
Ref.: [i] Ostwald W (1896) Elektrochemie. Ihre Geschichte und Lehre.
Veit, Leipzig. Engl transl: Ostwald W (1980) Electrochemistry. History
and Theory. 2 vols. Amerind Publ, New Delhi

FS

du Bois-Reymond — Bois-Reymond

du Bois-Reymond-Poggendorff compensation
method — Poggendorff compensation circuit, - Bois-
Reymond, — Poggendor{ff

Dufour effect — Soret effect

Dupré equation — The equation gives the work of ad-
hesion Wy_p between two immiscible liquids A and B:
Wa-B = Ya-v + ¥B-v — Ya-B> Where y denotes the inter-
facial tensions between the different phases (A-V: lig-
uid A-vapor A, B-V: liquid B-vapor B, A-B: liquid A-
liquid B).
Ref.: [i] Hunter R] (2004) Foundations of colloid science, 2" odn, Oxford
University Press, Oxford, p 102

ES

Dye-sensitized solar cell — Dye cells are regenerative
dye-sensitized photoelectrochemical cells. Its working
principle for energy conversion is based upon pho-
ton absorption by a sensitizer with subsequent electron
transfer from a photoexcited state of the sensitizer into
the — conduction band of a - semiconductor, and from
the semiconductor to external circuitry. A charge medi-
ator, a suitable — redox couple is added to the cell - elec-
trolyte for re-reducing the oxidized dye. The mediator is
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renewed in the — counter electrode, making this photo-
electrochemical cell regenerative.
Refs.: [i] Hagfeldt A, Griitzel M (1995) Chem Rev 95:49; [ii] Longo
C, Nogueira AE Cachet H, De Paoli MA (2002) Solid-state and flex-
ible solar cells based on dye-sensitized TiO,: study by electrochemical
impedance spectroscopy. In: Kafafi ZH (ed) Organic photovoltaics II -
Proceedings of SPIE, vol. 4465. Washington, pp 21-30

IH

Dynamic hydrogen electrode (DHE) — is a — hydro-
gen electrode used as — reference electrode and relying
on the passage of a small current between two inert
electrodes. At least one of these is a cathodically polar-
ized — platinized platinum electrode (— electrode mate-
rials) on which H; is continually being evolved while
O, is formed on the second electrode. The two elec-
trodes must be positioned in such a way that the O,
does not affect the H; electrode potential, and the gases
must be properly vented. The magnitude of the DHE po-
larization corresponding to the applied current must be
corrected. This correction is best accomplished by cali-
brating DHE against a conventional H, electrode. Typ-
ical corrections are between 15 and 40 mV. For accu-
racy within a few mV, a constant current source must
be employed. A battery with a large series resistor is
used to simulate a constant current source because both
DHE and its — counter electrode must be kept elec-
trically floating. As the battery voltage decreases with
time, the DHE potential slowly drifts, being typically less
than 5mV in 2 days. The DHE is advantageous with re-
spect to other reference electrodes because (a) no im-
purities, such as CI~ or Hg*", are produced, (b) the po-
tential against the H, electrode is measured under the
same conditions as those of the — working electrode with
correction for a polarization term taken into account,
(c) it has no temperature limitation, (d) it is applica-
ble at any pH with a diaphragm of low resistance as
long as no incompatible product is present in the elec-
trolyte, (e) it is more suitable than other reference elec-
trodes for fast transient measurements where the resis-
tance between the reference and working electrode has
to be kept small. The advantage of the DHE compared
to a conventional H, electrode is that a H, gas sup-

ply is unnecessary, and contamination of the test so-
lution by H, is minimized. The DHE cannot compete
with classical reference electrodes if extreme accuracy is
required.
Ref.: [i] Will FG, (1986) ] Electrochem Soc 133:454

WK

Dynamic random access memory - DRAM

Dynamic techniques (in electrochemistry) — These
are techniques were the excitation functions are time-
dependent potentials, currents, or charges: (a) con-
trolled potential techniques are voltammetric tech-
niques (— voltammetry, — cyclic voltammetry, — cyclic
staircase voltammetry, — differential pulse voltamme-
try, — polarography, — stripping voltammetry, etc.)
(b) controlled current techniques are — chronopoten-
tiometry techniques, (c) controlled charge techniques,
i.e., = coulostatic techniques, are much more rarely ap-
plied. See also — Relaxation techniques. The time depen-
dence of the excitation signals implies that the — charge-
transfer kinetics and the rate of — mass transport of
educts to and products from the electrode play a signifi-
cant role. This is the basis to access kinetic and transport
parameters, like the standard rate constant (see — re-
action rate) of — electron transfer and — diffusion coef-
ficients with these techniques. (The counterpart of dy-
namic techniques are the static techniques, most impor-
tantly — potentiometry, and potentiostatic - amperom-
etry under constant mass transport conditions (e.g., in
— flow-through cells, in stirred solutions, or with a — ro-
tating disc electrode). Under these conditions no time de-
pendence of the measured potential or current will oc-
cur, or if it happens to occur, the time dependence re-
sults from the — time constant of the electrode or flow-
though cell.)
Refs.: [i] Kissinger PT, Heineman WR (1996) Laboratory techniques in
electroanalytical chemistry, 2% edn. Marcel Dekker, New York; [ii] Bard
AJ, Faulkner LR (2001) Electrochemical methods, 2"¢ edn. Wiley, New
York; [iii] Bard AJ, Stratmann M, Unwin PR (eds) (2003) Instrumenta-
tion and electroanalytical chemistry. Encyclopedia of Electrochemistry,
vol. 3. Wiley-VCH, Weinheim

FS
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E

E-pH diagram — Pourbaix diagram

Eadie-Hofstee plot — Michaelis—Menten kinetics
Eastman'’s entropy — heat of transport

Earth cell — This was a — battery consisting of a copper
and zinc electrode immersed in soil. It was used to pro-
duce electricity for telegraphing. See also — Daniell cell,
— zinc, — Zn**/Zn electrodes, - Zn**/Zn(Hg) electrodes,
— zinc—-air batteries (cell), and — Leclanché cell.
Ref.: [i] Hauck WP (1883) Die Galvanischen Batterien, Accumulatoren
und Thermosiulen, 2" edn. Hartleben's Verlag, Wien

FS

Earthing — is the fastening of electrical equipment to
earth to make the earth a part of an electrical circuit
(— grounding), i.e., the mounting of a low-resistance
electrically conducting connection between electrical
apparatus, on one side, and the earth, on the other.
The specific electrical resistivity of (wet) earth is about
100 Q@ m [i]. Earthing is primarily done for the protec-
tion against lightning strikes and electrostatic discharges
(ESD), via influence or induction, but also to elimi-
nate electric fields within a volume and to avoid noise
in communication engineering devices. In the latter-
mentioned broader meaning, this includes all measures
to prevent the pick-up or transmission of stray electrical
signals. See for the latter — shielding.
Ref.: [i] Westphal WH (ed) (1952) Physikalisches Worterbuch. Springer,
Berlin, p 367

MHer

Ebner cell — This was a — battery consisting of a pla-
tinized lead plate and a bottom electrode of a mer-
cury pool with pieces of zinc. The electrolyte is dilute
sulfuric acid. See also — Tyer battery, — Daniell cell,
— zinc, — Zn**/Zn electrodes, -~ Zn**/Zn(Hg) electrodes,
— zinc—-air batteries (cell), and — Leclanché cell.
Ref.: [i] Hauck WP (1883) Die Galvanischen Batterien, Accumulatoren
und Thermosiulen, 2" edn. Hartleben's Verlag, Wien

ES

Eirrev diagnostics in cyclic voltammetry — For electro-
chemical systems with kinetic constraints in the het-
erogeneous electron transfer reaction (— irreversibility)

the following diagnostic criteria can be used in — cyclic
voltammetry [i-iii]:

« for reduction processes: Iy rea/Ip,0x < 1;

o the half-wave peak potential (AE,,) shifts for
30 mV/an in negative direction (for reduction pro-
cesses), per decade increase of the scan rate (« is the
— transfer coefficient);

o the peak currents are proportional to the square-
root of the scan rate v*-> (by redox reactions con-
trolled by diffusion);

« the potential separation between the cathodic and
anodic peak AE,, = |E, c — Ep 4| >57/nmV at 25°C
(see Fig. 1 below) and it increases by increasing the
scan rate.
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Ejyrev diagnostics in cyclic voltammetry — Figure 1. Simulated cyclic
voltammogram for an Ejrrey reaction

Refs.: [i] Nicholson RS, Shain I (1964) Anal Chem 36:706; [ii] Marken F,
Neudeck A, Bond AM (2001) Cyclic voltammetry. In: Scholz F (ed)
Electroanalytical methods. Springer, Berlin, pp 50-97; [iii] Bard AJ,
Faulkner LR (2001) Electrochemical methods. 2"% edn. Wiley, New York,
Pp 226-260
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E..y diagnostics in cyclic voltammetry — For an electro-
chemically reversible reaction (controlled by diffusion)
ofthetype O+ne™ 2 R (see — reversibility), the diagnos-
tic criteria are as follows in — cyclic voltammetry [i, ii]:

» I, (for both, reduction and oxidation) is a linear

function of the square-root of the scan rate v-*;

» theratiol}, red / I, ox = 1for wide range of scan rates;




Ebonex electrodes

o the half-wave peak potential (AE,/,) does not
change by altering the scan rate;

o the potential separation between the cathodic and

anodic peak AE, = |E, . — Ep 4| is 57/n mV at 25°C
(see Fig. 2 below) [i-iii];

Inorm
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Erey diagnostics in cyclic voltammetry — Figure 2. Simulated cyclic
voltammogram for Erey reaction

Refs.: [i] Nicholson RS, Shain I (1964) Anal Chem 36:706; [ii] Marken F,
Neudeck A, Bond AM (2001) Cyclic voltammetry. In: Scholz F (ed)
Electroanalytical methods. Springer, Berlin, pp 50-97; [iii] Bard A],
Faulkner LR (2001) Electrochemical methods. 2"% edn. Wiley, New York,
Pp 226-260
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Ebonex electrodes — When TiO; is placed into an at-
mosphere of hydrogen at a temperature higher than
1000 °C partial reduction and formation of TiO,_,
phases occurs. Of particular interest is Tis O7, a black ce-
ramic material of high electrical conductivity and chem-
ical inertness. This material, Ebonex, has been formed
into ceramic electrodes for applications as — dimension-
ally stable anode [ii] or — cathode [iii].
Refs.: [i] Hayfield PCS (2002) Development of a new material: Mono-
lithic Ti4O7 ebonex ceramic. The Royal Society of Chemistry, London;
[ii] Graves JE, Pletcher D, Clarke RL, Walsh FC (1992) J Appl Elec-
trochem 22:200; [iii] Chen G, Betterton EA, Arnold RG, Ela WP (2003)
J Appl Electrochem 33:161

FM

EC process — This is a case where the product (R) of
an electrochemical reaction (E) reacts (e.g., with the sol-
vent) to produce a species that is not electroactive at po-

tentials where the redox process of the electroactive cou-
ple occurs [i-iii]:
O+ne” 2R

R=2B.

E step:
C step:

The oxidation of ascorbic acid, followed by hydration of
the product is one representative example for this type of
reactions [i] and subsequent chemical reactions in elec-
trochemisty.
Refs.: [i] Nicholson RS, Shain I (1964) Anal Chem 36:706; [ii] Marken E,
Neudeck A, Bond AM (2001) Cyclic voltammetry. In: Scholz F (ed)
Electroanalytical methods. Springer, Berlin, pp 50-97; [iii] Bard AJ,
Faulkner L (2001) Electrochemical methods. 2% edn. Wiley, New York,
pp 471-533

RG

EC’ process — This is a special type of follow-up reac-
tion of the product (R) of the electrochemical step with
some nonelectroactive species (Z) in solution, to regen-
erate initial electroactive substrate, O. i.e.:

O+ne- 2R
R+Z-0.

Electrochemical step:
C’ (catalytic) step:

If the concentration of Z is much larger than that of O,
the chemical reaction is pseudofirst order. The reduc-
tion of Ti(IV) in the presence of oxalate and hydroxy-
lamine follows this pattern of catalytic chemical reac-
tions in electrochemistry (— catalytic currents). The typ-
ical features of the EC’ reactions (under conditions of
cyclic voltammetry) are reflected in increasing cathodic

increasing the
concentration of the
Catalytic reagent

E/V

EC’ process — Figure. Influence of the concentration of the catalytic
reagent Z to the current components of the cyclic voltammograms by
an EC' reaction
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peak and decreasing anodic peak with increasing con-
centration of Z (see Figure on the previous page) [i-iv].
Refs.: [i] Nicholson RS, Shain I (1964) Anal Chem 36:706; [ii] Marken F,
Neudeck A, Bond AM (2001) Cyclic voltammetry. In: Scholz F (ed) Elec-
troanalytical methods. Springer, Berlin, pp 50-97; [iii] Zeng ], Oster-
young RA (1986) Anal Chem 58:2766; [iv] Bard AJ, Faulkner L (2001)
Electrochemical methods. 2"% edn. Wiley, New York, pp 471-533

RG

ECE process — Reactions where two charge-transfer re-
actions are coupled by a chemical reaction. In most
cases, the product B of a subsequent chemical reaction
(— EC process) is itself an electroactive species. Schemat-
ically, the reaction can be written as follows:

E; step: O+ne” 2R
C step: R=2B
E, step: B+ne 2P.

Such reaction pathways are common for many systems,
e.g., isomerizations, couplings, and homogeneous dis-
proportionation, studied mainly in nonaqueous me-
dia [i-iii]. The reduction of p-nitrosophenol is a typical
example [ii]:

(OH)C¢H4NO +2¢” +2H" 2

(0)
(OH)C4{H4NHOH - H,0 —
(R)
OC¢H,NH +2¢” +2H' 2
(B)
(OH)C,H,NH, .
(P)

Refs.: [i] Adams RN (1971) Electrochemistry at solid electrodes. Marcel
Dekker, New York; [ii] Nicholson RS, Shain I (1965) Anal Chem 37:190;
[iii] Bard AJ, Faulkner LR (2001) Electrochemical methods. 2" edn. Wi-
ley, New York, pp 471-533

RG

EevCirrevErev diagnostics in cyclic voltammetry — If two
electron transfer steps are coupled by an irreversible
chemical reaction, the E ey Cirrev Erev mechanisms can be
schematically given as follow:

E; step: O+ne” 2R
C step: R—B
E, step: B+ne"2P.

At least two cases should be considered [i-iii]:

a) when the standard redox potential of the second
electron transfer step is more negative than the

standard redox potential of the first electron step
(in reductions), then the reoxidation wave corre-
sponding to the oxidation of R to O diminishes by
decreasing the scan rate, while the voltammetric
signal at more negative potentials attains features
of an E,, reaction (see Fig. 1 below).

T 2— -0.2 -04 -0.6

+ E/V

EtevCirrevErev diagnostics in cyclic voltammetry — Figure. Simu-
lated cyclic voltammograms for an Erey Cirrev Erev reaction, where the
second E-step occurs at potentials more negative than the first E-step

» when the standard redox potential of the second
electron transfer step is more positive than the stan-
dard redox potential of the first electron step (in
reductions), then in the first scan, only one peak is
observed, while after the second scan, another peak
at more positive potentials appears. The backward
component of the first voltammetric system, i.e.,
the anodic peak current, diminishes by decreasing
the scan rate, while the voltammetric signal at more
negative potentials gets features of an E.., reaction.

The diagnostic criteria for the first voltammetric sig-
nal are identical to those for an E,.,Ciey reaction
— ErevCirrev diagnostics, while for the second voltam-
metric criteria the diagnostic criteria are those given for
CirrevErev = see Crey Erey diagnostics.
Refs.: [i] Marken F, Neudeck A, Bond AM (2001) Cyclic voltammetry.
In: Scholz F (ed) Electroanalytical methods. Springer, Berlin, pp 50-97;
[ii] Heinze ] (1984) Angew Chem 23:83L [iii] Bard AJ, Faulkner LR
(2001) Electrochemical methods. 2" edn. Wiley, New York, pp 471-533
RG

ErevCdim,irrev diagnostics in cyclic voltammetry — Ir-
reversible dimerization is a typical reaction of elec-
trochemically generated radical ions. It is known for
a variety of chemical compounds, particularly organic
m-systems [i, ii]. The diagnostic criteria for the simplest
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reaction scheme of Eey Cyim irrev are:

O+ne” 2R
2R - B

E; step:

Dimerization step:

« the peak potential is dependent on the concentra-
tion of the reactant

o Iy c/Ipa > 1 (for reduction processes)

« the peak potentials shift for 20/# mV in positive di-
rection per decade increase in the scan rate.

Refs.: [i] Heinze ] (1984) Angew Chem 23:831; [ii] Bard AJ, Faulkner LR
(2001) Electrochemical methods. 2" edn. Wiley, New York, pp 471-533
RG

ErevCirrev diagnostics in cyclic voltammetry — Assum-
ing that the product (R) of an electrochemically re-
versible electron transfer reaction (E step) is involved
in additional irreversible chemical reaction (C step), ac-
cording to the scheme;

O+ne” 2R
R—->P

E step:
C step:

the following diagnostic criteria are valid for cyclic
voltammetry [i-iii]:

o the ratio I, geq/Ip,0x (for reduction processes) > 1,
and it decreases by increasing the scan rate;

o for fast scan rates, the cyclic voltammograms attain
the shape typical for unperturbed simple electron
transfer reactions — Eyey;

o the backward (re-oxidation) component of the cur-
rent at more positive potentials (by reduction pro-
cesses) diminishes by decreasing the scan rate (see
Figure 1 below);

« the peak currents are proportional to the v*->;

o in the kinetically controlled region, the half-wave
peak potential AE,,, shifts for 30/n mV in positive
direction per decade increase in the scan rate (for
reduction processes).

Refs.: [i] Nicholson RS, Shain I (1964) Anal Chem 36:706; [ii] Marken F,
Neudeck A, Bond AM (2001) Cyclic voltammetry. In: Scholz F (ed)
Electroanalytical methods. Springer, Berlin, pp 50-97; [iii] Bard A],
Faulkner LR (2001) Electrochemical methods. 2% edn. Wiley, New York,
pp 471-533

RG

ErevCrev diagnostics in cyclic voltammetry — If the
chemical step, following the electrochemically reversible
electron transfer, is also reversible (see scheme below),

E step: O+ne” 2R
k¢

C step: R <k:> P
b

then, the diagnostic features of the cyclic voltammo-
grams for such Eyey Cey Systems are [i-iii]:

o the ratio I, gea/Ip,0x (for reduction processes) > 1,
and it decreases by decreasing the scan rate;

scan rate increases

v
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ErevCirrey diagnostics in cyclic voltammetry — Figure. The effect of the scan rate to the current components of the simulated cyclic voltam-

mograms of an Erey Cirrev reaction
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scan rate increases

v
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EteyCrev diagnostics in cyclic voltammetry — Figure. The effect of the scan rate to the current components of the simulated cyclic voltammo-

grams of an Erey Crey reaction

for slow scan rates, the cyclic voltammograms at-
tain the shape typical for unperturbed simple elec-
tron transfer reaction (see — E,cy).

.

the reoxidation signal (R to O) diminishes by in-
creasing the scan rate;

the peak currents are proportional to the v*-%;

.

in the kinetically controlled region, the half-wave
peak potential AE,, shifts by 30/n mV in positive
direction per decade increase in the scan rate (for
reduction processes).

Refs.: [i] Nicholson RS, Shain I (1964) Anal Chem 36:706; [ii] Marken F,
Neudeck A, Bond AM (2001) Cyclic voltammetry. In: Scholz F (ed)
Electroanalytical methods. Springer, Berlin, pp 50-97; [iii] Bard A],
Faulkner LR (2001) Electrochemical methods. 2"% edn. Wiley, New York,
pp 471-533

RG

ECO cell — Electrochemical cell which is applied in
wastewater treatment. A rotating cylinder employed as
cathode and fixed anodes at the periphery are sepa-
rated by a - diaphragm. Small disks reaching from the
separator up to close to the rotating cathode split the
— catholyte section into small ring-shaped compart-
ments. Movement of the solution from one compart-
ment to the next is possible only through the small gap.

This results in high turbulence and good faradaic
yield, up to 65% have been reported, a typical run re-
duced the copper content of a wastewater by almost two
orders of magnitude.
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ECO cell — Figure. Cross section of an ECO cell

Ref.: [i] Zirngiebl E (1993) Einfiihrung in die Angewandte Elektrochemie.
Salle & Sauerlinder, Frankfurt
RH

Eco-Tec Recowin cell — Electrochemical cell for metal
recovery with air-sparging for improved mass transport.
Ref.: [i] Pletcher D, Walsh FC (1993) Industrial electrochemistry. Blackie
Academic & Professional, London

RH

ECSOW — electron-conductor separating oil water system

Edge effect — Enhanced diftusion to the edges of an in-
laid electrode. See — electrode geometry, and — diffusion,
subentry — edge diffusion.

CGZ
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Edison, Thomas Alva

Edison, Thomas Alva

(Feb. 11, 1847, Milan, Ohio, USA - Oct. 18, 1931, West
Orange, New Jersey, USA) Without a formal education
Edison became one of the greatest inventors holding
more than 2000 patents in his name, among others those
related to electrical telegraphy, electric vote recorder,
phonograph (gramophone), incandescent electric lamp,
motion picture camera, electric trains. Some of the in-
ventions credited to him were improvements of earlier
inventions and also the merit of his co-workers, e.g.,
William Joseph Hammer, Graham Bell, Nikola Tesla,
however, many devices developed in his laboratories
greatly influenced life in the 20 century. Edison’s ma-
jor innovation was the first industrial research lab which
was built in Menlo Park, New Jersey.
The rechargable alkaline nickel-iron — Edison cell
(1901) is still used as a power source.
Refs.: [i] Jonnes J (2003) Empires of light: Edison, Tesla, Westing-
house, and the race to electrify the world. Random House, New York;
[ii] Larousse Dictionnaire (1991) Librairie Larousse. Paris; [iii] Dunsch L
(1985) Geschichte der Elektrochemie. VEB Deutscher Verlag fiir Grund-
stoffindustrie, Leipzig, pp 92; [iv] Israel PB (2002) Endeavour 26:48
GI

Edison cell — A nickel-iron (Ni-Fe) secondary
(rechargeable) cell independently developed by — Edi-
son in USA and W. Jinger in Sweden in 1900. The cell
(— battery) is based on the use of nickel oxyhydroxide
(NiOOH) at the positive electrode and metallic iron
for the negative electrode, and a potassium hydrox-
ide (KOH) solution containing lithium hydroxide
(LiOH) is the electrolyte. The Ni-Fe cell is represented
as ()Fe/KOH/NiOOH(*). The charge-discharge
reactions for the Edison (Ni—Fe) cell are as follows:

discharge
2NiOOH + 2H,0 + 26~ = 2Ni(OH), + 20H"

charge

discharge
Fe + 20H- = Fe(OH); + 2¢~
charge

discharge
2NiOOH + Fe + 2H,0 ——=
charge

2Ni(OH), + Fe(OH), .

The nominal open-circuit voltage and mean discharge
voltage of these cells are 1.37 V at 25°C and 1.2V, re-
spectively. During the discharge of a Ni-Fe cell with
negative-limited configuration there is a second step,
at a potential lower than the first step as, NIOOH +

discharge
Fe(OH), ——— Ni(OH), + FeOOH, with a circuit

charge

voltage E.1 = 1.05V. The cell reactions are highly re-
versible in the alkaline electrolyte solutions, particularly
if the charge is limited to the first step.

The use of Ni—Fe batteries was important from its

introduction in 1908 until the 1970s, when they lost
their market share to the industrial — lead-acid accu-
mulators. They were used in materials-handling trucks,
mining and underground vehicles, railroad and rapid-
transit cars, and in stationary applications. The main
advantages of the Ni—Fe battery are extremely rugged
construction, long life (>2000 cycles) and durabil-
ity (15-20 years). Its limitations: low specific energy
(~50 Whkg™), poor charge retention, and poor low-
temperature performance and its high cost of manufac-
ture compared with the lead-acid battery led to a decline
in importance.
Refs.: [i] Shukla AK, Ravikumar MK, Balasubramanian TS (1994)
J Power Sources 51:29; [ii] Chakkaravarthy C, Periasamy B Jegan-
nathan S, Vasu KI (1991) ] Power Sources 35:21; [iii] Hariprakash B,
Martha SK, Hegde MS, Shukla AK (2005) ] Appl Electrochem 35:27;
[iv] Jackovitz JE, Bayles GA (2002) Iron electrode batteries. In: Linden D,
Reddy TB (eds) Handbook of batteries, 3" edn. McGraw-Hill, New York;
[v] Crompton TR (2000) Battery reference book, 34 edn. Newness, Ox-
ford

DA, GS
EDL capacitor — supercapacitor

Effective molarity (or effective concentration) — The
ratio of the first-order rate constant of an intramolecu-
lar reaction involving two functional groups within the
same — molecular entity to the second-order rate con-
stant of an analogous intermolecular elementary reac-
tion. This ratio has the dimension of concentration. The
term can also apply to an equilibrium constant.
Ref.: [i] Muller P (1994) Pure Appl Chem 66:1077

WK

Eigen complex — In 1954, M. Eigen (Nobel Prize in
Chemistry 1967) proposed from thermodynamic mea-
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L)

Eigen complex — Figure

surements that the excess hydronium ion builds the cen-
ter of an HoO} complex (see Figure). In this primary
— solvation structure, which is called Eigen complex, the
— proton is coordinated by - and strongly hydrogen-
bonded to - three neighboring water molecules. Inside
the Eigen complex, the protons are assumed to be prac-
tically freely movable.

The most plausible structure competitive to the Eigen
complex is the — Zundel complex, where the proton is
shared equally between two water molecules. Accord-
ing to computer simulations (ab-initio molecular dy-
namics) [iii], both, Eigen and Zundel complexes are in-
volved in the migration process, but neither of them
as a preferred isodynamic state. They rather represent
idealized borderline structures, i.e., can be transferred
one into another with practically no energy threshold.
Further, only quantum-mechanical zero-point oscilla-
tions of the excess proton between two water molecules
make the Zundel complex energetically equivalent to
the Eigen complex: In a pure classical energy model,
Eigen complex is at a distinct lower energy state, with
Zundel complex being a short intermediate. However,
quantum-mechanical (tunnel) effects play quasi no role
in the whole proton migration process (see — pro-
totropic charge transport); rate determining are the
(much slower) fluctuations of the water molecules in
the outer solvation core — which are of classical thermic
nature.

Refs.: [i] Wicke E, Eigen M, Ackermann Th (1954) Z phys Chem 1:340;
[ii] Eigen M (1964) Angew Chem Int Ed Engl 3:1; [iii] Marx D, Tucker-
man ME, Hutter ], Parrinello M (1999) Nature 397:601

MHer

Eighteen-electron rule — An electron-counting rule to
which an overwhelming majority of stable diamagnetic
transition metal complexes adhere. The number of non-
bonded electrons at the metal plus the number of elec-
trons in the metal-ligand bonds should be 18. The 18-
electron rule in transition metal chemistry is a full ana-
logue of the “Lewis octet rule”
Ref.: [i] Muller P (1994) Pure Appl Chem 66:1077; [ii] Jensen WB (2005)
J Chem Educ 82:28

WK

Einstein, Albert

(© The Nobel Foundation)

(Mar. 14, 1879, Ulm, Germany - Apr. 18, 1955, Prince-
ton, USA) Einstein gained his teacher’s diploma in
physics and mathematics at the Swiss Federal Polytech-
nic School in 1901. He obtained his doctoral degree at
the University of Zurich in 1905 for a thesis “On a new
determination of molecular dimensions” In 1908 he was
appointed Privatdozent at the University of Bern after
submitting his habilitation thesis “Consequences for the
constitution of radiation following from the energy dis-
tribution law of black bodies”. In 1909 he became Pro-
fessor Extraordinary at the University of Zurich, in 1911
Professor of Theoretical Physics at the Karl-Ferdinand
University in Prague. He moved from Prague to Zurich
in 1912 to take up a chair at the Eidgenossische Tech-
nische Hochschule. In 1914 he was appointed Director
of the Kaiser Wilhelm Physical Institute and Professor
at the University of Berlin. Einstein received the Nobel
Prize in Physics in 1921 “for his services to Theoretical
Physics, and especially for his discovery of the law of the
photoelectric effect”. It was announced on November 9,
1922. Einstein did not attend the ceremony in 1922, and
he delivered his Nobel lecture on July 11, 1923. Einstein
left Germany in 1933, and emigrated to the United States
of America to take the position of Professor of Theoreti-
cal Physics at the Institute for Advanced Study at Prince-
ton. The year 1905 is called “annus mirabilis” of Einstein.
In his papers published during this year he provided an
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Einstein equation

explanation and theoretical background for the photo-
electric effect and the quantitization of energy [i], for
ativity [iv, v]. He wrote further papers on the elemen-
tary theory of Brownian motion [vi-vii] which appeared
in “Zeitschrift fir Elektrochemie’ (!) explaining his ap-
proach to chemists. In 1916 he published his paradig-
matic work on the general theory or relativity. When
British eclipse expeditions in 1919 confirmed his predic-
tions, Einstein became the most famous scientist.

In electrochemistry several equations are used that
bear Einstein’s name [viii-ix]. The relationship between
electric mobility and diffusion coefficient is called Ein-
stein relation. The relation between conductivity and dif-
fusion coefficient is called — Nernst-Einstein equation.
The expression concerns the relation between the dif-
fusion coeflicient and the viscosity and is known as the
— Stokes-Einstein equation. The expression that shows
the proportionality of the mean square distance of the
random movements of a species to the diffusion coef-
ficient and the duration of time is called — Einstein-
Smoluchowski equation. A relationship between the rela-
tive viscosity of suspension and the volume fraction oc-
cupied by the suspended particles - which was derived
by Einstein - is also called Einstein equation [ix].

It should be mentioned that in physics other equa-
tions are called Einstein equations such as the relation-
ship between mass and energy, and the field equation of
Einstein.

Refs.: [i] Einstein A (1905) Ann Phys 17:132; [ii] Einstein A (1905) Ann
Phys 17:549; [iii] Einstein A (1906) Ann Phys 19:371; [iv] Einstein A
(1905) Ann Phys 17:891; [v] Einstein A (1905) Ann Phys 18:639; [vi] Ein-
stein A (1907) Z Electrochem 13:41; [vii] Einstein A (1908) Z Elektrochem
14:235; [viii] Brett CMA, Oliveira Brett AM (1993) Electrochemistry. Ox-
ford University Press, Oxford, pp 28-29; [ix] Erdey-Griiz T (1974) Trans-
port phenomena in aqueous solutions. Adam Hilger, London

GI

Einstein equation — Einstein
Einstein relation — Einstein

Einstein-Smoluchowski equation — Relationship be-
tween diffusion coeflicient D, average width of a jump A
of a microscopic species (atom, ion, molecule) involved
in diffusion, and average time 7 between two jumps

/12
D=—.
2T

The time 7 can be interpreted as the average time of res-
idence of the species under observation close to another

species. This equation provides the connection between
the macroscopic description of diffusion with D and the
microscopic picture of moving single species. In addi-
tion the ratio A/ can be associated with the average ve-
locity v in case of a perfect gas. Thus A can be associated
with the mean free path length in a gas. See also — Ein-
stein, — Smoluchowski.
Refs.: [i] Einstein A (1905) Ann Phys 4:549; (1906) Ann Phys 4:371;
[ii] Smoluchowski M (1905) Ann Phys 4:756; (1916) Phys Z 17:557, 585;
[iii] Einstein A, Smoluchowski M (1997) Brownsche Bewegung. Unter-
suchungen tiber die Theorie der Brownschen Bewegung. Abhandlung
iiber die Brownsche Bewegung und verwandte Erscheinungen. Harri
Deutsch, Frankfurt; [iv] Atkins PW (1994) Physical chemistry. Oxford
University Press, Oxford, p 855

RH

Electric double layer (EDL) capacitor — supercapacitor
Electrical charge — charge
Electrical double layer — double layer

Electrical (electric) field — A driving force for the flow
of charged particles, e.g., electrons, and transport of ions.
Electric field strength, E, is directly related to the — po-
tential gradient by the formula E = -V ®. In conductors,
electrons flow only in response to the electric field and
the current can be represented by I = —-V®/R, where R
is resistivity. In — electrochemical cells the electric field is
always substantial within the — double layer and is sig-
nificant in the solution of high resistivity. The transport
of ions in a solution in response to an electric field is
called — migration. Migration is always accompanied by
— diffusion and sometimes by — convection.
Ref.: [i] Newman ], Thomas-Alyea KE (2004) Electrochemical systems,
3" edn. Wiley-Interscience, Hoboken

ZS

Electricfield (strength), E— Force acting on a charge di-
vided by the charge. In — capillary electromigration, this
is taken as the axial component of the field, that is, the
difference between the applied electric potential at the
sample introduction end of the capillary and that at the
detection end, divided by the total length of the capil-
lary, Liot. There is also a radial electric field arising from
the — electrical double layer, which is involved in — elec-
troosmosis. The total length of the capillary is typically
larger than the effective length of the capillary, L. See
— migration time.
Ref.: [i] Riekkola ML, Jonsson JA, Smith RM (2004) Pure Appl Chem
76:443

WK
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Electrical organ (of animals) — Electric organ(s), also
called electroplax, facilitate some aquatic species to gen-
erate electric discharges of different pulse amplitudes
and ~ times in order to stun or kill the prey, recog-
nize or contact conspecifics, or for orientation purpose.
This organ is supplemented with an array of sensory or-
gans to process the received electric signals of own (re-
flecting) or extraneous origin in time and spatial man-
ner. At least five or possibly more independent paral-
lel evolutionary strings of e.o.’s. are suggested. Besides
the commonly known animals with strong electric or-
gan discharges (the ancient Romans applied the elec-
tric ray for electroshock therapy treatment of arthritis
patients), also several species with weak discharges of
a few millivolts or less have been investigated mainly
since the 1940s. Best known representatives with e.o.
with strong electrical discharges are the electric eel (Elec-
trophorus electricus) and the electric ray (Torpedinidae),
the latter with a pair of e.o.’s, whereas the elephant
nose fish (Gnathonemus petersii) is known for weak dis-
charges. Generally, species with e.o. in seawater utilize
a higher sensitivity than those in freshwater. - Volta
carried out many experiments with electric eels and
rays, and it was the very reason that he called his pile
(— Volta pile) an artificial electrical organ in his pivotal
report [iv].

Looking at the ontogenetic development, the electro-
sensing and reception system is basically derived from
the lateral line receptors of aquatic animals. The e.o. it-
self evolved from striated musculature. The independent
panels, acting as electrical units, are separated by mucoid
connective tissue. Each e.o. consists of a higher num-
ber of such elements (electrocytes) that are spatially ar-
ranged to generate the respective discharge. The connec-
tive tissue, surrounding the cells, channels the flow of
current along the e.o. axis into water and back into the
other end. The electrocytes maintain a standing emf be-
tween the in- and outside by ion pumps. Discharging is
initialized from spinal cord nerve cells, under brain con-
trol, successively, i.e., at first one face of the electrocytes,
then the other. Depending on the arrangement of these
faces, both series-connected elements (electric eel: 5000
to 6000 electroplaxes generate up to 500 volts with 1 am-
pere current) or parallel connected elements (Torpedo:
high-current, low-voltage discharge) are found.

Refs.: [i] Nelson JS (1994) Fishes of the world. Wiley, New York; [ii] Bul-
lock TH, Hopkins CD, Popper AN, Fay RR (eds) (2005) Electroreception.
Springer, New York; [iii] v Humboldt A, Gay-Lussac (1805) Neues allg J
Chemie 3:166; [iv] Volta A (1800) Philos Trans R Soc London vol. 2, Plate
XVII 403; Philos Mag 7:289

MHer

Electrical potential — potential

Electric potential difference of a galvanic cell — Sym-
bol: E (recommended) or U or AV; SI unit: V.

The electric potential difference of a — galvanic cell
(cell voltage) is the difference of electric potential be-
tween a metallic terminal attached to the right-hand
electrode in the — cell diagram and identical metallic ter-
minal attached to the left-hand electrode. E includes the
condition when current flows through the cell. The value
of E measured when the left-hand electrode is at virtual
equilibrium, and hence acting as a — reference electrode,
may be called the potential of the (right-hand) electrode
with respect to the (left-hand) reference electrode.

Refs.: [i] Mills I, Cvitas T, Homann K, Kallay N, Kuchitsu K (eds) (1993)
IUPAC quantities, units and symbols in physical chemistry. Blackwell
Scientific Publications, Oxford, p 58; [ii] Parsons R (1974) Pure Appl
Chem 37:503; [iii] Bard AJ, Faulkner LR (2001) Electrochemical meth-
ods. 2" edn. Wiley, New York, pp 48-52

GI

Electricity — Electricity is the name given to any macro-
scopic manifestation of electric - charge, whether static
or dynamic. For historical reasons, bulk quantities of
electric charge have traditionally been classified in terms
of their motion. Thus, bulk quantities of electric charge
are commonly described as either “static electricity” or
“dynamic electricity”. Static electricity refers to electric
charges at rest, and these can manifest on the surface
of either — insulators or — conductors. By contrast, dy-
namic electricity refers to electric charges in motion,
and those can flow only through conductors or — semi-
conductors. Although static electricity was known to
the ancients, the modern study of static electricity is
usually traced to the experiments of William Gilbert
(1544-1603). Indeed, it was he who coined the word
“electric” (in Latin, in the form ‘Electrica Effluvia’ [i]).
Dynamic electricity was first observed by — Gray in
1729 [ii]. Experimentally, a free electric charge has never
been observed. Instead, charge is always associated with
a — charge carrier, which may be a fundamental parti-
cle (a quark; or a lepton such as an — electron), a com-
posite particle (a baryon such as a — proton), a lattice-
stabilized entity (such as a — hole, or — polaron), or
a chemical species (such as an — ion). On the Standard
Model of particle physics, “charge” is one of the four
irreducible properties of matter (the other three being
“color”, “mass”, and “spin”) and therefore, at the current
state of knowledge, it is not capable of further definition.
Refs.: [i] William Gilbert, De Magnete, Magneticisque Corporibus, et
de Magno Magnete Tellure, (On the Magnet, Magnetic Bodies and the
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Great Magnet, the Earth) pub. Petrus Short (London) 1600; [ii] Stephen
Gray, “Two letters from Gray to Mortimer, containing a farther account
of his experiments concerning electricity”, Philosophical Transactions No
37 (1731-32)

SF

Electroactivity (electroactive or electrochemically ac-
tive compounds) — The capability of a substance to
take part in a faradaic — electrode reaction. Electroac-
tive compounds can be in the gaseous, liquid, or solid
state or they may be dissolved in (liquid or solid) solu-
tions. Various compounds are also electroactive in the
adsorbed state (see — adsorption, — adsorptive accumu-
lation, — adsorptive stripping voltammetry) or as poly-
mer films (see — polymer-modified electrodes) on elec-
trodes.

BM

Electroactive polymer films — conducting polymers

Electroacoustics — Ultrasound passing through a col-
loidal dispersion forces the colloidal particles to move
back and forth, which leads to a displacement of the dou-
ble layer around the particles with respect to their cen-
ters, and thus induces small electric dipoles. The sum of
these dipoles creates a macroscopic AC voltage with the
frequency of the sound waves. The latter is called the
Colloid Vibration Potential (CVP) [i]. The reverse ef-
fect is called Electrokinetic Sonic Amplitude (ESA) ef-
fect [ii]. See also — Debye effect.
Refs.: [i] Hermans J] (1938) Philos Mag 25:426; [ii] Hunter RJ (2004)
Foundations of colloid science. Oxford University Press, Oxford, pp 252
FS

Electroanalysis — electroanalytical chemistry

Electroanalytical chemistry (or electroanalysis) —
Branch of analytical chemistry comprising all electro-
chemical techniques and methods that are employed to
perform analytical determinations [i-iv]. It can be di-
vided into ‘interfacial techniques, i.e., techniques relying
on the specific properties of — interfaces, and ‘volume
probing’ techniques, e.g., methods relying on the — con-
ductivity or — permittivity of phases. Electroanalysis
comprises ‘static’ (— potentiometry) and ‘dynamic’ tech-
niques (— potentiodynamic, i.e., - voltammetric, and
— galvanodynamic measurements). Further, titrations
using electrochemical indication techniques, as well as
— coulometry, — electrography and — electrogravimetry
belong to electroanalysis. Traditionally — electrophoresis
is counted as part of separation techniques, although it

is based on electrochemical principles. Electroanalytical
techniques can be applied for determination of species
in liquids (liquid solutions) [i-iv, vi], in solids (both in
solid solutions and solid phase mixtures) [v], and in
gases [vi]. Some techniques can also be applied for the
analysis of solid phases — voltammetry of immobilized
microparticles [v].
Refs.: [i] Kissinger PT, Heineman WR (eds) (1996) Laboratory techniques
in analytical chemistry, 2"% edn. Marcel Dekker, New York; [ii] Bond AM
(1980) Modern polarographic methods in analytical chemistry. Marcel
Dekker, New York; [iii] Wang ] (1994) Analytical electrochemistry. VCH,
New York; [iv] Scholz F (ed) (2005) Electroanalytical methods. Springer,
Berlin; [v] Scholz E Schroder U, Gulaboski R (2005) Electrochemistry
of immobilized particles and droplets. Springer, Berlin; [vi] Gopel W,
Hesse ], Zemel N (eds) (1995-99) Sensors, 9 vols. Wiley-VCH, Wein-
heim

ES

Electrocapillaric Becquerel phenomenon — Becque-
rel [i] discovered the phenomenon that at — membranes
separating a metal solution containing a metal ion, e.g.,
of copper nitrate, from a solution of sodium sulfide,
a metal salt (e.g., copper sulfide) precipitates on which
crystals of the metal grow into the metal solution and
sulfide is oxidized on the side of the sodium sulfide so-
lution. The effect is only observed when the precipitated
salt is a semiconductor. The effect is due to the formation
of a — galvanic cell with the semiconductor as the elec-
tronic conductor bridging the two solutions and some
electrolyte pores in the membrane forming the ionic
conductor [ii].
Refs.: [i] Becquerel AC (1867) Compt rendus 64:919, 1211; 65:51, 720;
(1868) 66:77, 245, 766, 67:108L; (1870) 71:197; (1872) 74:1310; (1873)
76:245; (1874) 78:1081; 79:82, 1281; (1875) 80:585; (1876) 82:354; (1877)
84:145; 85:169; [ii] Freundlich H (1930) Kapillarchemie, vol. 1. Akad Ver-
lagsges, Leipzig, pp 383

ES

Electrocapillarity — (a) as a branch of science, this
term covers all phenomena related to the thermody-
namics of charged — interfaces, esp. of metal-solution
interfaces. The term is practically synonymous with
— capillarity, but emphasizes the electric aspects. (b)
The term ‘electrocapillarity’ is often used in a restricted
sense to mean the study of the equilibrium properties of
metal|solution interfaces, such as the — interfacial ten-
sion of mercury|solution interfaces, the height of a mer-
cury column (in the case of the — Lippmann capillary
electrometer), or the — drop time (in the case of the
— dropping mercury electrode). More generally, however,
the equilibrium properties of many other interfaces fall
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within the scope of the theory, such as the — interface
between two immiscible electrolyte solutions (ITIES).

See also — capillarity, - adhesion, — double layer,
— Dupré equation, — Gibbs-Lippmann equation, — elec-
trocapillary equation, — electrokinetic effects, — Lipp-
mann equation, — Lippmann capillary electrometer,
— point of zero charge, - Young equation, - Wilhelmy
plate (slide) method, — drop weight method, — ring
method.
Refs.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods. Wiley,
New York; [ii] Bard AJ, Stratmann M, Gileadi E, Urbakh M (eds) (2002)
Thermodynamics and electrified interfaces. Encyclopedia of electrochem-
istry, vol. 1. Wiley-VCH, Weinheim; [iii] Goodrich FC, Rusanov Al
(eds) (1981) The modern theory of capillarity. Akademie-Verlag, Berlin;
[iv] Hunter R] (2004) Foundations of colloid science. Oxford University
Press, Oxford, pp 84

ES

Electrocapillary curve — Graph showing the depen-
dence of — interfacial (or surface) tension y on — elec-
trode potential (see also — potential) E. The most ex-
tensive studies have been carried out with polarized
— mercury electrodes. As exemplified in the Figure, the
electrocapillary curve has a nearly parabolic shape, al-
though there are significant variations in the curves
as the electrolyte is changed. The first differential of
the curve yields the surface charge density of the elec-
trode, Q (see also — Lippmann equation). At the max-
imum (electrocapillary maximum) of an electrocap-
illary curve, Q = 0. The potential of the maximum
is called — “point (or potential) of zero charge (pzc)”
or “electrocapillary maximum” The second differential
yields the differential capacity (or — capacitance) of the
electrode, C:

%y 2Q
(32),,.-(39),..¢
oE T,P,u T.P.u

As shown in the Figure, electrocapillary curves are af-
fected by — specific adsorption of ions (here, anions)
at the electrode surface. Additionally, they are influ-
enced by the — space charge region of the — elec-
trical double layer. Thus, electrocapillary curves as
well as capacitance curves provide useful information
on the electrical double-layer structure of electrode
surfaces.
Refs.: [i] Grahame DC (1947) Chem Rev 41:441; [ii] Delahay P (1965)
Double layer and electrode kinetics. Wiley, New York; [iii] Mohilner DM
(1966) The electrical double layer: Part 1. Elements of double-layer the-
ory. In: Bard AJ (ed) Electroanalytical chemistry, vol. 1. Marcel Dekker,
New York
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Electrocapillary curve — Figure. Electrocapillary curves of a mer-
cury electrode in aqueous solutions of different electrolytes (modified
from [i] with permission)

Electrocapillary equation — Gibbs-Lippmann equation
Electrocapillary maximum — electrocapillary curve

Electrocatalysis — is the — catalysis of an — electrode
reaction. The effect of electrocatalysis is an increase of
the — standard rate constant of the electrode reaction,
which results in an increase of the — faradaic current.
As the current increase can be masked by other non-
electrochemical rate-limiting steps, the most straight-
forward indication for the electrocatalytic effect is the
shift of the electrode reaction to a lower — overpotential
at a given current density. Electrocatalysis, as chemical
catalysis, can be either homogeneous or heterogeneous
in character. In homogenous electrocatalysis, both the
catalyst and the substrate are in the same phase, com-
monly dissolved in the bulk solution, and the processes
at the interface do not influence the chemical steps that
involve it. Examples for a homogeneous electrocatalysis
are the reduction of hydrogen peroxide, hydroxyl amine,
and anijonic inorganic oxidant such as chlorate, chlorite,
perchlorate, bromate, iodate, nitrate, nitrite, and persul-
fate, catalyzed by transition metal ions such as Ti(VI),
V(V), Cr(III), Mo(VI), W(VI), Fe(III), Co(III), Ru(III),
Os(VIII), Y(III), and U(VI) [ii].

In heterogeneous electrocatalysis, the catalyst is im-
mobilized on the electrode surface, or the — electrode
itself plays the role of a catalyst. Catalytic effects of var-
ious electrode materials on the hydrogen evolution re-
action are typical examples of heterogeneous electro-
catalysis [iii]. Further examples are electrode mecha-
nisms involving hydrogen evolution at a mercury elec-
trode catalyzed by adsorbed organic bases, microparti-
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cles of platinum metals (Ru, Rh, Ir, Pt), and transition
metal complexes [iv], oxygen reduction, and water oxi-
dation. Moreover, numerous examples of heterogeneous
electrocatalysis are related to — chemically modified elec-
trodes, e.g., electrocatalytic oxidation of hydroxylamine
at a glassy carbon electrode modified with a cobalt(III)
hexacyanoferrate(II) film [v].
Refs.: [i] Banicd FG, Ion A (2000) Electrocatalysis-based kinetic determi-
nation. In: Meyers RA (ed) Encyclopedia of analytical chemistry. Wiley,
Chichester, p 11115; [ii] Zaitsev PM, Zhdanov SI, Nikolaeva TD (1982)
Russ Chem Rev 51:968; [iii] Bockris JO'M, Reddy KN (1970) Modern
electrochemistry, vol. 2. Plenum Press, New York, p 1141; [iv] Bdnicd FG,
Ion A (2000) Electrocatalysis-based kinetic determination. In: Mey-
ers RA (ed) Encyclopedia of analytical chemistry. Wiley, Chichester,
p 11128; [v] Chen SM (1998) Electrochim Acta 43:3359

VM

Electrochemical calorimetry — is the application of
calorimetry to thermally characterize electrochemical
systems. It includes several methods to investigate, for
instances, thermal effects in batteries and to determine
the — molar electrochemical Peltier heat. Instrumenta-
tion for electrochemical calorimetric studies includes
a calorimeter to establish the relationship between the
amount of heat released or absorbed with other electro-
chemical variables, while an electrochemical reaction is
taking place. Electrochemical calorimeters are usually
tailor-made for a specific electrochemical system and
must be well suited for a wide range of operation tem-
peratures and the evaluation of the heat generation rate
of the process. Electrochemical calorimeter components
include a power supply, a device to control charge and
discharge processes, ammeter and voltmeter to mea-
sure the current and voltage, as well as a computerized
data acquisition system [i]. In situ calorimetry also has
been developed for — voltammetry of immobilized par-

Refs.: [i] Redey L (1998) Heat effects in batteries and measurements by

electrochemical calorimetry. The XIII'™"

Annual Battery Conference on
Applications and Advances, Long Beach, Jan 13-16; [ii] Bdrcena Soto M,
Kubsch G, Scholz F (2002) ] Electroanal Chem 528:18; [iii] Bdrcena
Soto M, Scholz F (2002) ] Electroanal Chem 528:27

MBS
Electrochemical capacitor — capacitor

Electrochemical cells (general aspects) — Electro-
chemical cells consist of at least two electron conduc-
tors (usually metals) in contact with ionic conductors
(— electrolytes). The current flow through electrochem-
ical cells may be zero or non-zero. Electrochemical cells

with current flow can operate either as - galvanic cells,
in which chemical reactions occur spontaneously and
chemical energy is converted into electrical energy, or as
— electrolysis cells (also called electrolytic cells), in which
electrical energy is converted into chemical energy. In
both cases part of the energy will be converted into (pos-
itive or negative) heat [i, ii].
Refs.: [i] Cohen ER, Cvitas T, Frey JG, et al. (eds) (2007) IUPAC quan-
tities, units and symbols in physical chemistry, 3rd edn. RSC Publishing,
Cambridge, p 82; [ii] Bard AJ, Faulkner LR (2001) Electrochemical meth-
ods. 2" edn. Wiley, New York, pp 11-18

GI

Electrochemical cell (practical aspects) — A combina-
tion of two — electrodes immersed in a solution. One
electrode is called — cathode and the other is — anode.
At the cathode a reduction process takes place and at
the anode there is an oxidation. The overall redox reac-
tion in a cell results in the — electromotive force (emf,
voltage). Emf is the difference in the — electrode poten-
tials under the conditions of no current flow, see the fig-
ure. Electrochemical cells with current flow can oper-
ate either as — galvanic cells, in which chemical reac-
tions occur spontaneously and chemical energy is con-
verted into electrical energy, or as — electrolytic cells, in
which electrical energy is converted into chemical en-
ergy. Galvanic cells are used to provide power to electri-
cal devices. Some of them are rechargeable (see — bat-
teries), i.e., after discharging they can be charged again
by appropriate polarization of the electrodes. The cells
in which the burning reaction of a fuel (such as hydro-
gen or methanol) is completed are called — fuel cells. The
cells that employ enzymes as catalysts and bioorganic
compounds as the substrates are called biocells. Elec-
trolytic cells are often used to electrochemically synthe-
size a particular compound or to obtain a particular ele-
ment. They are often used in science to generate a species
for on-line physicochemical characterization. The anode
and the cathode of a cell may be required to be placed
in different solutions and then an electrolytic conduc-
tor, such as, e.g., a — salt bridge is employed to make the
electrical contact between them. Instead of a liquid solu-
tion, a conducting polymer or a solid electrolyte can be
used in an electrochemical cell. Cells can have a variety
of shapes and sizes.
Refs.: [i] Brett CMA, Oliveira Brett AM (1996) Electrochemistry. Oxford
University Press, Oxford, chap 2; [ii] Kreysa G (1991) Electrochemical cell
design and optimization procedures. Wiley-VCH
A
Channel flow electrochemical cell — A cell that
is used in a flow system, where an examined liquid or
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Electrochemical cell (practical aspects) — Figure. A simplified schematic picture for emf measurements. The — Daniell galvanic cell is shown

a conducting liquid into which an analyte is injected
occasionally, flow in a channel (— hydrodynamic elec-
trodes). Most often, its duty is to be an electrochemi-
cal — detector for a particular analyte. Usually, a chan-
nel flow cell is a — three electrode cell; however, in some
advanced applications more than one working electrode
polarized independently are used. The electrodes can
be mounted in the channel wall. They can also form
an integral, separate cell into which a stream from the
channel is delivered. The stream can be directed par-
allel, perpendicularly and at a given angle versus the
surface of the — working electrode. Numerous types of
— modified electrodes have been applied in channel flow
cells.
Refs.: [i] Ewing AG, Mesaros JM, Gawin PF (1994) Anal Chem 66:527A;
[ii] Toth K, Stulik K, Kutner W, Fehér Z, Lindner E (2004) Pure Appl
Chem 76:1119, [3] Trojanowicz M, Szewczynska M, Wcislo M (2003)
Electroanalysis 15:347; [iv] Mount AR (2003) Hydrodynamic electrodes.
In: Bard AJ, Stratmann M, Unwin P (eds) Instrumentation and elec-
troanalytical chemistry. Encyclopedia of electrochemistry, vol. 3. Wiley-
VCH, Weinheim, pp 134

ZS

Three-electrode electrochemical cell (cell, sys-
tem) — A cell where current flows between the — work-
ing and — counter electrodes. The third electrode, — ref-
erence electrode, is used to control the potential of the
working electrode and to substantially limit the — ohmic

potential drop in the solutions, especially those of high
resistivity. However, to have an ideal agreement between
the instrumentally imposed potential and the true po-
tential at the working electrode and to depress the ohmic
potential drop to practically zero, additional hardware
or software corrections must be employed. A three-
electrode cell is usually required in the work with a — po-
tentiostat.
Ref.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods. 2" edp.
Wiley, New York, pp 24-28

Zs

Voltage of an electrochemical cell — Difference
between the potential of two — electrodes in an — electro-
chemical cell. In case of a — three-electrode cell, the po-
tential difference between the — working electrode and
the — reference electrode. The term ‘voltage’ is usually
related to the nonequilibrium conditions, or to the con-
ditions of — current flowing through the cell. The mea-
sured voltage includes the — ohmic potential drop and is
affected by the concentration polarization, therefore the
term “cell voltage” has no thermodynamic usefulness. To
relate the cell voltage to the redox-reaction equilibrium
it should be measured at — open-circuit, i.e., with no cur-
rent flowing. Under such conditions the — electromotive
force (emf) is obtained. The term cell voltage is often used
in the literature instead of electromotive force and in-
stead of cell potential.
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Electrochemical drilling

Ref.: [i] Brett CMA, Oliveira Brett AM (1996) Electrochemistry. Oxford
University Press, Oxford, pp 14-19
A

Electrochemical drilling — electrochemical machining

Electrochemical electromotive series — potential, and
subentries — standard potential, and — tabulated stan-
dard potentials

Electrochemical element — galvanic element

Electrochemical equivalent — Amount of a chemi-
cal substance deposited, dissolved, or transformed in
an electrochemical redox reaction with exchange of
one unit of electric charge. In the SI unit system the
electrochemical-equivalent unit is in kg C7!, or alter-
natively, in mol C™!. It means that in a n-electron re-
dox reaction (Ox + ne~ 2 Red) the electrochemi-
cal equivalent is equal to the molar mass M of the re-
acting compound divided by n times the — Faraday
constant (M [nF). In some sources the electrochemical
equivalent is defined as the mass of the substance trans-
formed by electric charge corresponding to the Faraday
constant.
Ref.: [i] Bockris JO'M, Reddy AKN, Gamboa-Aldeco M (1998) Modern
electrochemistry, vol. 1. Plenum Publishing Corporation, New York

MD

Electrochemical gas compressor — is a device with
dense — solid electrolyte membrane, that increases the
pressure of a gas due to passing direct — current between
gas-permeable electrically conductive — electrodes. The
operation principle relates to ionic transport through the
membrane, driven by an applied electric field, with sub-
sequent discharge and recombination. The direction and
magnitude of the DC — voltage are imposed to overcome
the counteracting driving force, namely the — chemi-
cal potential gradient. The advantages include an infinite
theoretical selectivity, the possibility to combine — elec-
trolysis, separation and compression processes, and the
absence of moving parts and vibrations. Typical exam-
ples include the — hydrogen and — oxygen compressors
where the membrane is made of proton and oxygen ion-
conducting electrolytes, respectively [i, ii].
Refs.: [i] Joshi AV, Nachlas JA, Stuffle K (1991) Int Patent Application WO
91/06691; [ii] Drevet C, Henault M, Feger D, Fouletier ] (1997) A solid
state electrochemical oxygen compressor. In: Anderson HU, Khand-
kar AC, Liu M (eds) Ceramic membranes I. The Electrochemical Society,
Pennington, pp 309-314
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Electrochemical gas compressor — Figure. Schematic drawing illus-
trating the operation principles of electrochemical gas compressors

Electrochemical grinding — electrochemical machining

Electrochemical impedance spectroscopy — Experi-
mental technique based on the measurement (under
equilibrium or steady-state conditions) of the complex
— impedance Z of the electrochemical system under
study as a function of the frequency, f, or angular fre-
quency w = 2nf, of an imposed sinusoidal perturba-
tion of small amplitude (the term “spectroscopy” stems
from this use of frequency as the variable) [i-iv]. The
measurement is performed typically within a large range
of frequencies covering several decades, from mHz (or
sometimes even pHz) up to hundreds of kHz (or even
MHz). Various coordinates are used for the graphical
presentation of the measured impedance data, Z(w) or
Z(f), for aset of frequencies, most frequently: 1) Plots of
7' =ReZ and Z" = ImZ (here, ReZ and ImZ mean the
real and imaginary parts of complex impedance Z, called
sometimes “resistance” and “reactance’, respectively) as
functions of frequency (usually, log f). This presentation
is rarely used now; 2) Plot of data for various frequen-
cies as a set of points in the complex-impedance plane,
with Z’" and - Z" as x and y axes, correspondingly (these
graphs are called — Nyquist diagrams or — complex plane
plots); 3) Graphs for | Z| (“magnitude of impedance”) or
log |Z| and argZ as functions of log f (called — Bode
plot); 4) Recalculation of the impedance data to yield
various other complex characteristics, most frequently
the — admittance, Y = 1/Z, and the complex capac-
itance, C = Y/iw or C = (iw(Z — R(0))7", where
R(o0) is the limiting value of Z for high frequencies
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(“high-frequency resistance”). Any of these functions of
frequency can be plotted in the corresponding complex
plane or in the Bode presentation: 5) 3D diagrams in
which impedance values are plotted as a curve in three-
dimensional space, e.g., with the use of coordinates Z’,
-Z" (orlog Z',log(-Z")), log f, with its projections to
all three coordinate planes which are equivalent to the
above presentations 1 and 2 [iv].

The interpretation of measured data for Z(w) is car-
ried out by their comparison with predictions of a the-
oretical model based either on the (analytical or nu-
merical) integration of coupled charge-transport equa-
tions in bulk phases, relations for the interfacial charging
and the charge transfer across interfaces, balance equa-
tions, etc. Another way of interpretation is to use an
— equivalent circuit, whose choice is mostly heuristic.
Then, its parameters are determined from the best fit-
ting of theoretically calculated impedance plots to exper-
imental ones and the results of this analysis are accepted
if the deviation is sufficiently small. This analysis is per-
formed for each set of impedance data, Z(w), measured
for different values of external parameters of the system:
bias potentials, bulk concentrations, temperature... The
equivalent circuit is considered as appropriate for this
system if the parameters of the elements of the circuit
show the expected dependencies on the external param-
eters.

The traditional way is to measure the impedance
curve, Z(w), point-after-point, i.e., by measuring the
response to each individual sinusoidal perturbation
with a frequency, w. Recently, nonconventional ap-
proaches to measure the impedance function, Z(w),
have been developed based on the simultaneous impo-
sition of a set of various sinusoidal harmonics, or noise,
or a small-amplitude potential step etc, with subse-
quent Fourier- and Laplace transform data analysis. The
self-consistency of the measured spectra is tested with
the use of the Kramers-Kronig transformations [iii, iv]
whose violation testifies in favor of a non-steady state
character of the studied system (e.g., in — corrosion).
An alternative development is in the area of impedance
spectroscopy for nonstationary systems in which the
properties of the system change with time.

Refs.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods. 214 edn,
Wiley, New York; [ii] Macdonald JR (ed) (1987) Impedance spectroscopy.
Emphasizing solid materials and systems. Wiley, New York; [iii] Retter U,
Lohse H (2005) Electrochemical impedance spectroscopy. In: Scholz F
(ed) Electroanalytical methods. Springer, Berlin; [iv] Barsoukov E, Mac-
donald JR (ed) (2005) Impedance spectroscopy. Theory, experiment, and
applications. Wiley, Hoboken

MAV

Electrochemical immunoassay — immunoassay, electro-
chemical

Electrochemical irreversibility — reversibility

Electrochemical machining — Electrochemical ma-
chining (ECM, also electrochemical shaping, - grind-
ing, - drilling, - sinking) is a special technique to struc-
ture and smooth metallic materials, especially steel. The
fundamental process is similar to — electropolishing.
The ECM process consists of the anodic dissolution of
a work-piece with an especially formed cathode at large
current densities. The — cathode is progressively ad-
vanced so that a constant interelectrode gap of some
ten to some hundred um is maintained and a negative
of the cathode’s shape is reproduced on the work-piece.
Extremely large current densities of 1 to 10 MAm ™ are
necessary to achieve sufficiently high machining rates
around one mm per minute and to suppress oxygen evo-
lution. Most common electrolytes are aqueous solutions
of NaNOj3 or NaCl. Due to the high dissolution rates
electrolyte flow rates of about 10ms™ are required to
avoid local electrical heating and to remove the prod-
ucts such as hydroxides and gas bubbles. ECM was de-
veloped in the fifties, mainly for aerospace industries but
is now used wherever parts of extremely high quality and
complex shape are needed. Typical products range from
turbine blades, valve seats, nozzles, gear components,
casting moulds and (electric) shaver caps, to medical
implants. The advantages of ECM are obvious: almost
no tool wear (cathode), almost forceless machining, no
thermally influenced machining zones, and smooth sur-
faces without additional process steps. Pulsed currents
yield a better accuracy and surface quality. Disadvan-
tages are the expenses for electric energy and recycling
of the product solutions. ECM was initially developed to
shape steel parts, but also alloys of Al and Ti as well as
hard metals can be machined.
Refs.: [i] Faust CL (1971) Fundamentals of electrochemical machining.
The Electrochemical Society, Princeton; [ii] McGeough JA (1974) Princi-
ples of electrochemical machining. Chapman & Hall, London; [iii] Mc-
Geough JA (1988) Advanced methods of machining. Chapman & Hall,
London; [iv] McGeough JA (2005) Electrochemical machining (ECM) In:
Kirk-Othmer (ed) Encyclopedia of chemical technology, 4" edn., vol. 15.
Wiley-Interscience, New York, pp 608-622; [v] Landolt D, Chauvy PF,
Zinger O (2003) Electrochim Acta 48:3201
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Electrochemical nose — (‘electronic nose, ‘e-nose, or
‘artificial nose’) is an array of chemical and/or — elec-
trochemical sensors mimicking the physiological olfac-
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tory receptors. The e-nose comprises a sampling sys-
tem, an array of the respective chemical and/or electro-
chemical sensors with differing selectivity, and a com-
puter with appropriate pattern recognition and classi-
fication algorithms. In a broader meaning, analytical
data supplied by e.g., calorimetric, surface acoustic wave,
or even mass spectrometric, GC, or IR measurements
can also be processed in the e-nose like manner, but
the common definition refers to a sensing system pow-
ered by tiny chemical sensors applied to detect, iden-
tify, and quantify gas — analytes. Since the physiologi-
cal nose as archetype is addressed, the instrument e.n.
combines mainly — gas sensors, capable of the quanti-
tative or semi-quantitative analysis of simple or com-
plex gases, vapors, or odors. Typically, a common up-to-
date e-nose system comprises 4 to 20 (electro)chemical
gas sensors, as e.g. for hydrogen cyanide, methyl iso-
cyanate, nitrogen dioxide, carbon monoxide, sensitive
in the range of 0 to 1000 ppm. Most often, amperomet-
ric gas sensors (AGS) are utilized. Chemoresistors based
on metal-oxides (metal oxide semiconductor, MOS) or
— conducting polymers, and mass transducers as the
— quartz crystal microbalance are widely used. The sen-
sors are mostly nonselective; so the data output must
be processed through a certain pattern algorithm. Fi-
nally, the chemical compound is identified by a pattern
of the outputs given by the different sensors. Nowadays,
a certain number of state-of-the-art e-noses are com-
mercially available to perform comparisons of unknown
gas, vapor, and odor samples with a calibration library
provided by the manufacturer and/or created and up-
dated by the user.
Refs.: [i] Gardner JW, Bartlett PN (1999) Electronic noses: Principles
and applications. Oxford University Press, Oxford; [ii] Dickinson TA,
White ], Kauer JS, Walt DR (1998) Trends Biotechnol 16:250
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Electrochemical oscillations — Chemical reacting sys-
tems can exhibit a rich variety of spatio-temporal self-
organization if they are governed by appropriate non-
linear evolution laws. The non-equilibrium thermo-
dynamic theory, particularly the theory of dissipative
structure was elaborated by — Prigogine. Although
the phenomenon of spontaneous oscillations had been
observed even in the nineteenth century, they were
regarded as curiosities. The scientific exploration of
this field started in the 1970s, and its results induced
a new thinking not only in science but also in so-
ciety. Abundant experimental material has been col-
lected and significant progress has been made regard-
ing the theoretical understanding of chemical instabil-

ities, oscillations, complex dynamical bifurcations, and
chaos [i].

Nonsteady behavior of electrochemical systems was
observed by — Fechner as early as 1828 [ii]. Periodic or
chaotic changes of — electrode potential under — gal-
vanostatic or open-circuit conditions and similar varia-
tion of — current under — potentiostatic conditions have
been the subject of numerous studies [iii, iv]. The elec-
trochemical systems, for which interesting dynamic be-
havior has been reported include anodic or open-circuit
dissolution of metals [v—vii], electrooxidation of small
organic molecules [vili-xiv] or hydrogen, reduction of
anions [xv, xvi] etc. [ii]. Much effort regarding the theo-
retical description and mathematical modeling of these
complex phenomena has been made [xvii—xix]. Espe-
cially studies that used combined techniques, such as ra-
diotracer (— tracer methods)(Fig. 1) [x], — electrochemi-
cal quartz crystal microbalance (Fig. 2) [vii, xi], - probe
beam deflection [xiii], — surface plasmon resonance [xvi]
surface stress [xiv] etc. have contributed considerably
to the elucidation of the role of chemisorbed species
(— chemisorption), surface reconstruction as well as
— transport phenomena in the mechanism of oscilla-
tions.

There are different types of electrochemical oscilla-
tions and also several views regarding the origin of these
phenomena.
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Electrochemical oscillations — Figure 1. Potential oscillations and
periodical changes in the count rate, i.e., CI~ adsorption in the
course of galvanostatic electrooxidation of glyoxal. Pt electrode (A =
13 cm?), I = 0.3 mA. Solution: 0.4 moldm™3 glyoxal + 1M HCIOy4 +
10~* moldm™ H3°Cl [x]
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Electrochemical oscillations — Figure 2. Potential oscillations (1)
and the simultaneously measured changes of the - EQCM frequency
response (2), i.e., the variation of the surface mass, in the course
of galvanostatic electrooxidation of formic acid at a Pt electrode
(A = 03cm?). I = 0.45mA. Solution: 0.5 moldm™ HCOOH +
1 moldm™3 HClOy [xi]

The electrical engineering approach considers a nega-
tive — impedance element which can influence a circuit’s
stability. In several cases such a negative impedance
clearly appears in the — polarization curve, i.e., by in-
creasing the potential the current decreases; a typical ex-
ample is the — passivation of metals. In contrast with
the regular polarization behavior when the relationship
between the potential and the current is unambiguous
and they mutually determine each other, in the course
of the dissolution of a passivating metal the same cur-
rent density belongs to three potential values. Surpris-
ingly, the potential oscillations are relatively rare in these
systems, and the periodic or chaotic behaviors have
been observed for many other — electrochemical pro-
cesses when no negative impedance could be seen in the
I vs. E curves. For this case the term, hidden negative
impedance has been introduced.

However, the reason of the appearance of negative
impedance is always a chemical/electrochemical pro-
cess. In most cases the blocking (inactivation) of the
electrode (metal) surface is the pivotal (autoinhibition)
step in the mechanism behind the emergence of the os-
cillating behavior. The blocking can be a consequence
of adsorption of ions or molecules, chemisorption of
molecular fragments, deposition of metals, salts or other
compounds, formation of oxide layer etc. In all cases sev-
eral coupled, consecutive, and simultaneous processes
occur. The oscillating behavior appears only at a cer-
tain set of parameters (concentrations of the electro-
chemically active species, the nature and the concen-

tration of the supporting electrolyte, stirring rate, the
value of the galvanostatically regulated current, or the
value of the potentiostatically controlled potential etc.).
For instance, in the case of the oxidation of formic
acid at a platinum electrode — which is a good example
for the electrocatalytic oxidation of other small organic
molecules - the following steps have to be considered.

Pt + HCOOH $ Pt~-HCOOH (44,) 1)
Pt~-HCOOH (45) - Pt~COOH ) + H* + ¢~ (2)
Pt-COOH(,q5) = Pt + CO, + H" + e~ (3)
2Pt-COOH (,4q) —

Pt + Pt=CO445) + CO, + H,0O (4)
Pt + Pt—~COOH ,45) = Pt=CO(ads)

+ Pt—OH (4 ©)
Pt=CO(445) + Pt~OH ) —

2Pt+CO, + HY + e~ (6)
Pt—COOH ,q5) + Pt—OH ,45) >

2Pt + CO, + H,O (7)
Pt~-HCOOH 45 — Pt + CO, + 2H" + 2¢” (8)
Pt + H,O & Pt—-OH 45 + H" + ¢~

(formation of Pt—OH) 9)

HCOOH — CO, +2H* + 2e~

(overall reaction) . (10)

In the case of galvanostatic (I = constant) oxidation
the total current (I) is a sum of partial currents. Under
steady-state conditions

I=L+L+1, 1)
where I; belongs to the direct oxidation or the oxida-
tion of the loosely adsorbed species [Eqs. (10) and (8)], I,
is the current accompanying the chemisorption process
[Eq. (2)], and I3 is the current belongs to the oxidation
of chemisorbed molecular fragments [Eqs. (3) and (6)].

In the case of oscillation all partial currents will be
functions of potential and time, and the — capacitive cur-
rent has to be taken into account, too:

oE

I:II(E,t)-‘rIz(E, t)+I3(E, t)+C§ . (12)
On the basis of the rate equations, differential equations
can be set up. Due to the adsorption/chemisorption and
feedback steps the solution of this set of differential
equations is periodic or chaotic. Usually the occurrence
of adsorption/chemisorption leads to nonlinearity and
negative impedance.
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In addition to Egs. (1)-(9) the rate of the transport
processes should also be considered. Phenomenologi-
cally the following explanation can be given. If the mea-
surement is started by using a clean platinum surface af-
ter the addition of HCOOH, depending on the rates of
the transport processes and the adsorption, the surface
will be covered by adsorbed HCOOH [Eq. (1)]. The ad-
sorption is quickly followed by the chemisorption step
[Eq. (2)]. It can easily be observed if HCOOH is added
to the supporting electrolyte at open-circuit since a fast
decrease of the potential occurs due to the formation of
a — hydrogen electrode:

Pt + HCOOH -~ Pt—COOH(adS) + Pt — H(ads) .
(13)

However, if I > 0 is applied Pt—H will be quickly oxi-
dized:

Pt-H - Pt+H" +e™ . (14)

The surface will be gradually covered with chemisorbed
molecular fragments, consequently the potential will
increase in order to maintain the constant reaction
rate, i.e., the galvanostatically imposed constant cur-
rent. Eventually the potential reaches a value where
the oxidation of the chemisorbed species starts, ei-
ther by direct electron transfer or by surface re-
action with Pt—-OH which is also formed at high
enough potentials. At the clean platinum surface formed
again the oxidation of formic acid can proceed with
the forced rate at a much lower potential, conse-
quently the potential drops and the whole process
starts again. The phenomenon described can also be
seen in the cyclic voltammograms. During positive-
going scan on the blocked surface a small oxidation
peak develops, while during the negative-going scan
a much higher anodic (and not cathodic) peak ap-
pears [viii—xi]. In the reaction scheme there are feed-
back and autocatalytic steps [Egs. (4), (6), and (7)].
The most important autocatalytic steps are those in
which two free Pt sites are liberated due to the surface
reactions.

Other effects such as surface inhomogeneities and
surface reconstruction can also be considered. In the
case of oxidation of H,, electrosorbed anions or cations
can act as inhibitors. During the oxidation of metals the
formation of surface oxides or salts plays the most im-
portant role. For instance, the following model describes

copper electrodissolution in acidic chloride media:

Cugy) + Clzaq) 2 CuCl) +e” (15)
CuCly,) + leaq) 2 CuCly (445 (16)
CuClj (445) 2 CuClg(aq) (17)
CuClg) =2 Cuf;’q) + Cl(aq) +e . (18)

There is another type of oscillation which is a conse-
quence of the — Frumkin effect. A typical example is the
reduction of $,03™ at Cu or Ag electrodes [xv, xvi].

The periodic-chaotic behavior is not only a theoreti-
cally interesting phenomenon but also has practical im-
portance, e.g., regarding the functioning of — fuel cells
[xx].

A nice classroom experiment is the — beating mer-
cury heart.

Refs.: [i] Scott SK (1991) Chemical chaos. Clarendon Press, Oxford;
[ii] Fechner GT (1828) Schweigg ] f Chem Phys 53:129; [iii] Wojtow-
icz ] (1972) Oscillatory behaviour in electrochemical systems. In: Bock-
ris JO'M, Conway BE (eds) Electrochemical oscillations. vol. 8. Plenum
Press, New York; [iv] Hudson JL, Tsotsis TT (1994) Chem Eng Sci
49:1493; [v] Hudson JL, Bassett MR (1991) Oscillatory electrodissolu-
tion of metals. In: Luss D, Amundson NR (eds) Reviews in chemi-
cal engineering. Freund, London; [vi] Albahadily IN, Schell M (1991)
J Electroanal Chem 308:151; [vii] Inzelt G (1993) ] Electroanal Chem
348:465; [viii] Buck RP, Griffith LR (1962) ] Electrochem Soc 109:1005;
[ix] Hordnyi G, Inzelt G, Szetey E (1977) ] Electroanal Chem 81:395;
[x] Hordnyi G, Inzelt G (1978) ] Electroanal Chem 87:423; [xi] Inzelt G,
Kertész V, Lang G (1993) ] Phys Chem 97:6104; [xii] Schell M, Alba-
hadily FN (1989) ] Chem Phys 90:822; [xiii] Kertész V, Inzelt G, Bar-
bero C, Kotz R, Haas O (1995) ] Electroanal Chem 392:91; [xiv] Ldng GG,
Ueno K, Ujvdri M, Seo M (2000) ] Phys Chem B 104:2785; [xv] Wolf W,
Ye ], Purgand M, Eiswirth M, Doblhofer K, Ertl G (1992) Ber Bunsenges
Phys Chem 96:1797; [xvi] Flitgen G, Krischer K, Ertl G (1996) ] Elec-
troanal Chem 409:183; [xvii] De Levie R (1970) ] Electroanal Chem
25:257; [xviii] Koper MTM, Sluyters JH (1993) ] Electroanal Chem
347:31, 352:51; [xix] Koper MTM (1996) Oscillations and complex dy-
namical bifurcations in electrochemical system. In: Prigogine I, Rice SA
(eds) Advances in chemical physics, vol. 92. Wiley, New York, pp 161-298;
[xx] Zhang ], Datta R (2002) ] Electrochem Soc 149:A1423
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Electrochemical Peltier heat — molar electrochemical
Peltier heat

Electrochemical pile — Historic name for a — battery
with a series of — electrochemical cells arranged in form
of a pile. The name has been also used for other multi-
cell arrangements. See also — Carré pile, > Cruikshank
pile, — dry pile, > Grenet-Jarriant pile, - Muirhead pile,
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— Thomson (William th.) pile, > Tommasi pile, > Trouvé
pile, > Wollaston pile, — Volta pile, - Zamboni pile.
ES

Electrochemical plating — electroplating

Electrochemical polimerization — electropolymeriza-
tion

Electrochemical polishing — electrochemical machining

Electrochemical potential — (SI unit: Jmol™!) The no-
tion introduced by — Butler [i] and Guggenheim [ii] for
consideration of equilibria in electrochemical systems
with participation of charged species on the basis of the
relationship for the electrochemical — Gibbs energy G:

dG=-8SdT+Vdp+ Y uidN;+F) z;9dN;, (1)

where S is the entropy, V is the volume of the system, T
and p are its temperature and pressure, y; is the — chem-
ical potential of the i-th species, N; is a number of moles
of the i-th component, z; is the charge of the i-th species
taking regard of its sign, and ¢ is the electrical poten-
tial in the location point of the i-th species, which is
also called the — inner electric (or internal electric) poten-
tial (— potential) of the corresponding phase. According
to Eq. (1), the electrochemical potentials of the compo-
nents, fi;, are characteristic values for the i-th species in
any phase « under consideration:

B_Ni (2)

ﬂi“=#§x+zz‘F¢“:(aG) :
P> T Njxi
Only these values or the differences of electrochemical
potentials referred to phases « and f3

i -t = (ﬂf—#?)+ZiF(¢ﬁ—<P“) ©)
are experimentally available. For equilibrium condi-
tions, 4;% = #;®. The properties of the electrochemi-
cal potential for various particular cases are considered
in [iii], [UPAC recommendations are available in [iv].
Refs.: [i] Butler JAV (1926) Proc R Soc London 112A:129; [ii] Guggen-
heim EA (1929) ] Phys Chem 33:842; [iii] Bard AJ, Faulkner LR (2001)
Electrochemical methods, 2"% edn. Wiley, New York, pp 60-62; [iv] Par-
sons R (1974) Pure Appl Chem 37:503
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Electrochemical promotion - NEMCA

Electrochemical quartz crystal microbalance (EQCM)
— Electrochemical quartz crystal microbalance
(EQCM) or nanobalance (EQCN) is a combination of
a piezoelectric sensor, i.e., a - quartz crystal microbal-
ance (QCM) and an — electrochemical cell containing
the sample electrolyte solution, the — reference elec-
trode, as well as other electrodes as required, driving
oscillator, amplifiers, and readout units [i-iv]. In most
electrochemical experiments, the piezoelectric crystal,
usually a quartz crystal plate, with attached electronic
and occasionally selective surface films [iii], [iv] is
clamped between two O-rings or is mounted in other
suitable holders. Generally, only one crystal face and
one oscillator electrode in the electrochemical cell, are
in contact with the sample solution. The AC excitation
voltage can be easily separated electronically from the
DC potential that is applied to carry out electrochemical
investigations. In this way, the surface mass change
(Am) occurs during any electrochemical experiments,
e.g., galvanostatic, potentiostatic, cyclic voltammetry,
can be followed by detecting the frequency changes
(Af). The electrochemical data, e.g., the charge (Q)
consumed can be correlated with the frequency (mass)
changes, and - if the requirements of the accurate
QCM measurements, e.g., uniform distribution of the
added mass, elastic behavior, are met as well as the
charge efficiency is 100% - the molar mass (M) of the
depositing or exchanged species can be calculated in
a simple manner:

- MFAAS , o

CQ

where A is the surface area, Cs is the integral mass sensi-
tivity, F is the - Faraday constant, and n is the number
of electrons transferred. For cyclic voltammetric exper-
iment the corresponding relationship between the cur-
rent (I) and the frequency change is as follows:

_ nFv d(Af)
- CM  dE

where v is the scan rate, d(Af)/dE is the derivative of
A f with respect to potential.

It is useful to calibrate the EQCM, i.e., to determine
Cs, e.g., by electrodeposition and electrodissolution of
silver. The rigidity layer behavior can be tested by de-
positing films of different thicknesses. Usually relatively
thin films (10 nm-some hundreds nm) show rigid layer
behavior. The deviation from linearity regarding the Am
vs. Q function is related to the appearance of the vis-
coelastic effect. By the help of impedance measurements

)



194

Electrochemical quasireversibility

the viscoelastic characteristics of the surface film can
also be tested [v—vii]. In the absence of any deposition,
the change of the density and viscosity in the double
layer or in the diffusion layer may cause 0.1-10 Hz fre-
quency change. It may interfere with the effect caused
by the deposition of monolayers or submonolayers. In
some cases other effects, e.g., stress, porosity, pressure,
and temperature should also be considered.

EQCM can be combined with other techniques, e.g.,
with — probe beam deflection (PBD) [viii], radiotracer
methods (— tracer methods) [ix], and — scanning elec-
trochemical microscopy [x].

The concept and instrumentation of AC electro-
gravimetry has also been developed [xi]. By the help of
the combined technique the overall mass effect, which
can be measured by EQCM, can be deconvoluted, i.e.,
the transport and sorption of different ionic and neu-
tral species can be separated. The EQCM technique
has become a widely used technique in several areas
of electrochemistry, electroanalytical chemistry, bioelec-
trochemistry etc. Obviously, mass changes occurring
during — adsorption, sorption, — electrosorption, — elec-
trodeposition, or spontaneous deposition can be fol-
lowed which is very helpful for the elucidation of reac-
tion mechanisms via indentification of the species ac-
cumulated on the surface. These investigations include
— metal deposition and — alloy deposition, - underpo-
tential deposition, — electroplating, synthesis of — con-
ducting polymers by — electropolymerization, adsorption
of biologically active materials, analytical determination
of small ions and biomolecules etc. Of course, the oppo-
site process of spontaneous dissolution, — electrodisso-
lution, — corrosion can also be studied. — Electrochem-
ical oscillations, in which the formation and oxidation
of chemisorbed molecular fragments play a determin-
ing role, have been studied, too. The majority of the in-
vestigations have been devoted to ion and solvent trans-
port associated with the redox transformations of elec-
trochemically active polymers. Similar studies have been
carried out regarding polynuclear surface layer such as
metal hexacyanometalates as well as inorganic and or-
ganic microcrystals of different compositions.

The method of piezoelectric microgravimetry
(nanogravimetry) at an EQCM can be considered as
a novel and highly sensitive version of — electrogravi-
metry.

Refs.: [i] Buttry DA (1991) Applications of the quartz crystal microbal-
ance to electrochemistry. In: Bard AJ (ed) Electroanalytical chemistry,
vol. 17. Marcel Dekker, New York, pp 1-85; [ii] Buck RB Lindner E,
Kutner W, Inzelt G (2004) Pure Appl Chem 76:1139; [iii] Buttry DA,
Ward MD (1992) Chem Rev 92:1355; [iv] O’Sullivan CK, Guilbault

(1999) Biosens Bioelectron 14:663; [v] Hepel M (1999) Electrode-solution
interface studied with electrochemical quartz crystal nanobalance. In:
Wieczkowski A (ed) Interfacial electrochemistry. Marcel Dekker, New
York, pp 599-630; [vi] Hillman AR (2003) The Electrochemical quartz
crystal microbalance. In: Bard AJ, Stratmann M, Unwin PR (eds) In-
strumentation and electroanalytical chemistry. Encyclopedia of electro-
chemistry, vol. 3. Wiley-VHC, Weinheim, pp 230-289; [vii] Tsionsky V,
Daikhin L, Urbakh M, Gileadi E (2004) Looking at the metal/solution
interface with electrochemical quartz-crystal microbalance: Theory and
experiment. In: Bard AJ, Rubinstein I (eds) Electroanalytical chemistry,
vol. 22. Marcel Dekker, New York, pp 2-94; [viii] Vilas-Boas M, Hen-
derson MJ, Freire C, Hillman AR, Vieil E (2000) Chem Eur ] 6:1160;
[ix] Inzelt G, Hordnyi G (1989) ] Electrochem Soc 136:1747; [x] Gollas B,
Bartlett PN, Denuault (2000) Anal Chem 72:349; [xi] Gabrielli C, Ked-
dam M, Perrot H, Torresi R (1994) ] Electroanal Chem 378:85
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Electrochemical reversibility — reversibility

Electrochemical sensors — Electrochemical sensors be-
long to the family of chemical sensors. Chemical sensors
are devices that convert chemical information (concen-
tration, — activity or partial pressure of the analyte) into
ameasurable signal. Chemical sensors contain two basic
functional units: a receptor and a transducer. The recep-
tor interacts with the analyte and transforms chemical
information into a form of energy that is converted fur-
ther by the transducer into a useful analytical signal.
Chemical sensors may be classified according to the
operating principle of the transducer. Based on this
classification, electrochemical sensors are such chemical
sensors where the chemical information is transduced
into an electrical signal. Electrochemical sensors can be
divided further into — amperometric sensors, — conduc-
timetric sensors, and — potentiometric sensors, depend-
ing on which electrical property is actually recorded.
Commonly used electrochemical sensors include
— amperometric sensors for monitoring of carbon
monoxide in air, dissolved oxygen in water (— Clark
electrode), or glucose in blood, — conductimetric sen-
sor(s) for detection of reducing gases in air (— Taguchi
sensor), and — potentiometric sensors for determining
oxygen in the gas phase (— lambda probe) or ions in wa-
ter (— pH-sensitive electrodes, — ion-selective electrodes).
Electrochemical sensors are the largest and oldest group
of chemical sensors. For characteristics of sensors see
also — response time, and — response volume.
Refs.: [i] Janata ] (1989) Principles of chemical sensors. Plenum, New
York; [ii] Gopel W, Hesse ], Zemel JN (1991) Sensors — A comprehen-
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sive survey, vol. 2. VCH, Weinheim; [iii] Hulanicki A, Glab S, Ingman F
(1991) Pure Appl Chem 63:1247
JB

Electrochemical shaping — electrochemical machining

Electrochemical Society, The — The Society (acronym
ECS) - originally called the American Electrochemical
Society — was founded in 1902 in Philadelphia. The in-
ternational nature of the Society was officially recog-
nized by dropping “American” from the name in 1930.
Its first meeting was held in Philadelphia on April 3,
1902 where Joseph W. Richards, a professor of metal-
lurgy at Lehigh University was elected president. Its jour-
nal, the Transactions of the American Electrochemical
Society appeared also in 1902. The Journal of the Elec-
trochemical Society debuted in January 1948; and publi-
cation of Transactions was discontinued after the 1949
issues. In 1915 ten divisions were established: Primary
Batteries, Secondary Batteries, Electric Furnaces, Elec-
trolysis, Electroanalysis, Electrometallurgy, Electroplat-
ing, Radioactivity, Chlorine and Caustic, and Experi-
mental and Theoretical Electrochemistry. High Temper-
ature Materials Division in 1921; the Electronics Divi-
sion in 1931, the Physical Electrochemistry Division in
1936, the Organic and Biological Electrochemistry Divi-
sion in 1940, the Corrosion Division in 1942, the Indus-
trial Electrolysis and Electrochemical Engineering Divi-
sion in 1943, the Dielectric Science and Technology Di-
vision in 1946, Battery Division in 1947, Luminescence
and Display Materials in 1982, Energy Technology Divi-
sion in 1987, Sensor Division 1988, Fullerene Division in
2002, respectively, were founded. Beside the Journal of
Electrochemical Society, the Society publishes two more
journals: Electrochemical and Solid State Letters (from
1998) and Interface (launched in 1992) as well as pro-
ceedings, handbooks, and monographs. The member-
ship of the Society stands around 8.000. The ECS orga-
nizes meetings twice a year.

The address of The Electrochemical Society, Inc. is 65
South Main Street, Pennington, NJ 08534 — 2839, U.S.A.
Web: http://www.electrochem.org.

Ref.: [i] Interface (The Electrochemical Society) Special Centennial Issue
ECS at 100 (2002) 11(1), pp 22-37
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Electrochemical surface science — surface analytical
methods

Electrochemical switching — takes place when the two
redox states of a compound possess such different bind-
ing properties for a target species (cations, anions, or
molecules) that one can regard the change as a switching
from one state to another. When Ox + ne™ 2 Red is the
electrochemical — equilibrium between the oxidized and
reduced state of the free host (with the formal — poten-
tial Eﬁ‘(’)x /Re d)), and both redox species form complexes
with the guest ion Y according to Ox + Y 2 OxY, and
Red + Y 2 RedY, and with the corresponding stability
constants Koyxy = aoxy/ (doxay) and Kreay = dapedy/
(aRreaay), the following relation holds: Kgedy/
Koxy = exp [_F (Ece(},)x/Red) - Ece(,OxY/RedY)) /RT]-
Here, Ef(‘(’)xy /RedY) is the formal potential of the redox
couple OxY/RedY. Electrochemical switching has
received much attention with respect to anion and
cation recognition, analytical applications, biomimetics
of ion transport through — membranes, and generally
molecular recognition.
Ref.: [i] Kaifer AE, Gomez-Kaifer M (1999) Supramolecular electrochem-
istry. Wiley-VCH, Weinheim
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Electrochemical synthesis — electrosynthesis

Electrochemical wastewater treatment — may involve
(a) — electrolysis with the purpose of heavy metal ion
removal, (b) electrochemical transformation of anions,
e.g., perchlorate, nitrate, (c) oxidation of organic pollu-
tants, (d) — electrodialysis, or (e) — capacitive deioniza-
tion.
Ref.: [i] Wendt H, Kreysa G (1999) Electrochemical engineering, science
and technology in chemical and other industries. Springer, Berlin; [ii]
Martinez-Huitle CA, Ferro S (2006) Chem Soc Rev 35:1324

ES

Electrochemical window — In electrochemical exper-
iments the range of potentials that is accessible with-
out appreciable current flow, i.e., the potential range in
which the electrode may be considered “perfectly polar-
izable”. Electrochemical windows depend on the — elec-
trode material, the — solvent, and the — electrolyte. There
is no strict definition for the current density defining the
potential limits of the electrochemical window. That de-
pends on the experiment, i.e., the signals to be measured.
For highly sensitive measurements of very low current
densities, the acceptable current densities at the poten-
tial limits are much smaller than in cases where high
current density signals are measured. The electrochemi-
cal window also depends very much on impurities, e.g.,
traces of water in nonaqueous solvents, or traces of tran-
sition metal ions in aqueous electrolyte solutions. The



196

Electrochemically active polymer films

latter may act as electrocatalysts (— electrocatalysis) in-
creasing the current densities at the limits of the electro-
chemical window. The electrochemical window is gener-
ally defined by the electrochemical processes starting at
the negative and positive end of the potential window. In
an aqueous solution of KCl, and for a mercury electrode,
the anodic limit is given by the anodic oxidation of mer-
cury to calomel Hg,Cl, (that limit depends on the chlo-
ride activity), and the cathodic limit is given by the ca-
thodic reduction of potassium ions and the formation of
potassium amalgam (that process limit depends on the
potassium activity).

ES

Electrochemically active polymer films — conducting
polymers

Electrochemically stimulated conformational relax-
ation model (ESCR model) — This model [i, ii] describes
the relaxation phenomena occurring during the charg-
ing and discharging of — conducting polymers. It as-
sumes that applying an anodic — overpotential to a neu-
tral conjugated polymer, as a first step, an expansion of
the closed polymeric structure occurs. In this way, par-
tial oxidation takes place and counter ions from the so-
lution enter the solid polymer under the influence of an
electrical field at those points of the polymer/electrolyte

Full oxidation under
diffusion controll

Partial reduction

Partial oxidation
under conformational
relaxation control

Full reduction
and compaction

|

\ 1Y)
MW
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interface where the structure is less compact. This is the
— nucleation process. Then the oxidized sphere expands
from these points towards the polymer/metal interface
and grows parallel to the metal surface. The rate of this
part of overall reaction is controlled by a structural re-
laxation involving conformational changes of polymer
segments and a swelling of the polymer due to electro-
static repulsions between the chains and to incorpora-
tions of counter ions (see Fig.). The oxidation process
is completed by the — diffusion of counter ions through
the already opened structure of the polymer. During re-
duction, opposite processes occur. The positive charges
on the polymers are neutralized and counter ions are ex-
pelled. Reverse conformational changes lead to a shrink-
ing of the polymer. Diftusion of the counter ions be-
comes more and more difficult. The structure is clos-
ing. The compaction of this closing step depends on the
cathodic potential applied to the polymer and will be
more efficient at more negative potentials. The compact
structure hinders counter ion exchange with the solu-
tion. A quantitative expression for the relaxation time 7
needed to open the closed polymer structure is given by
the following expression:

T=1,exp[AH" +z.(Es— E.) -z (E-E,)],
where AH* is the conformational energy consumed

per mole of polymeric segments in absence of any ex-
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Electrochemically stimulated conformational relaxation model (ESCR model) — Figure
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ternal electrical field, the second term z. (Es — E.) is
the energy to reduce, close, and compact one mole
of polymeric segments with E; = experimental poten-
tial of closure and E. = compaction potential, and fi-
nally the last term z, (E — E,) represents the energy
required to open the closed structure. (z; = charge
consumed to relax one mol of polymeric segments; 7,
= relaxation time in absence of any polarization ef-
fects).

The relaxation phenomenon described herein is
also called first-cycle effect, secondary break-in, wait-
time effect, memory effect, and hysteresis phenomenon
which is in connection with the characteristic changes
of the cyclic voltammograms obtained for — polymer-
modified electrodes [ili-vi].

This phenomenon has been studied by different com-
bined electrochemical techniques such as — spectroelec-
trochemistry, radioactive — tracer method, — electro-
chemical quartz crystal microbalance, conductivity etc. by
varying the experimental parameters, e.g., film thick-
ness, the composition and concentration of the elec-
trolyte solutions, the wait-time at different waiting po-
tentials, and temperature [iii-x]. Several interpretations
have been developed beside the ESCR model. The lin-
ear dependence of the anodic peak potential on the log-
arithm of the time of cathodic electrolysis (wait-time) -
when the polymer in its reduced state is an insulator -
has been interpreted by using the concept of electric
percolation [ix]. Other effects have also been taken into
account such as incomplete reduction [vii], slow sorp-
tion/desorption of ions and solvent molecules [iii-vi],
variation of the equilibrium constants of — polarons and
— bipolarons [viii], dimerization [xi], heterogeneous ef-
fects [xii], etc.

Refs.: [i] Otero TE, Grande H, Rodrigues ] (1995) ] Electroanal Chem
394:211; [ii] Otero TE Boyano I (2003) J Phys Chem B 107:6700;
[iii] Inzelt G, Day RW, Kinstle JE, Chambers JQC (1983) ] Phys Chem
87:4592; [iv] Inzelt G (1989) Electrochim Acta 34:83; [v] Inzelt G (1994)
In: Bard A] (ed) Electroanalytical chemistry vol. 18, Dekker, New York,
pp 89-241; [vi] Inzelt G, Pineri M, Schulze JW, Vorotyntsev MA (2000)
Electrochim Acta 45:2403; [vii] Kalaji M, Nyholm L, Peter LM (1991)
J Electroanal Chem 313:271; [viii] Odin C, Nechtschein (1991) Synth
Met 43:2943; [ix] Aoki K (1994) ] Electroanal Chem 373:67; [x] Ro-
driguez Presa MJ, Posadas D, Florit MI (2000) ] Electroanal Chem
482:117; [xi] Vorotyntsev MA, Heinze ] (2001) Electrochim Acta 46:3309;
[xii] Heinze ], Rasche A (2006) ] Solid State Electrochem 10:148
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Electrochemically modulated surface plasmon reso-
nance (EM-SPR) — surface plasmon resonance

Electrochemiluminescence — Chemiluminescence is
the generation of light during chemical reactions. When
the species involved in the reactions are produced elec-
trochemically the phenomenon is called electrochemi-
luminescence. This includes reactions where generated
reagents (e.g., hydrogen peroxide) cause conventional
chemiluminescence, for example, with luminol, as well
as the more unique electrochemical reactions that gen-
erate radical ions that produce an excited state in a high-
energy electron transfer reaction (— electrogenerated
chemiluminescence). The generation of light from a solid
semiconductor electrode, e.g., by hole injection during
a reduction, is usually classified as — electrolumines-
cence.
Ref.: [i] Bard A] (ed) (2004) Electrogenerated chemiluminescence. Mar-
cel Dekker, New York, p 2
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Electrochemistry — Electrochemistry, as the name sug-
gests, is a branch of chemical science that deals with the
interrelation of electrical and chemical phenomena [i].
From the very beginning electrochemistry covers two
main areas: the conversion of the energy of chemical re-
actions into electricity (electrochemical power sources)
and the transformations of chemical compounds by the
passage of an electric current (— electrolysis).

Electrochemistry is an interdisciplinary science that
is mainly rooted in chemistry and physics; however,
also linked to engineering and biochemistry/biology.
According to this overlap, a simple definition cannot be
given and it depends very much on the point-of-view
what will be included.

Electrochemistry is usually understood as part of
physical chemistry, but it can be also subdivided accord-
ing to the involved chemistry:

o fundamental electrochemistry (physical electro-
chemistry, including theoretical or quantum elec-
trochemistry);

« inorganic and organic electrochemistry;
o bioelectrochemistry;
« technical or industrial electrochemistry.

Another way of subdividing is according to the physical
locus of the processes:

o electrochemistry at interfaces (— electrodics, ex-
cluding the interface to vacuum);
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o electrochemistry of ionic transport processes
(diffusion, migration, convection) within phases
(— ionics, [ii]), and structure of electrolyte
solutions and salt melts.

A very general subdivision is:
« thermodynamics of electrochemistry;
« kinetics of electrochemistry.

Electrochemistry is also frequently subdivided accord-
ing to the state of its objects:

« solution electrochemistry;
o solid-state electrochemistry;

o — plasma electrochemistry and gas phase electro-
chemistry.

The following list of working fields reflects the diversity
of basic and applied aspects of electrochemistry:

« analytical electrochemistry (— electroanalytical
chemistry);

o — bioelectrochemistry;
o environmental electrochemistry [iii];

o electrochemistry of intrinsic — conducting poly-
mers;

o electrochemistry of glasses [iv];
o — insertion electrochemistry;
o — ionic liquids electrochemistry;

« microelectrochemistry, nanoelectrochemistry, and
spatial resolved electrochemistry (e.g., probe tech-
niques [v]);

« molten salt electrochemistry (— room temperature
molten salts);

o — photoelectrochemistry [iii];

o — solid state electrochemistry (solid electrolytes);
« solution electrochemistry (liquid electrolytes);

« surface electrochemistry;

« technical electrochemistry with numerous sub-
topics such as:

- — batteries and energy storage [vi];

- — corrosion and corrosion inhibition;

- electrochemical synthesis and reactors

(— electrosynthesis);

- electronic components (— capacitors, dis-
plays, information storage, rectifiers);

- — fuel cells;

- — galvanic deposition;
o theoretical or quantum electrochemistry.

A very specific definition, which reduces to aspects not
covered by common physics or chemistry, is:

Electrochemistry is the science of structures
and processes at and through the interface be-
tween an electronic (“electrode”) and an ionic
conductor (“electrolyte”) or between two ionic
conductors [vii].

As with other branches of science, it is impossible to
give a clear-cut definition of electrochemistry since the
branching is something man-made, artificial, which ig-
nores the soft transitions between different parts.
Refs.: [i] Bard AJ, Faulkner LR (2001) Electrochemical methods, 214 edn,
Wiley, New York; [ii] Bockris JO'M, Reddy AKN (2001) Modern elec-
trochemistry. Plenum, New York; [iii] Bockris JO’M, Khan SUM (1993)
Surface electrochemistry. Plenum, New York; [iv] Bach H, Baucke F
Krause D (2000) Electrochemistry of glasses and glass melts, including
glass electrodes. Schott Series, Springer, Berlin; [vv] Gewirth AA, Siegen-
thaler H (1995) Nanoscale probes of the solid/liquid interface. NATO ASI
Series 288, Kluwer, Dordrecht; [vi] Osaka T, Datta M (2000) Energy stor-
age for electronics. Gordon and Breach Science Publ.; [vii] Schmickler W
(1996) Interfacial electrochemistry. Oxford University Press, New York
GI, MML, FS

Electrochemistry of photosynthesis — Life on Earth
has been supported by the continuous flow of solar
energy over billions of years. The power of this flux
is extremely high: 5 x 10*' k] per year of which 3 x
10'8 kJ is converted into chemical energy by photosyn-
thesis in plants and microorganisms. The annual con-
sumption of energy by mankind is 4 x 10" k], rising
rapidly and doubling every 20 years. The known re-
serves of fossil fuels are limited to an estimated en-
ergy equivalent of 5 x 10" kJ, so new sources of en-
ergy are of fundamental importance. One possibil-
ity is solar energy. In water-oxidizing photosynthesis
two membrane-integrated protein complexes photosys-
tem II (PS II) and photosystem I (PS I) are operating
in series. The — electron transfer starts in both pho-
tosystems vectorially across the membrane. Light en-
ergy is harvested by photosynthetic pigment systems in
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which the electronic structure of excited-state chloro-
phyll (magnesium-containing porphyrin) donates an
electron to a primary acceptor pheophytin, the first com-
ponent of an electron transport chain. The electron is
fortified with it and the energy of the original photon
of light it absorbed. In the process of electron trans-
port, the energy is captured in two ways. The first in-
volves the coupling of a — proton pump mechanism to
the sequential redox reactions in the electron transport
chain, so that a proton gradient is established across
the thylakoid membrane. The electrochemical energy of
the proton gradient is then used to drive ATP synthesis
by the ATP synthase enzymes embedded in the mem-
brane. The second energy capture occurs when an ac-
ceptor molecule such as NADP™ is reduced to NADPH,
which in turn is used to reduce carbon dioxide in the
Calvin cycle. The spectral characteristics of photosystem
ITindicate that the primary electron donor is chlorophyll
P680 with absorption maxima near 680 and 430 nm.
Water can be oxidized by an oxygen-evolving center
(OEC) composed of several chlorophyll molecules, two
molecules of pheophytin, plastoquinol, several plasto-
quinone molecules, and a manganese-protein complex
containing four manganese ions. The oxygen-evolving
complex is a highly ordered structure in which a num-
ber of polypeptides interact to provide the appropriate
environment for cofactors such as manganese, chloride,
and calcium, as well as for electron transfer within the
complex. Plastoquinone (PQ) acts as a transmembrane
carrier of electrons and protons between reaction cen-
ters of two photosystems in the case of noncyclic elec-
tron transfer. Pheophytin is an intermediate acceptor in
photosystem II. Direct formation of P680-pheophytin
ion radical pairs was revealed by experiments on mag-
netic interactions between Pheo- and PQ- reflected in
the EPR spectra. Water oxidation to molecular oxygen is
a multielectron process that proceeds with surprisingly
high quantum efliciency. The water oxidation reaction
can proceed upon illumination at 680 nm, a wavelength
of light that excludes one-electron mechanisms using
hyd