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4.1 INTRODUCTION

In the last chapter, the measurement of thermodynamic properties
(n, Ef, K) of interfacial charge transfer was discussed. These
measurements completely describe the interfacial behaviour (for
example the change of E with concentration of Ox or R) if the
electron transfer between the electrode and the redox species takes
place at sufficiently fast rafe. This condition is indeed noticed in
a number of cases. However, there are equally a good number of
cases where the charge transfer is slow. It would be interesting to
measure the rate parameters of such slow charge transfer process-
es. Since LSV and CV are known transient techniques it would
also be worth measuring the charge transfer kinetics of even faster
processes using such techniques. As scen in this chapter, these
techniques are indeed very well-suited for such measurements.

If the electron transfer takes place in a single step, the entire
kinetics is defined by just two parameters k,° and B (Section 4.2.1).
Multistep processes can be described using closely related para-
meters #, and «. In addition, stoichiometric number v and reaction
order for all reacting species are also defined (Section 4.2.2). Rever-
sible chemical equilibria can influence the peak potential behaviour
of such processes (Section 4.2.3). A number of associated chemical
reactions can also be slow and their kinetics can influence LSV
and CV behaviour. Studies of such slow chemical reactions are so
important that they deserve a separate chapter (Chapter 5).

The thermodynamic propertics of any overall redox reaction are
independent of the electrode material used (these are reactions
where all the reactive species arein solution). However, the elec-
tron transfer kinetics can depend very much on the electrode
material. The methods discussed here (Section 4.3) may be directly
employed to measure kinetic paramecters on various electrode
materials and hence establish surface effects. However, the physical
chemistry involved in such catalysis and inhibition effects of elec-
trode materials require more detailed cansideration and hence
treated separately later (Chapters 11 to 14).

Two redox couples (say Ox,/R, and Ox,/R,) may interact among
them at the electrode surface. The electron released by one couple
to the electrode may be taken up by another couple from the elec-
trode. The kinetics of such mixed potential processes [1, 2] may
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also be considered in this chapter. However this model was first
proposed [3] and is still extensively employed in surface processes
and hence solution-phase mixed potential processes shall be consi-
dered with their metal-mixed potential analogs (Chapter 12).

4,2 THE MODEL
4.2.1 SINGLE STEP CHARGE TRANSFER KINETICS

Again consider the general electron transfer reaction (equation 4.1)
and now concentrate on the kinetic aspects:

Ox +ne= R 4.1

The rate equation for this electrochemical reaction is formally
similar to the usual chemical reaction

Y = kaox(O, t) - kbCR(O, l‘) 4.2

In this expression, v is rate of the reaction; ky and k, are the
rate constants of the forward and reverse reactions respectively;
Cox(0, t) and Cg(o, t) are the surface concentrations of Ox and R
(x = 0) at time ¢ respectively. Although formally similar, this rate
expression has some subtle but important differences when com-
pared with the chemical reaction:

i) The electron transfer is a heterogeneous surface process.
Here v has the units of moles. cm~2 sec™!. (For a homogeneous
chemical reaction v has the unit of mole cm~2 sec™?). Since con-
centrations are expressed in moles cm=3, the rate constants k, and
kp of an electrochemical reaction must have the dimension of cm.
sec. For a first order chemical reaction &y, k, would have the unit
of sec1.

i) In the chemical reactions, evaluation of rate v itself is a
tedius process. One must monitor the change in concentration of
the reacting species with respect to time, draw a C versus ¢ plot
and find out theslope at each concentration to obtain the rate. In
clectrochemical reactions, the current at any potential is a direct
measure of the electron transfer rate.

i
nfFA

= ¥y 4.3



160 Cyelic Voltammetry and Electrochemistry

where 7 is the current, F is the faraday constant (96, 490 coulombs)
and A is the area of the clectrode surface.

1ii) The most important difference, of course, is that the rate
- of a chemical reaction can easily be altered by varying the electrode
potential. kr and k, of electron transfer reactions can also be varied
by varying 7T and P as in the case of ordinary chemical reactions.
However, they can be easily varied by changing the electrode
potential E.

kr = k°s exp (—BnfE) 4.4
ky = ko exp (1—P) nfE 4.5

where ko, ko, are the rate constant when £ = 0 and f == F/RT.
Proper understanding of symmetry factor B in these expressions is
quite essential and basic in electrode kinetics. This is the fraction
of the electrical part of the free energy (nFE) applied to the system
which activates the activation complex [4-6] (see Fig. 1.8) for the
forward reaction. Although B can have any value between 0 and 1
depending on the potential energy profiles of the reactants and
products (Fig. 1.8), they generally range around 0.5. It is generally
assumed that B is potential independent. However, statistical
mechanical theories [7, 8] do suggest variation of § with E. As we
shall see later, potential dependence of £ has also been experimentally
established in a few fast electron transfer processes (Section 4.4.2).

Figure 1.8 also indicates that when the electrical potential £
accelerates the reaction in one direction, it simultaneously retards
the reaction in the opposite direction. Suppose we increase the
potential in the negative direction, k, would increase and kp would
decrease.

At the formal electrode potential (£/) the forward and reverse
rate constants must be equal since no net reaction should take place
at this potential when the concentration terms are unity (equation
4.2). Hence

kej - exp (— B nfEN) = koy - exp (1 — B) nfE/
= ko, 4.6

ko, defined by equation 4.6 isthe standard heterogeneous rate cons-
tant. This is the charge transfer rate constant at the equilibrium poten-
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tial. For fast processes, ki may have values up to 10 cm/sec [9] and for
slow processes, kj can have values as low as 10-° cm/sec (for
example hydrogen evolution reaction on Hg) [10].

The potential dependence of rate constant can be expressed by
substituting equation 4.6 in equation 4.2.

v =k} [Cox (0, 1) exp — {8 nf (E — E)}
— Ca (0, 1) exp {(1 — B) nf (E — EN)}] 47

At equilibrium (£,,) the net rate must be zero and the forward and
reverse reaction rates must be equal to its value in the bulk. Thus,

the concentration of Ox and R at the surface would be equal to its
value in the bulk

nF ki Cox exp { — B #f (Eeq — EN)}

= nF k3 Crexp {(1 — B) nf (E.q — EN}
=i, 4.8

Equation 4.8 defines another important parameter, i,, the exchange
current density which is the rate of electron exchange between the
electrede and the redox species at the equilibrium potential. Note
that i, represents a dynamic exchange rate. Although there is
exchange of electrons in both the directions of the interface, the
exchange rates on both the directions are equal and opposite and
hence the net exchange is zero.

From equatijon 4.8 we may obtain

Cox _ exp nf (Eeq — Ef) 4.9
Cr

This rearrangement gives

R7T |, Cox

- 4.10
nt' H CR

E.,=E +

This is the Nernst equation. Thus the kinetic treatment correctly
leads to the thermodynamic expression 4.10 under equilibrium
conditions.
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Using equations 4.6, 4.8 and 4.10 a relation between i, and &}
can be obtained

ip=nFAkS - CO7P . Cpf 4.11

Now, dividing equation 4.7 by equation 4.11 and rearranging the
resulting equation using equation 4.10 the most general expression
for electron transfer (equation 4.12) obtained is

= 1,200 exp (g )~ O exp i1 — ) o
4,12

In this expression v is the overvoltage and is defined as (E — E,,).
Several simplifications to the above general expression are
possible. For example, in steady state polarizatioa measurements
using higher concentrations of Ox aswell as R, it may be assumed
that the surface concentrations of Ox and R are equal to their bulk
concentrations respectively. Under these conditions, the more
popular Butler-Volmer equation is obtained from equation 4.12.

i =i {exp (—B nfm) —exp [(1 —B) nf 7]} 4.13

Two further simplifications of equation 4.13 are possible. If
[%]>120 mV one of the terms in equation 4.13 would become
negligible when compared with the other term. For example, if
7 < — 120 mV, the first term becomes very much larger than the
second term and so

i=lhexp(—Bnfvn 4.14
and
2.303 RT . 2303 RT .
(il log i, — ——— logi 4.15

This expression is popularly known as the Tafel expression.
Another simplification of equation 4.13 is possible under the low
field approximation | | < 10 mV. Under these conditions, the
exponential term in equation 4.13 may be linearized and one
obtains

o - NEn

—— RT 4.16

=
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or
il RT
)

nki,

== 417
The value y/i in equation 4.17 is also called the charge transfer
resistance.

Also consider one more simplification to the genecral expression
in equation 4.12. When i, is much greater thani, the value i/i, < 1,
In the limiting conditions, one may assume i/i, ~ 0 and equation
4.12 then gives

D o (— =22 p gy 4s

Using equation 4.7 for Cp./C in this expression, we obtain

v e RT . Cox (0, 1)
E_E+"r}f'n Cr (0. 1) 4.19

This is the surface boundary condition we employed for LSV and
CV solutions of Fick’s law of diffusion in Chapter 3. The present
derivation clearly indicates the validity of equation 4.19 whenever
i, values or kj, values are very high.

The equations derived so far in this section are the building blocks
of electrochemistry. The terms involved, their meaning and the
quantitative expressions defining them must be understood properly.
It is for this reason that all these expressions have briefly but
systematically been derived here. More detailed derivations may be
found in all the books dealing with electrode kinetics [11-15].

However, it is still true that the voltammetric behaviour of a
single step process is controlled completely by two parameters kj
and B and equation 4.7 is the only expression generally employed
as boundary condition for LSV and CV solution. This equation also
contains » and Ef whose significance has been considered earlier
(Chapter 3). _

In dealing with electrode kinetics, two extreme conditions are
usually considered. For quasireversible processes (Sec. 4.3.2) the
k% values are high and current would be noticed even for small
valugs of | £ — Ef |. Hence, the complete equation 4.7 must be used
as a boundary condition. In the other extreme situation when kj
values are very small, the current would increase only when | £ —£7]
values are very high. When this is the case, one of the terms in
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equation 4.7 may be neglected. For example, when one deals with

reduction (highly negative E value), the above equation may be
approximated to

i = nFAkj; Coxo, t) exp {—B nf (E — E*)} 4.20

This is the boundary condition employed for LSV solution of irrever-
sible charge transfer (Section 4.3.1).

4.2.2 MULTISTEP CHARGE TRANSFER

In the above section, charge transfer kinetics have been treated as
a single-step process involving » electrons. However, statistically it
is highly unlikely that more than one electron will be transferred to
one Ox species at a time, which would amount to three or four body
interaction. Hence one must assume that in the electrochemical
kinetics only one electron transfer should take place in ¢ach step. If
this is so, how does one handle multiple electron transfer ?

If n electron transfers take place at different potential regions,
then one can handle each step in the charge transfer kinetics as
a separate process. Supposc there are two one-electron transfer
steps

A4 e —> A4+ 4.21

A=+ A+ ¢ — 43~ 4.22
kb:z

If Ef values for these processes are different and both the processes
are slow, one can define k3 and ki for the separate steps and
apply the theory developed above (Sec. 4.2.1) for each step.

But if both the charge transfer steps take place around the same
E7value and only a single LSV or CV wave is noticed, how does one
treat the problem? Again, one resorts to the same methods adopted in
multistep chemical process studies. Two methods may be generally
employed based on a steady state assumption and quasi-equilibrium
assumption. Steady state assumption would be a better choice when
the rate constants of both the processes are of the same magnitude
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and measurable under limiting conditions. However, in electro-
chemical kinetics one rarely encounters such a situation [11-15].
Hence this study shall be confined to a brief consideration of
quasi-equilibrium treatment. One assumes that mass transfer cffects
are absent, that is, the surface and bulk concentrations are equal
for all species considered. Basically, in this treatment, it is assumed
that in a multistep process, one step is very much slower than all
the other steps (Fig. 4.1). Hence one considers that all the steps
other than the slowest step are at quasi-equilibrium at each applied
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Fig. 4.1 Potential energy-reaction coordinate diagram
for a multistep chemical process R—reactant;
I, Iy, I, I,—intermediate; P-—product,

potential £. The slowest step in the sequence is called the rate-
determining step or briefly rds. Consider for example equations 4.21
and 4.22; if the rate constants of equation 4.21 are much smaller
than those of equation 4.22 one can assume that the second electron
transfer step is in quasi-equilibrium. The rate of the overall
reduction process will then be controlled by equation 4.21.

vy = ank‘},l < Cy- €Xp (—BfE) 4.23
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under totally irreversible charge transfer conditions. Hence the £
versus log i plot will have a slope of 2.303 R7/B# as in equation
4.15.

However if equation 4.22 is rate controlling, the equation one

gets is
V= k9, Cq- Cy7 exp (—BfE) 4.24

The concentration term C,4~ in equation 4.24 is not known. This can
however be calculated if one assumes that equation 4.21 is in equili-
brium at any potential £. We then get

ko, Caexp (—BfE) = ko, \Cuc exp {(1--B)fE} 425

Therefore, the equation will be

@

Ca= k{,'l Cy-exp (—fE). 4.26
b, 1

Substituting the value of C = from equation 4.26 in equation 4.24,
the equation becomes

ko ‘ .
v:k—é-’_j k., € exp {—(L+B)SE} 4.27
Now carefully compare ”equation 4.23 and equation 4.27, which

are the rate expressions for equations 4.21 and 4.22 as rds respect-
ively; one can notice two means of distinguishing them, namely

dlogi
—e t ) = 2
(d log CA)E 1 4.28
and
(Hfié;) __ —2.303RT 4.99
d log i C4 BF
from equation 4.23 for equation 4.21 as the rds. On the other
hand
dlogiy .
(m)f} =2 4.29
and
dE —2.303 RT
—_— = 3
(ios7)e, = ~rwr +30

from equation 4.27 for equation 4.23 as rds. The term
(d log i/d log C4)g is the reaction order of the electrochemical
reactions. Theterm (d£/dlog i)c, isthe Tafel slope for the electro-
chemical reactions. It is evident that by measuring these two
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parameters one can easily distinguish between these two mechanis-
tic possibilities.

The product 4, can also be formed by another route. After
equation 4.21 a dimerization process can take place:

24— — Az 4.31

The rate expression for this purely chemical reaction is
Vo= kf’ 3 C:‘:‘i'.— 4.32
The value of C4— can again be substituted from equation 4.27

v= kf’l)zk C* exp (—2/F) 4.33
- kb:]_ /3 4 p .

The reaction order for this mechanism 1s 2 and Tafel slope is
2.303RT/2F as noted from this expression.

There is one more difference between mechanism involving reac-
tions 4.21, 4,22 scheme discussed carlier and the mechanism involving
4.21, 4.31 scheme considered above (equation 4.33). In the former
sequence, the rds would occur only once for the overall reaction 2A-
— AZ-. In the latter sequence, the rds must occur twice. This distin-
guishing parameter is defined as the stoichiometric number v. Stoichio-
metric number may be defined as the number of times of occurrence
of rdsfor the occurrence of one complete overall process. In the
example of two-step one-electron process considered above, it is noted
that three possible mechanisms exist (Table 4.1). The number of
possible mechanisms would still increase if the overall process involves
say four electrons. For example, oxygen evolution from OH~ which is
a four electron process has 17 possible reaction mechanisms [16].
These mechanisms may be distinguished by the careful evaluation
of Tafel slopes, reaction orders and the stoichiometric numbers
[16].

Finally consider the gencralized current-potential expression
describing the multistep electrochemical kinetics. One can, in fact,
derive the overall current-potential expression for a multistep
process which is very similar to equation 4.13 derived for a single
step process [17].

[ =1, {exp (— ac nafm) — €Xp (®a 2,/ M)} 4.34

The similarity between eqﬁations 4.13 and 4.34 must not lead to
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Table 4.1

Mechanistic pathways for an overall two—electron two—step process

Mechanism dE/d log i (mV)
8] A+e > 4+ 120
AT + 4~ = A%“
() Ad+ee 4~ 40
A= + e->» A
(i) Ad+e= d=
A"t A4 e=>d 40
(V) 244 2e = 2 A=
24+ > A3 30

(A~ indicates unstable ion radical)

the conclusion that both are identical. The i, value for the multistep
process, for example, has a number of quasi-equilibrium rate cons-
tants or equilibrium constants (see equations 4.27 and 4.33 for
example), the rate constant for the rds and the concentrations and
reaction orders of the reactants and products involved [11-15]. The
i, value cannot thus be used to calculate the heterogeneous electron
transfer rate constant of the rds involved as one can in the case of
a single step process be using equation 4.11. Another difference is
that instead of # in the exponential of the single step process, thcre
i8 14, the number of electrons involved in the activation step in a
multistep process (equation 4.34).

Another, even more important, difference between equation 4.13
and equation 4.34 is that in the expression for electron transfer,
there are the cathodic transfer coeflicient («,) and the anodic transfer
coefficient (x,) instead of the symmetry factor noted in the single
step process. This fact is often missed by many and misunderstood
by many more, leading to a lot of confusion in the literature. In a
single step process, the Tafel slope at 25°C, for example, is equal to
59/ n mV according to equation 4.15. Since B, the symmetry factor,
is generally 0.5 [18] (see Sec. 4.4.2), the Tafel slope value can be
used to evaluate n, the total number of electrons involved in the
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process. This method is not applicable in the multistep process. a.
and «, values cannot be taken to be 0.5. Their values, in fact,
depend on the total number of electrons involved in the overall
process (n), total number of electrons transferred before the rds
(n0), number of electrons involved in the rds (ns), stoichiometric
number (v) and symmetry factor (3) and are given by

=2 158 4.35

v

H—Hyp

—ngf 4.36

g =
v

In a multistep process, » may be obtained from product analysis or
coulometric studies. If # is known, «. and «, can be obtained from
experimental Tafel slope measurements. The stoichiometric number
may be obtained by adding equations 4.35 and 4.36 which gives

I —_
A - Xy =

z 4.37
W

The symmetry factor is usually assumed to be 0.5. The exact mechan-
ism involved can then be established by making the theoretically
predicted «. and «, values (by guessing the right sequence that gives
correct ny and n, values) with those obtained experimentally.

The above expressions for transfer coefficients are, however, valid
only when the intermediates such as A4+ are not adsorbed on the
electrode surface or when the surface coverage by the adsorbed
species is extremely low. Such situations arise, for example, when
organic reactions are studied in aprotic media. The transfer coeffi-
cients would vary substantially when intermediate adsorptions are
involved. These variations are in fact employed to establish inter-
mediate adsorption (Chapter 12).

The similarity in form noted between equation 4.13 and equation
4.34 for single step and multistep electron transfer, however, is
very important from the analytical point of view. Hence, although
no explicit mathematical treatment of LSV and CV techniques for
multistep processes are available, it is noticed that these techniques
are gencrally employed for multistep processes as well (Section
4.4.3). Of course, the methods developed for the evaluation of 4



170 Cyclic Voltammetry and Electrochemistry

for single step processes cannot be used for estimating the £ of
the rds of a multistep process. (The authors for that matter are not
aware of any other experimental method that can evaluate the k9
of the rds of such multistep processes. Only the overall rate i, at
the equilibrium potential are experimentally accessible). However,
the experimental expressions for the cvaluation of Tafel parameters
arc applicable for both single step and multistep processes and
hence LSV and CV techniques may also be used for evaluating
transfer coefficients and reaction mechanisms.

4.2.3 INFLUENCE OF CHEMICAL EQUILIBRIUM ON CHARGE TRANSFER
KINETICS

In this section (Section 4.2) we have so far discussed the electro-
chemical and chemical processes (equation 4.31) of electroactive
molecules alone. However, 2 number of chemical processes can
interfere in the kinetics of electrochemical processes as well as in
the case of thermodynamics of electrochemical processes discussed
earlier (Chapter 3).

Instead of the sequence in equations 4.21 and 4.22 consider the
sequence involving, for example, an intermediate protonation step

kf:]
A+e— A= 4.21

kb) 1

Kfs 2
A= - H* T AH 4.38
kb-.- 2

kfas
AH -+ A+ e —> A, H- 4.39

If equation 4.39 is considered to be the rds, one can write the rate
expression for the irreversible charge transfer equation 4.39 as

v=k% g Can- Caexp (—BfE) 4.40

The C4g term may be obtained by assuming quasi-reversible equili-
brium for the chemical reaction equation 4.38. Of course, this
equilibrium is independent of potential.
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kf, 2. CAT 'CH+ == kb, g CAH 4.41
Therefore,
CAH = kf’ 2 CA,— . CH+ 442
by g

The concentration term C 4~ can be obtained from the quasi-equili-
brium assumption of equation 4.21. We have already derived this
expression (equation 4.26). Hence equation 4.42 now becomes

0.-—- ko:
Cag=-L2 . L1 ¢ Cyexp (—SE) 4.43
kb,ﬁ kb,l

Now, substituting this value for C4y in equation 4.40, what is
obtained is

£ kf,2 ki
13 kp2 kp

. C4 . Cyy exp {—(1 +B)fE} 4.44

Y o=

Hence the reaction scheme involving equations 4.21, 4.38 and 4.39
gives a Tafel slope of 59/(1 + B) mV at 25°C and the reaction order
rq=2and rg;+ = 1.

It would be illustrative to compare equation 4.44 involving inter-
mittent chemical equilibrium with equation 4.27 which is for the
scheme that does not involve the chemical equilibrium. The Tafel .
slope is not affected by the chemical reactions. They only exhibit
themselves in the reaction orders.

Hence one can generalize that the chemical equilibrium associated
with charge transfer kinetics interferes only with the reaction order.
A variety of such chernical equilibrium processes such as acid-
base equilibria (which, of course, is most extensively studied) and
complex formation equilibria may influence charge transfer kinetics.
By carefully evaluating the reaction order with respect to the
suspected species at constant electroactive species concentration and
potential, one may arrive at the correct mechanism. In employing
electroanalytical techuiques for such studies, one must ensure that
the current values are devoid of mass transfer effects (Section
4.4.3). _

In the discussions on chemical equilibrium with reversible charge
transfer (Section 3.2.2) one relied more on the potential values and
their variation with concentration of the chemical reactant (such
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as H*) to extract information on chemical equilibrium. One also
noticed there that the equilibrium parameters such as K values could
be obtained from such studies. In this section, it is advocated that
one must rely on current measurements primarily for evaluating
chemical equilibrium effects. Why ?

In the reversible charge transfer processes, the £, measurements,
for example, directly gave us the thermodynamic information. This
is not the case in the irreversible charge transfer. £, value depends
on the kinetics of charge transfer. Extracting the equilibrium
parameters of chemical reaction from £, measurements must there-
fore be quite difficult, if not impossible. One must first evaluate all
charge transfer parameters (ky, #, En) in the absence of chemical
interaction. One must also ensure that chemical interactions influence
only E/ and not other kinctic parameters. (There is no easy means
for doing this, of course). If these tasks are accomplished, then
the chemical reactions may be evaluated by potential measurements.
All these discussions, however, apply to the single step process only.
Multistep reactions are even more difficult to be evaluated by this
“method.

4.2.4 THE MASS TRANSPORT

As far as the mass transport characteristics are concerned, the basic
Fick’s expressions do not depend on whether the charge transfer
process is reversible or irreversible. For the single step process
equation 4.1 which is the same as equation 3.1, the linear diffusion
expressions under stationary conditions are the same expressions
represented by equations 3.28 and 3.29. All the five boundary
condition equations 3.30 to 3.34 are also applicable. It is only in
the boundary condition at the surface which relates the current and
potential with surface concentrations C,» and Cy that the two
processes differ. When the kinetics of charge transfer is slow,
boundary condition equation 3.27 is no longer applicable.
Depending on whether the kj value is small or large, equations
4.20 and 4.7 respectively are employed for the final boundary
condition. Instead of B n in these expressions, « 7, in these expres-
sions are employed. For single step process, of course, an, becomes
B n (Sections 4.3.1 and 4.3.2). Hence in the following LSV and CV
treatments, equation 4.45 is employed for describing irreversible
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charge transfer (Sections 4.3.1 and 4.3.2) and equation 4.46 for
quasi-reversible charge transfer analysis.

i = nFAky Cyfo, t) exp {— an, f (E — ET)} 4.45
i = nFAKki[Coxlo, 1) exp {— an, f(E— EN}
—Cr(o, t) exp {1— «)n, f(E — EN}] 4.46

Thus, n addition to D, », Ef that controlled voltammetric beha-
viour of reversible charge transfer, there is k5, « and n, that con-
trol the voltammetric behaviour of charge transfer kinetics.

4.3. THE METHOD
4.3.1. IRREVERSIBLE CHARGE TRANSFER

a) LSV and CV methods

When kj value is sufficiently small (for a quantitative range,
see Sec. 4.3.2), one can employ equation 4.45 as the boundary con-
dition for solvingthe Fick’s diffusion equations. The first solution
of this problem was given by Delahay [19] in 1953. Reinmuth, in a
series of papers, analysed the LSV and CV behaviour in greater

detail [20]. Complete numerical solutions were later presented by
Nicholson and Shain [21].
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Fig, 4.2 Typical linear sweep voltammogram for totally
irreversible charge transfer process.
K(E) = i/nFA CyyD, V2. (an, Fyv/RT)M2

A typical LSV curve for a totally irreversible charge transfer is
presented in Fig. 4.2. The expressions for peak current (i,), peak
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potential (£,) and peak width are given by the following equa-
tions :

i/2
ip = 0.496 nFACoxD o M2 V112 (%‘;_f ) 12 4.7
RT D\ an, Fr\/?
— F__ B ___gx {74
B, = E maF{o.m +1n (kf,’ ) + ln( i } } 4.43
E, — E;p = ————-——1'857 RTmV 4.49

nal

The E values in equations 4.48 and 4.49 are in mV. The expres-
sions at25°C are presented in Table 4.2. Substituting the value
of E, from equation 4.48 in equation 4.47 onc may also obtain
another useful expression for i, which contains the experimemtally
measurable E, value and E¥ in addition to &j§.

i, = 0.227nFAkiCo, exp { — an, f(E, — ET)} 4.50

Table 4.2

Voltammetric characteristics of irreversible charge transfer

Oy + ne - R

ip = 2,99 x 105 x n (& nl)l/2. AC, D> .12 4.2a

0.059 D12
E, = E + [1,796 + log (_ix )+Iog (38.92 x« nav)ll'z] 4.2b

&Ma k7
47.7
E,—E =~ —mV 4.2
P ol2 v ¢
—30
dEy/d log v = mV 4.2d
o
ip = 0.227 nFAC,y-exp { — an, f (E, — E')} 4,2

In equations 4.2.a and4.2.e, i, is inamp, 4 is in cm?, C,y is in moles/
cm3, D, is in em¥/sec and v is in Volt/sec.

Now it would be worthwhile considering the implications of LSV
behaviour of a totally irreversible wave (Table 4.2). The peak
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current term (4.2.a) now contains the kinetic parameter (e7,) in
addition to n and D,, found in i, expression of a reversible pro-
cess (Table 3.2). The i, current, however, is still proportional to
v2 and C,y as in the casc of a reversible process.

The peak potential expression (4.2.b) however contains even more
significant differences. The E, value now is a function of Do,
k;. an, as well as the sweep rate v. Thus the E,measurement of
an irreversible charge transfer process cannot be used to measure
EF value as was done in the reversible case. As the &} value
decreases, the E, shifts to a more and more cathodic potential.
One may derive another useful relation from equation 4.48 which
15 useful for cvalualing ang.

dE, 1.15RT
dlogyv an,F

4.51

This equation (4.2.d at 25°C) as weltas—(4.2:cy may be experi-
mentally verified. If both these expressions are obeyed over as
wide a sweep rate range as possible, then one may ascertain that
the process is an irreversible charge transfer. Equations 4.2.c and
4.2.d may also be used to evaluate an, in such a situation. Now
onc can employ equation 4.2.a to evaluate n if D,, is known and
vice versa.

If £7 is known by some other experimental method (Section
4.3.2) one may evaluate kj using equation 4.2.e. In the absence
of proper £7values, some attempts are usually made to evaluate
k; values assuming E7 as zero. This approach in LSV studies
seems to have the origin from the polarographic studies of irre-
versible processes where k% values represented by equation 4.4 are
evaluated. It is worthwhile emphasizing here that kj values are
not identical to 4% values. Only £} values have real kinetic signi-
ficance. They directly indicate the charge exchange rate at the
formal electrode potential of each reaction. k% is the rate at some
arbitrary potential. Its value depends on the reference scale used
For redox reactions whose E” values are very negative, k% valuesof
10-20 ¢m/sec and less are obtained. No meaningful information
is found from such measured ‘rate constants’. Such attempts often
confuse the electrode kinetic studies rather than produce any useful
additional information.
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However, when E7 values are not known, one may get an appro-
ximate estimate of kj (againifit is certainly a single step process)
by the following expression

[ = nFAk,"C,y exp{ — Gmaf(E — Ef)} 4.52

This equation suggested by Reinmuth [20] is applicable when i <
10 per cent of i,, that is, at th2 foot of the irreversible CV. wave
[21]. The accurate estimation of £, the potential at which the fara-
daic process starts, is the basic criterion that determines the accu-
racy of kj, evaluated by this method.

The peak current expressions discussed above apply when linear
diffusion prevails. Corrections for spherical diffusion effects in
HMDE have also been worked out [22]. Numerical tabulations for
such corrections are also available [21]. However, as in the case of
reversible charge transfer, as the radius increases, these correction
effects are minimized.

So far discussions have been confined to LSV behaviour. In the
CV curves, one would not notice any anodic peak in the reverse
direction for a totally irreversible charge transfer. Hence the peak
current ratio 7,,/i,,. will be zero under these conditions. CV
studies in such cases can only offer a gqualitative support to the
fact that the charge transfer is irreversibie. No quantitative evalu-
ation of charge transfer kinetics is possible from such studies.

The CV curve of a reversible charge transfer followed by fast
irreversible chemical reaction (EGC;,, scheme) is very similar quali-
tatively to anirreversible CV curve discussed above. There are, how-
ever, quantitative means to distinguish them (Chapter 5). This point
is mentioned here because whenever an irreversible CV wave is
noticed, an attempt should be made to distinguish between these two
possibilitics. For example, a number of organic electrode processes
in aprotic media must invariably involve fast charge transfer. The
CV waves are irreversible because of the reactivity of the radical
anions or cations formed during electron transfer. Such chemical
follow-up reactions have been very well-documented in literature
(Chapter 5). But still one can easily find reports in recent litera-
ture which employ the equations described here for such processes
and evaluate charge transfer rate parameters for them.
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b) Convolution sweep voltammetry

It has been established earlier (Section 3.3.1) that one can
express the surface concentration Cox(o, f) by a semi-integral or
convolution integral (equation 3.51) where 7 is the integral
given by equation 3.48. These expressions were derived employing
the common boundary conditions for the reversible as well as
irreversible charge transfer. Hence these equations are also appli-
cable to irreversible charge transfer. Substituting the value of
Cox (0, t) from equation 3.51 in equation 4.45, one gets

(1) = ~D—’j§'—- (I — Dexp{ — anaf (E— E} 4.53
. RT pi2 RT i(t) ]
E—-Ef—anaﬁln[k}:]—anaFln[h_I 4.54

From E versus In [i(#)/(1; — I)} plots, one may obtain the transfer
cocfficient an,. If £/ is known, k} value can then be calculated.
The kinetic analysis of data in this method is very similar to the
analysis of polarographic data [23, 24]. The only problem, of
course, is to obtain /, the convoluted integral at different time
intervals. A number of mathematical techniques [25, 26] is, how-
ever_ available for this purpose.

One important advantage of convolution integral analysis over
LSV for irreversible charge transfer isthat the limiting value 7 is
not dependent on time or any other kinetic parameter such as
(aha). I; is simply given by

Iy = nFADY? - Co, ‘ 4.55

This is true irrespective of the nature of charge transfer [27, 28).
Hence, the same expression may be used for all charge transfer
processes that are controlled by mass transfer. For LSV however,
different expressions are used for i, of a reversible. (Table 3.2) and
an 1rreversible process. For quasi-reversible systems, the expres-
sions are even more involved as we will see shortly (Section
4.3.2)

| The semi-integral 7 can further be differentiated with respect
to time. Such semi-differential analysis also has been carried out
for irreversible charge transfer [29, 30}
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4.3.2. QUASI-REVERSIBLE CHARGE TRANSFER

a) Linear sweep voltammetry

The first LSV solution of quasi-reversible charge transfer involving
linear diffusion with equation 4.46 as the boundary condition was
treated in an extensive work by Matsuda and Ayabe[31]. The peak
current and peak potential expressions for such a process are much
more involved. We shall, however, try to understand the volt-
ammetric behaviour in a qualitative fashion. These authors pro-
bably employed a dimensionless parameter for the first time in LSV
simulations.

ks

(Dox + Hf P2 4.55

A =

A simple dimensional analysis would indicate that A is a dimen-
sionless parameter. Its value is a measure of the rate constant of
charge transfer (k;) and the rate constant of mass transfer (or
mass transfer coefficient). The LSV behaviour for a quasi-rever-
sible charge transfer would depend on A and the transfer coefficient
(xngz). (Throughout the kinetic analysis, on¢ encounters a number
of such dimensionless parameters).

Typical LSV curves for various values of A and « are presented
in Fig. 4.3. It is clear from these figures that as A decreases (or
equivalently &} decreases or sweep rate increases) the LSV waves
shift in the cathodic directions. (The function X (E) in Fig. 4.3 is
directly related to the current in LSV). The peak current value
also decreases with A. The decrease is even more clearly noticed

when « is small.
When A values are high, the peak current is proportional to v'/2

and equation 3.2.2 of a reversible process is obeyed. At very low
A values again 7, is proportional to v}/? and now equation 4.2.a of
a totally irreversible charge transfer is obeyed. In between these
two extremes, i, is not linearly related to v/2 (Fig. 4.4).

Similarly, the expression of E, also changes from thatof a rever-
sible process (Table 3.2) to that of an irreversible process (Table
4.2). The peak width E, — E,j, value also changes similarly[31].

It must thus be concluded that LSV treatment discussed above
is the general treatment for process controlled by charge transfer
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Fig. 4.3 Variation of quasi-reversible current function
for different values of « (0.7,0.5 and 0.3) as
indicated and the following values of A :
LA=10:T1. A =1;JIL A = 0.1; IV. A = 0.0
(dashed curve is for a reversible reaction)

KEy = i[nFAC,, DV? . (nFy/RT)L2

[From H Matsuda and Y Ayabe, Z Elektrochem
39 (1955) 494].
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»4 |

/

Fig. 4.4 Dependence of peak current on the square root of sweep
rate, [I—reversible region; 2—irreversible region.
(From H Matsuda and Y Ayabe, Z Elektrochem
59 (1955) 494],

and linear diffusion. At one extreme (large A) this treatment leads
to reversible LSV behaviour. At another extreme (small A) it
leads to 1rreversible behaviour.

It would be useful to know the regions of kj values where
reversible, quasi-reversible and irreversible behaviour would be
noted. Form=1,a=035, D =10"% cm?sec, T=25°C and v=
1 V/sec, these limits are as follows: .

Reversible A = 15; 47 = 0.3 cm/sec
Quasi-reversible 15 2 A = 107%+%); 0.3 > kj > 2 X 10-° cm/sec
Irrreversible A < 10-%t4a); ki 2 X 10-% cm/sec

With the change of n, D, T and v, the range specified for kj values
would change but the range specified for A would not. We can, of
course, calculate the range of kj values under such conditions using
equation 4.55. This indeed is the advantage of using such dimen-
stonless parameters.

by Cuyclic voltammetry

The CV solution for quasi-reversible charge transfer was developed
in the early sixties [32, 33]. A number of quantitative treatments
followed. The i,/ip,. depends on kj and a values. Typical CV curves
of (a) reversible, (b) quasi-reversible, and (c) irreversible as presented
in Fig. 4.5 are for comparison.

The most widely employed method in kinetic analysis of charge
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transfer using CV measurements was reported by Nicholson [34] in
1965. He found that the peak potential separation A £, = (Epa—Epc)
is a function of § which is further related to kj by the following
expression:

ra/2 k?;
V= (1t Doy nfv)l/e 4.56
where
# = (Dox [ Dg) 4.57

Hence, if one knows D,,,Dz and n value of a redox couple, he
can obtain AE, experimentally and the corresponding ¢ value from
the Table 4.3 and hence calculate k,°. Even if both D,, and Dy are
not available, approximate value of k4? can still be determined by
assuming r = 1. ¢ actually depends slightiy on «. The value of ¢
functions in Table 4.3 are for « = 0.5. ¢ function in Table 4.3 also
contain some extension work by Perone [35].

The simplicity and elegance of this methdod have been received

widely. The usefuiness and limitations of this method are discussed
in Section 4.4.1.

Cyclic voltammetric solution for quasi-reversible charge
transfer under convective diffusion (RDE voltammetry) have been
recently worked out [36, 37]. However, this method is yet to find
widespread applications.

¢) Convolution sweep voltammetry

Surface concentration expressions for Co, (0,t) as well as Cg (0,1)
in terms of convolution integrals may easily be substituted in equa-
tion 4.46. This would directly give the convolution integral-potential
relationship. The mechanistic as well as analytical implications of the
resulting expressions have been extensively considered [23-30]. The
limiting value of convolution integral is again given by equation
4.55. Hence the integral is independent of the rate of charge transfer.
This is extremely useful from an analytical point of view, especially
In a quasi-reversible region since the peak current of LSV has no
simple analytical solution here (Fig. 4.5).

Another interesting application of CSV in mechanistic analysis
was pointed out by Saveant and co-workers [23, 24, 38]. One can
cvaluate the charge transfer rate constant which depends on potential,
without assuming the applicability of Butler-Volmer equation or
equation 4.46. Equation 4.46 basically asumes that « n, term is inde-
pendent of potential [4-6). Recent theories of electron transfer predicts
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Fig. 45 Typical cyclic voltammetric curves, £° = 0.

A — Totally reversible process
B - Quasi-reversible process
C — Irreversible process

that « must depend on potential [7 8]. It would be better to evaluate
kf (or k;) in equation 4.2 as a function of potential experimentally
and find out if d In ky/dE has a finite slope or not. Taking the
relationship between E° and K or ks/k,;, one can write equation 4.2
in the following form [23, 24, 38].

i=nFAks[Cox(0,t)—Cr(o, t)exp{—ns(E—E")}] 4.58

Now substituting the value of C,, (0,t) and Cr (o, t) equation
obtained is

Inks(E) == In DY _In [Ilql.l— { 1-texp nf(E_Elfz)}

The limiting expressions for reversible as well as irreversible charge
transfer may also be obtained from this expression [24, 38].

Typical CV and corresponding CSV curves for a quasi-reversible
process are presenied in Fig. 4.6. A method for obtaining £y, (or
~ Ef) for a quasi-reversible process also is presented in this figure.
In the CV curve, one can determine the point where i = 0. The con-
volution integral at this point is i, and the potential may be de-
noted as E;_,. Since ks (£) has a finite value at this potential as well,
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Fig. 4.6 Experimental cyclic voltammogram and its con-
volution of 0,5 mM tert. nitrobutane in DMF
containing 0.1 M tetra-butyl ammonium iodide.
v = 17.9 V/sec. Dotted line illustrates the method
of derermining E;_, and [;_, [From JM Saveant
and D Tessier, J Electroanal Chem 65 (1975) 57].

from equation 4.59 one notices that the numerator of the second
term on the right hand side must be zero. Hence

RT . TI; —I.
Eyy == f=u—",;;75111 [_fﬂr_n]

Knowing £y, from the method one can proceed to calculate k(E)
knowing all other parameters.

The CSV technique is a very useful one for a detailed evaluation
of charge transfer kinetics. The solution resistance compensation as
well as double layer corrections can also be easily applied [24]. How-
ever, this method has not been used widely probably because of the
requirements of numerical acquisition of data and their semi-inte-
gration. With the entry of computers in the laboratories, the situation
may change in the near future.

44 THE PROCESS
-4.4.1 THE HETEROGENEOUS RATE CONSTANT

If both O, and R are stable in the solution; if the charge transfer
rate constants are also sufficientlv slow; and if one can prepare
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solutions with high concentrations of C,cand Cy, steady state polari-
zation technique is the best for measuring kj, values. Then equation
4.14 is obeyed over a wide potential region in the cathodic as well
as anodic regions. By y — log i plots obtained in the cathodic and
anodic regions, f,, 1, and E° values can be obtained [11-15]. The
kinetic parameters obtained for such processes have also been tabula-
ted [39]. For detailed descriptions of experimental work of this kind,
one may specifically refer to Veter’s work [13].

Transient techniques are required for kj evaluation, when one or
more of the conditions set above are not fulfilled. If O, or R is not
stable in the medium over long periods, their kinetics must be
evaluated within the short life span of the species. If & values are
sufficiently large, steady state methods would give only Nernstien
behaviour. At very low eoncentrations, a well-defined mass transfer
control is needed to obtain kinetic information from the total response
due to mass transfer and kinetics. LSV and CV methods are the
easiest transient methods available for kinetic analysis. A quick
preliminary study by CV is almost always required before employing
other transient techniques such as faradaic impedance [40], chrono-
coulometric [41] or galvanostatic double pulse techniques [42]. With
improvements in cell design, data acquisition and analysis (Chapter
2) CV can be used to evaluate the rate constant of almost all electron
transfer processes known. Kinetic parameters obtained by transient
and steady state techniques have been tabulated [43]. However, a
great deal of new data are now available which are yet to be
collected.

Irreversible charge transfer may be easily characterized using
equations presented in Table 4.2 i, would be proportional to v¥/2,
But £, would shift cathodically with sweep rate. E, versuslogvwould
give a straight line. £, — E,;, also would give a constant value.
However, all these propertics would be exhibited by ECy,, reaction
(Section 4.31 and Chapter 5). The following propertics may be used
to distinguish between the two possibilities (£, versus E, Cyr,). If the
reverse wave is noticed very near the cathodic wave (even if the
wave height is very small) on the reverse scan as the sweep rate is
increased, E, Cy, mechanism probably operates. Then at very high
sweep rates, one can completely characterize FE, process. If
the reverse wave 15 noticed at substantially anodic potentials
(AE, > 400 mV), the £y, process may be presumed. Quantitatively
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E, — Epy for £y would be around 95 mV for a single step one
electron £, process according to equation 4.2.c mn Table 4.2. For
EC; process this value would be 56/ mV and hence equal to or
less than this value (Chapter 5). This criterion may also be used to
distinguish between the two possibilities. The criterion will not be
applicable when an, = 1. Then the distinguishability will be very
limited.

If the charge transfer is established to be irreversibie, using the
above methods, the rate parameters may be evaluated. ang, is the
parameter that can very easily be evaluated using equations 4.2¢
and 4.2d. i versus log (E — E;) analysis using equation 4.52 will
also provide ang if the i values are limited from 10 to 30 percent of
the peak current depending on v and Cy,. It is safer to establish that
the current in this region Is radependent of sweep rate over a narrow
range of sweep rates (say 10-40 mV/sec). n value may be obtained
using equation 4.2.a if D,, value is known. Preparative electrolysis
at constant potential or coulometric methods may be used for this
purpose if even an approximate value of D,. IS not accessible.
However, D, values of the species or the species of similar mole-
cular size may be available. For obtaining the remaining kinetic
parameter k;, we need E° value. This is often the most difficult
parameter to obtain. If £/ values could be obtained by other methods
such as potentiometric titrations or spectroelectrochemical methods
(Chapter 15), k; may be calculated using 4.2.a. If both cathodic
and anodic peaks are noticed (even with wide A£, values) £ — £}
versus log / plots may be constiucted from both the cathodic and
anodic wave using equation 4.52., The intersection of their linear
portions would then provide £/. Rate parameters of PtCiZ~ redox
process [44] and Cr?+/Cr?+ redox process [45] have been evaluated
by LSV method of analysis described here.

Evaluation of rate parameters in a quasi-reversible process is
even an casier task using Table 4.3. The knowledge of £ is not
necessary for evaluating kj of such processess. However £/ would
be approximately E,,. + £,../2 as for reversible processes. The n
value would be mostly one for such fas: charge transfer processes.
« value may be estimated at still higher sweep rates where irrever-
sible charge transfer expressions may be used (Table 4.2). D, also
may be evaluated again using equation 4.2.a. Now AE, values at
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Table 4.3

Functions for different A.Ep values for the calculation of

kﬂ-Ox + ne == R

(Dox!’DR)a{z - k}c:

V= D mani

AE, ¢ AEp, .’
61 20 117 0.38
63 7 12] 0.35
64 6 140 0.26
65 141 0.25
66 4 160 0.20
63 3 176 0.16
72 2 188 0.14
84 1 200 0.12
86 0.91 204 0.11
89 0.80 212 0.10
92 0.75 240 0.077
96 0.61 244 0.074
i04 0.54 290 0.048
105 0.50

Compiled from references [34] and [35]

various sweep rates may be used to evaluate kj using Table 4.3

[34, 35].

The above method of evaluating k was first applied for the
reduction of metal ions on Hg electrodes [34, 35] (See Chapter 6).
This method was employed for estimating the &}, values of aromatic
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hydrocarbons [46]. From then on, this method is being employed
for kj estimation very extensively [47, 48]. More details as well as
limitations of this approach may be found in the literature [34, 35,
49].

The kj values evaluated by the methods discussed above are the
apparent experimental rate constants, Hence they are rightly referred
to as k%.q,p- They can be influenced by the interfacial properties.
The most widely studied influence is of course the so-called double
layer effect [10]. In this model, correction made for the potential
difference that may exist between the point of closest approach of
the reacting species towards the electrode (O.H.P. see Section 1.2)
and the solution. This potential ¢, is calculated using Guoy-Chap-

man theory of the space charge (Section 1.3) from the capacitance
curves.

kg = kp .p €XP {—(an, — Z)fd,} 4.61
kj values may be affected even more strongly by specific adsorption,
surface solvent layer, nature of the electrode material itself and the
films on the electrode surface. These surface effects are not at all
considered by the above double layer. We shall discuss these surface
effects in greater detail later (Chapter 11).

Now, let us consider the rate constants of simple single step pro-
cesses that are not influenced by any such surface effects. What are
the factors that influence k3 ? Why should there be such a vast
difference in the rate of electron transfer ? Which factors
cause the variation of kj from say 10 cmysec [9] to 10-? cm/sec [10] ?

A great deal of effort has gone into the development of the theory
of clectron transfer from phenomenological ones [4-6] through
statistical mechanical models [7-8] up to quantum mechanical
theories [S0-52]. The most successful among them of course are the |
ones based on Marcus models {7, 8). In this model of simple electron
transfer (no bond formation or bond dissociation etc.) the electron .
transfer rate constant may be represented by

0 AG#
k;, = rd €Xp (—— —ﬁ) 4.62 :
where « is the electron tunnel transition probability (the quantum

mechanical property) of electron transfer which may be considered |
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as unity uniess an inhibiting film between the electrode surface and
Ox retards the electron transfer. There is also some discussion of
k << | in such simple electron transfer [53], which aspect is taken
up in Chapter 11. The symbol Z in equation 4.62 refers to the
frequency factor of the eclectron transfer which is given by
(RT2reM)'/? where M is the molecular weight of Ox [8]. This has
the unit of cm/sec and represents the maximum rate attainable,
when the activation fres energy AG# is zero. This expression for Z
was discussed in detail as early as 1964 [8] but still one finds expres-
sions for rate constants where Z = k7/h which is the frequency
factor for a bimolecular chemical reaction.

Since k£ and Z do not substantially vary with various redox species,
a major component that determines the rate parameter kj of course
is AG#. Marcus theory assumes that the activation process is mainly
controlled by solvent reorganization around the Ox and R. A great
deal of effort has been made to calculate this solvent reorganization
energy. This idea qualitatively explains the observations very well.
For example, organic compounds are gencrally not highly solvated
and hence they are generally found to possess high k; values [9].
Inorganic aquo complexes such as Cr2t/Crd+ complexes show very
low rate constants when compared with the complexes of other
ligands [53]. H+ is probably the strongest possible solvated ion in
water and it also probably has the lowest kj value for electron
transfer on H, electrode [10]. (Bond forming catalytic reactions and
bond breaking ones are not considered here). The k; value of a
single redox reaction (Eu®+t/Eu?t) is found to decrease as the complex
forming capacity of the solvent increases [54]. Marcus relation is also
similar to the Bronsted relation which correlates the AG#* with AG
involved in the overall charge transfer process [15]. This relationis
found to hold in mixed potential processes [3] and even in oxidative
substitution reaction kinetics [55].

It is beyond the scope of this book to treat the theory of electron
transfer itself in greater detail. The following literature would give
further details in a lucid and comprehensive way [8, 9, Chapter 4
of 15, 41 and discussions in 56].

4.4,2 THE SYMMETRY FACTOR

The Marcus theory also predicts that the transfer coefficient is a
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function of potential [8] in contrast with the Butler-Volmer expres-
sion [4-6] which assumes that «(8) is independent of potential. Some
interesting discussions on this subject are still in progress [56].
However it is now generally agreed that « variation with potential
due to solvent reorganization does take place the quantitative value
being beyond experimental errors [41, 56).

It is indeed gratifying to observe that some unequivocal evidence
for the variation of transfer coefficient has come from convolution
sweep voltammetry [38, 57, 58]. Saveant and co-workers have used
equation 4.59 to evaluate k(£) at various potentials for the reduction
of t-nitrobutane. The k(E) values were found to show finite curva-
fure with potential after necessary corrections for double layer
effects were made. The d log k(E)/dE gave the apparent Taf:l
slopes «(£). The slope da(E)/dE was found to be a constant and it
agreed with the relative values of rcorganization energies evaluated
from kj values.

The variation of « with potential was also established by numeri-
cal simulation technique [59]. It was shown that the numerically
simulated CV curves coincide very well with the experimental CV
curves if a is assumed to vary according to equation 4.63.

du
dE
The da/dE value was evaluated by the curve fitting procedure for
the reduction of ¢-nitrobutane on Hg (Fig. 4.7) as also on Pt[59].

Interesting as they are, it is surprising that very little work has
been done in this direction. There is ample scope of further research
work in this line which would result in deeper understanding of
charge transfer kinetics.

« = ay + ( ) (E — ENJ2 6.63

4.4.3 THE MULTISTEP CHARGE TRANSFERS AND TRANSFER
CORFFICIENTS

In a single step process all the rate parameters are measurable
quantities and hence one tries to measure each individual kinetic
parameter in the process. In a multistcp process, there is a sequence
of events taking place (Section4.2.2 and 4.2.3). Eachstep should
possess ‘its’ own thermodynamic and kinetic parameters. However,
there is still the same experimental information, simple current-
potential curve as in the case of a single step process. Naturally in
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Fig, 4.7.

such a situation, one must be satisfied with the evaluation of the
sequence of processes and locating the slowest process in the
sequence. This is the so-called ‘reaction mechanism’ analysis.
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Cyclic voltammetric results for f-nitrobutane

reduction at mercury in acetonitrile with

tetra-n-buty! ammonium perchlorate electro-

lyte. Cathodic peak currents for 10 and 100

V.s~1 were 48 and 145 pA.

(a) Results compared with constant & simu-
lations

{b) Results compared with potential depen-
dent & simulations

(.....) Experimental data

( ) Simulation

{From DA Corrigan and DH Evans, J Elec-

troanal Chem 106 (1980) 287].
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Such mechanism analysis is generally carried out by determining
the Tafel slope (an,) and the reaction orders of each reacting species
at constant potential. Tafel slopes may be easily obtained using
equations 4.2¢, 4.2.d, and 4.52 at the foot of the wave after ensuring
the absence of mass transfer effects. Equations similar to equation
4.52 are also used for the estimation of reaction orders. For example,
the current-potential expression for reaction sequence equations
4.21, 4.38 and 4.39 may be written from equation 4.44 at the foot
of the wave as

I == nFAk,ff CA2CH+ -€XDp {‘—an(E — Ei)} 6.64

From the experimentally observed an, values and reaction orders
measured in this way, one can predict the sequence of events
(Table 4.1). There is a large number of experimental works of
this kind which may be referred to as example. However, one may
just refer to one set of earlier works of this kind [60-62] where the
derivations are explained in detail and substantiated very well with
examples.

If both the reduction and oxidation waves are noticeable (with
high AE, values) the linear log i versus (E — E;) regions of the
cathodic waves may be extended to intersect the potential axis at
E.;. The current at this potential is the overall exchange current
density. However, the individual rate constants or equilibrium
constants cannot be decoupled from this information.

45 APPLICATIONS AND SCOPE

In this chapter the kinetics of the central act in electrochemistry,
the clectron transfer, has been discussed. A great deal of work has
already been done in this area using CV techniques. However, there
is a lot more work that can be done in aqueous and aprotic media.
Recent thermodynamic analysis [63, 64] using CV may easily be
extended to kinetic work in low temperature melts, Charge transfer
kinetics of biological molecules also must pick up in the near future.
In vivo voltammetric studies (Section 3.5) are primarily oriented to-
wards analytical applications. Kinetics of charge transfer in biolo-
gical medium may be of great use in understanding biological redox
Processes.
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LSV peak currents of irreversible and quasi-reversible charge
transfer processes are directly proportional to C,, at constant sweep
rates. Hence they are analytical useful tools. A number of voltam-
metric studies reported in the literature are aimed at such analytical
applications only. There is ample scops for new work in these direc-
tions. Closely related analytical techniques such as staircase voltam-
metry, square wave voltammetry and differential pulse voltammetry
(Chapter 3) are also employed for quantitative analysis. The require-
ment of higher analytical sophistications, of course, leads to better
sensitivities.
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