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This document was prepared as an account of work sponsored by the
United States Government. Neither the United States Government
nor any agency thereof, nor The Regents of the University of Califor-
nia, nor any of their employees, makes any warranty, express or im-
plied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe pri-
vately owned rights. Reference herein to any specific commercial
product, process, or service by its trade name, trademark, manufac-
turer, or otherwise, does not necessarily constitute or imply its en-
dorsement, recommendation, or favoring by the United States Gov-
ernment or any agency thereof, or The Regents of the University of
California. The views and opinions of authors expressed herein do
not necessarily state or reflect those of the United States Government
or any agency thereof or The Regents of the University of California
and shall not be used for advertising or product endorsement pur-
poses.
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Electrochemicai Processing (Introduction)

Electrochemical systems convert chémical ~and electrical energy
through charge-transfér reactions. - These réactions octur at the inter-
'féce Between‘twq.phases.v Consequently, an electrochemical cell éontains
multiplévphases, and surface phénomena are important. Electrochemical
processts are sometimes divided into two categories: electrolytic, where
enefgy is supplied to the system (e.g., the electrolysis of water and
the production of aldminum); and galvanic, where electrical energy is

obtained from the system (e.g;, batteries and fuel célls).

The industrial  economy depends heavily on electrochemical
processes. Eléctrochemical systems have inherent advantages such as
ambient temperature operation, easily controlléa reaction rates, and
minimal environmental impatt. Electrosynthésis is currently used in a
number of commercial processes; these will be discussed in'thé two sub-
sequent sections. Batteries and fuel cells, used for the intercon&er-
sion and storage of énergy, are not limited byAthe.Carnot efficiency of
thetmal devices. Corrosion, - another electrochemical prpcéss, is

estimated to cost hundreds of millions of dollars annually in the United

States alone.

Electrochemical systems can be described with the fundamental prin-
ciples of tbermodynamics, kinetics, and transport phenomena, We shall
iilustrate these principles with the electrochemical cell used in thev'
production of‘chlorine4and caustic sodaQI The details of the induétrial

process will be discussed in the next section.



Thermodynamics of Electrochemical Cells T

Consider the cell shown below.

a ﬂ 5 € B’ o’

Pt(s) Fe(s)| NaOH | membrane NaCl TiOz(s),Pt(s) ,
H in H,O in H,O
2 2 2 012

for which the electrode reactions are

2C1 — Cl, + 2e ' . (D)

and

2H.0 + 2¢ — H

) + 20H . (2) -

2

The electrode where oxidation occurs is the anode, and the electrode
where reduction §ccurs is called the cathode. Electrons released at the
anode travel through an external circuit and.react at the céthqde. The
vertical lines denote phase separgtion, and the squiggly ones.separaté a
junction région. Although adjacent phases are in equilibrium, not all
species are present in every phase. Here the membrane provides an ionic
path for sodium ions (which are transported from the anode to the
cathodej but also separates the chlorine and hydrogen gases. Within the

junction region (the membrane), transport processes occur.

'Determining the cell potential requires knowledge of the thermo-
dynamic and transport properties of the system. The analysis of the
thermodynamics of electrochemical systems is analogous to that of neu-

tral systems. .With ionic species, however, the electrochemical poten-



tial replaces the chemical potential. This concept was first introduced
by Guggenheim.

By o= RTlnAi = RTln[cifiai] . s - (3)
The electrochsmical potential, B of a species 1is a function of the
elsctrical state as well as temperature, pressure, and composition. Ai
is the absolute activity, which can be broken down ints three parts (as
shown) . Consider an électrolyte, A, which dissociates into v, cations/
snd v_ anions. We can express the chemical potential of tﬁe electrolyte
.by '

o 6

where the subscript * indicates a mean coefficient. For instance,

- f£TF 7. ‘ - (5

At open-circuit, the current .in the cell is zero, and species in
~adjoining phases are in equilibrium. ‘For example, the electrochemical
potential of electrons in phases o and B are identical. Furthermore,
the two electrochemical reactions are equilibrated. Thus,
ai

+ 20, : (8
2 e :

€ B’
R *
cL Cl

2

and



ZuH 0 + 2 = Py + 2p . (7

The cellvpotential U is

FU=—F(<I>°‘—<i> Y =p = . (8)

By convention, U denotes the potential of the right electrode relative

to the left. Substituting equations 6 and 7 gives,

1 5 1l B’ )
FU=§ug, _"Ho+§"€1 +w _ = s ), (9
2 2 2 OH cl

Since only differences in chemical potential can be measured, the chemi-
cal or electroghemical potential of each specieé is broken down as in
equation 3. ‘An arbitrary secondgry rgferencé state is defined for each
compound. For ins;anée, the chemical potential of chlorine gas is

expressed as
* + RT1
K = U np . (10)
Cl2 Cl2 012

The superscript * refers to the ideal-gas secondary reference state, and

p is the fugacity. Equation 4 is used for the ionic species. Hence,

4 c6 ' 5
] szpClz OH fNaoH N
FU = FU" + RT1n [—5—=——| + RTIn|—| + (2° - @), (1D)
a c. £
H20 c1™ NaCl

where the electric potential & of the solution has been defined by



m = RT lnc + F®. v (12)
Nat Nat '

The standard cell potential Ug is- given by
x 0 1% 8

1 ] :
FU  =Zp. - p + oK + (p - B ) (13)
- 274, H,0 © 27¢1, oK o

In equatioﬁ 11. the suﬁerscripts denoting therphases have been omitted
where ghe meaning is clear; that is; for the fugacity of hydregen and
chlorine. Uo ig_the composition independent part of ﬁhe cell potential;
and its wvalue .caﬁ' be obtained by looking up the values of the
‘secondary-reference-state quantities in a table of chemical thermo-
.dynamic préperties. .This yields a value of 2.1875 V for Ug. It is corsx-=
venient to consider the reaction as the sum of two half-cell reactions.
Thev gtandard céll potentials are tabulated1 (typicaily.vat 25°C) as
hélf-celi reactioné'refereneed to the hydrogen electrode, whose poten-
tial is arbitrarily set to zero. This yields 1;3595 V for the chlorine
electrode and -0.828 V for the hydtogen electrode in basic media; the
.difference being 2.1875 V. The seéond‘tefm on‘the right side of equa-
tion 11 accounts for the principal variation_éf the cell potential with

composition of the reactants.

The third term is the cérrespbnding ratio of the mean"molar
activity éoefficienﬁé. The iast term on the right side results from
tranéport processes iﬁ the junction regibn'and cannot be determined'from
thermddynamics. This term'is‘often small and will not be treated hefe.

Neglecting this junction region’and activity corrections leads to



Py Pop ©
H *Cl -
§ ., RT 2 "2 OH
U=U +35%1n 7 2 . (;4)
1,01
Equation 14 is a form of the Nernst equation. The overall chemical

reaction (for the passage of 2 farédéys of charge in the external cir-
cuit from right to left) is

- - _
Cl2 + H2 + 20H & ZC; + 2320. (15)

E#ch reactant aﬁd product appears in the Nernst equaﬁion raised to its
stoichiometric power." Pourbaixz‘ has' compiled thermodynamic data for
cell potentials as a function of fH. These data are valuable for ‘the
study of corrosion; electrodepoéition, and other phenomena in aquéous

solutions.

From the above thermodynamic analysis, the cell potential can be

related to the Gibbs energy change;

AG = —-nFU. (16)

Thus &e can conclude that since the standard cell poténtial for reaction
15 is positive, the reaction will broceed sponﬁaneoﬁsly as written.
Consequently, to produce chlorine and hydrogen gés a potential must be
applied to the cell that is greater than tﬁe open-éircuit value. This

is an example of an electrolytic process.

. \
As we have seen, predicting the cell potential requires knowledge
of thermodynamic properties and transport processes in the cell. Con-

versely, the measurement of cell potentials can be used to determine
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both thermodynamic and transport properties.

Kinetics and Interfacial Phenomena

The rate of an electrochemical process can be limited by kinetics
‘and mass tfansfef, and these limitations are often of interest. Before
we consider the electrode kinetiés, however, we shall examinekthe nature
of the iﬁterface between the eiect;ode aﬁd the electrolyte, where

electron-transfer reactions occur.

. Since some substances may preferentially adsorb onto the surface of
the electrode, the composition near the interface differs from the bulk
solution. If the cell current is zero, there is no poténtial drop from
ohmic resistance in the electrolyte or fherelectrodef. Yet we have seen
from the thermodynamic analysis that there is a measurable cell poten-
tial. Where, then,»does fhis potential arise? At the interfaée between
phases, tﬁere is a region, called the electrical doﬁble layef, where the

potential variation occurs.

Figgre 1 shows this region. Thé metal may have a net charge near
the surface. The layer closest to the electrode conéists of specifi-
cally adsorbed molecules, called ;he inner Helmholtz plane (IHP). 1Ions
that'are hydrated can approach the metal surface only to a finite dis-
.tance,_the outer Helmholtz plane (OHP). The electrode énd electrolyte
afe overali. electricélly neutral; The ‘nonspecifically adsorbedf

.molecules are distributed by thermal agitation; this region is called

the diffuse double layer and 1ies just outside the OHP.

- In most electroéhemical systems, the double layer is very thin (1

to 10 nm). The thickness is characterized by the Debye length,

3

o



Metal | ‘Solution

specifically adsorbed
anions

C% solvated cations

" &

Diffuse layer

Figure 1. The structure of the electrical double-layer. The inner
Helmholtz plane (IHP) represents the center of specifically adsorbed
molecules. The outer Helmholtz plane (OHP) is the closest point of
approach for solvated molecules. The corresponding electric potential,
@, is shown below the figure. '
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In addition, one can.vary the potential of the electrode and change the
structure of the interface. If no current is passed when the potential
‘of the electrode changes, the electrode is called an ideally polarizable

electrode and can be described with thermodynamics.

Even in the absence of faradaic current, i.e.. an ideally ﬁolariz-
able electrode, changing the potential of the electrode causes a tran-
sient current to flow to charge the double layer. The metal may have an
e%cess charge near its surface to balance the charge of the specifically
édsorbed.molécules.' Theée two planes of charge'separaged by‘arsmall
distance are analogous to a capacitor. Thus, the electrode is analogous

to a double-layer capacitance in parallel with a kinetic resistance.

Electfode kinetics seeks a relationship between the curreﬁt‘density 3
and the composition of  the eléctrolyte, ‘surface overpotential (see
below), and the electrode material. Whereas the double'layer provides a
microscopic description,.generéliy electfode kinetics.regards the double
layer as part of the interface, and kinetics gives a macroscopic rela-

tion. It should be clear, nevertheless, that the structure and chemis-

try of the double layer affects the electrode kinetics.

“ Consider the general reaction -

0+ne” =R - (18)

The cathodic and anodic reaction rates can be written as
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r, = kacRexp[(l‘—mg—;v] , (19)

and

: nF .
-r, = kccoexp[—ﬂRTV]. (20)

B is a symmetry factor equalAto the fraction of the potential that pro-
motes the cathodic reaction. The reaction rate and current are related
through Faraday’s law,

TR =Ir_ —r . : (21)

These two reactions may be generalized to the Butler-Volmer equation,

aaFns . _aans
PI"T&rT

i=1 exp

o RT (22)

The exchange curfent density,vio, depeﬁds on temperaﬁure, the com-
positiﬁn of the electrolyte adjacent t§ the eleétrode, and the electrode
material. The exchange current density is a measure of the kinetic
resistance. High Qalues of ié correspond fo fasf or reversible kinet-
iecs. The three pérameters, @, e, io’ are determined experimentally.
The surface overpotential, Ngs is the difference in potential of the
metal and the potenéial of an electrode of the séme kiﬁd in the electro-
lyte adjacent to the electrode (just outside the double layer) But pass-l
ing no current. The éurface overpoténtial appears in the exponential

terms for both the anodic and cathodic reactions and can be considered

the driving force for the electrochemical reaction.
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-

Thé relationship'between the surface overpotential and the current
is shown in figure 2. Two simplifications of the Butier-Volmer-expres-
sion are often encountered. Eirst, at low surface overpotentials eduaf
tion 22 can be written as

i= (e, +a)i Lo ’ @)
a ¢’ "o RT.

o S

.This 1imit is called linear kinetics. On the other hand, if the surface
overpotential is large, one of the exponential terms is negligible.
This limit is called Tafel kinetics in honor of Tafel, who found this

relatiohship empirically. In the anodic Tafel region,

RT (.. .
Mg = Fa [lnl - lnlo]. (24)-
a . '

While the Butler-Volmer equation can be applied to many systems,
not all follow this_ekpression. Moreover, many of the systems that
~don’t follow thefButler-Volmer model are of great practical importahce,

e.g., in the corrosion of passivating metals (see Corrosion).

Because of the unique nature of the electron-transfer reactions,
they have been of great theoretical interest. More recently research
has centered on a microscopic picture of the electron-transfer reactions

.and predicting reaction rate constants.

-Transport Processes

In addition to electrode kinetics, the rate of an electrochemical
reaction can be limited by the rate of mass transfer of reactants to and

from the electrode surface. In dilute solutions, four principal
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-Figure 2. Tafel plot. o,and o, are both chosen to be 0.5,
and the temperature is 298.15 K.
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equations are used. The flux of species i is

N, = -z u.,Fc,V® — D Ve, + c. v, : (25)'
i ii i i 7i i

The three terms represent contributions to ﬁhe flux from migration, dif-
fusion, and convection. The bulk fluid velocity is determined from the
eqﬁatioﬁs of motion. Equation 25, with the convection term neglectea,
is frequently referred.to'as the Nernst-Planck équation. in;systems
containing charged species, ions experience a f@rce_due,thé eleétric
field. This effect is called migration. z; is the charge nuﬁber of the-
ion, F is Faraday's cdnstant, u; ié the ionic mobility, and & is thg
electric potential. The'ioniévmobility and the diffusion coefficient

are related:

D; - RTu,. (26)

This relation, which was:diséovered'by Nernst and Einstein, applies in

the limit of infinite dilution.

A material'balance on an element of the fluid gives,

—=* = —_V.N, +'R,, - 27
i i . .

“"where Ri is the homogeneous reaction rate. Except near the diffuse dou-

~ble layer, to a good approximation the solution is electrically neutral,.

) z,c, = 0. v. : ' (28)

" The current‘density is given by,
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i=F} zN,. . (29)

These four equations, with the appropriate boundary. conditions, can be
solved to give current and potential distributions and concentration
profiles. Electrode kinetics would enter as i)art of thg boundary ‘condi-
tions. The solution- of these equétions is not easy lan.d often involves

detailed numerical work.

Electroneutrality (equation 28) is not strictly correct — more

properly it should be replaced with Poisson's equation:

FE v
V(I)——ezi:zici . . » (30)

It is important to stress that although the assumption of electroneu-
trality is appropriate for many systems, electroneutrality does not

imply that Laplace'’s equation holds for the potential. Further details

are given by Newman.6

- When concentration gradients in the solution can be ignored, equa-
tions 25 through 29 show that the electric potential is governed by

Laplace’s equation;

V'®d = 0. T (31)
Laplace’s equation is applicable to many electrochemical systems, and
solutions are widely available in the 1iterat:ure.7 The current distri-

bution is obtained from Ohm’s law,

i = —xVo, | | (32)
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where x« is the conductivity of the solution. For dilute solutions the

conductivity is given by

2¢ 2 ' .
kK = F %ziuici S . (33)

Both the anions and cations can contribute to the current. In the
absence of concentration gradients, the transference number relates the

fraction of current carried by each species,

2 .
zZ.,u.c,

£ o= L1 ]

i (34)
J Ezfu.c.
i

1l 1

The distribution of current (local rate of reaction) on an elec-

- trode surface is important in many applications. When surface overpo-

tentials can also be neglected, the resulting current distribution is
called primary. Primary current distributions depend .on geometry only

and are often highly nonuniform. If electrode kinetics is also con-

'sidered, Lapléce's equation still applies but is subject to different

boundary conditions. The resulting current distribution is called a
secondary current distribution. Here, for linear kinetics the current
distribution is characterized by the Wagner number.

kRT

Wa = T e +aFL" . (35)
o' a e

This is a dimensionless ratio of kinetic to ohmic resistance. For large
Wa, the current distribution is uniform. For example, when electroplat-

ing (see.Eleqtroplating)'an objecf, usually one desires a uniform depo-
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sit. Equatidn 35 suggests that a larger piece (low Wa) would be more

‘difficult to plate uniformly than a small one.

. One other limit is also of interest here. As the rate, of an elec-
trochemical reaction increases, the concentration of reactants at the
surface of the electrode will decrease. When the concentration reaches

zero,vfurther changes in the overpotential will not increase the rate of

reaction. The reaction is. mass-transfer limited; this condition is
called Ilimiting current. Under these conditions, the system can be
analyzed with the traditional convective-diffusion equations. Selman

. 8 . v o
and Tobias provide a number of mass-transfer correlations for systems

relevant to electrochemistry.

As the Nernst equation suggests,‘concentration variations in the -
electrolyfe lead to potential differences between electrodes of the same
kind.v These potential differences are concentration polarizations or
conc;ntration overpoténtials. - Concentration polarizations can also
affect the current distribution, Predicting these is considerably more

difficult. If concentration gradients  exist, equations 25 and 27

through 29 must generally be solved simultaneously.

Applications

Electrochemical systems are found in a number of industrial
processes. These are discussed in detail elsewhere, for example: see
‘batteries, fuel cells, electroplating? corrosion, and the fwo subsequeﬁt
secﬁions on electrosynthesis. We have provided the fundamentals neces-
sary to analyze mést electrochemical systems. More details of the fun-

‘damentals of electrochemistry are contained in the general references.
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Electrochemical techniques are also used to measure transport and

kinetic properties of systems (see electroanalytical techniques).

Nomenclature
a ' activity
' . R . 3
c; . concentration of species i, mol/m
e T
Di diffusion coefficient, m /s
;fi molar activity coefficient of species i,
- F Faraday's constant, 96,487 C/eq
G ' Gibbs energy, J/mol
. ' . 2
i current density, A/m
; 2
i : exchange current density, A/m
k : reaction rate constant
L characteristic length, m
N, -~ molar flux of species i, mol/mg-s
n number of electrons transferred in reaction
P ' fugacity or pressure, bar
r ' " heterogeneous reaction rate, mol/mz-s
'Ri. homoggneous reaction rate for species i,
mol/m” s '
R - '~ universal gas constant, 8.3143 J/mol-K
t time, s
T temperature, K
U : ' open-circuit potential, V
u, mobility of species i, m" -mol/J-s
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velocity, m/s

cell potential, V
Wagner‘ﬁumber, dimensionless
charge number of species i
transfer coefficient

symmetry céefficient
permitpivity, F/m

surface overpotentiél, V.
electrical conductivity, S/m
Debye length, m

absolgté activity of species i
electrochemical pétential-of_species i, J/mol

total number of moles an electrolyte dissociates
into ' ‘

-number of moles of cations and ions a mole. of

electrolyte dissociates into

electrical potential, v
Subscripts

far from the elecﬁrode surface
oxidized species

reduced species

anodic

cathodic
t

cation

anion
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Superscripts
* ideal gas
g secondary.referenCe state at infinite dilution
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