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Abstract

The transfer of electrons across the electrode-solution interface
has long been the subject of much research, not only from a fundamental
point of view, but also because of its importance in electrocatalysis and
other reactions of industrial interest. Electron transfer is very often
coupled with preceding or following chemical reactions, so that elucida-
tion of the full reaction mechanism and kinetics is more complex. With
the advent of hydrodynamic electrodes and, more recently, greatly impro-
ved ways of analysing electrical transients, significant developments in
the study of electrode kinetics have occurred. These advances will be

surveyed and future prospects indicated.

Introduction

The kimetics of electrode processes is a subject which has received
much attention in the last thirty to forty yeafs, not only because of a
desire to understand the nature of the electron transfer and associated
phenomena, but also because of its important practical applications in
electrocatalysis and reactions of industrial interest'. As a result a
number of review articles and monographs have appeared on the subject in
recent years e.g. Refs 2-9. -

In this article I shall focus on the methodology of electrode
kinetics, and not on the numerous applications of any one electrochemical
technique.

Significant advances were made with the development of the dropping

* Plenmary lecture hald at the first Meeting of the Portuguese

Electrochemical Society, Coimbra, Novembro 1984.
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mercury electrode and solid hydrodynamic electrodes which give a steady-
state or quasi-steady-state response.

More recently with the important advances in electronics and integra
ted circuit fabrication, there have been corresponding advances in the
accuracy obtainable from transient or relaxation techniques, which can
measure faster rate constants than the steady-state techniques.

Very important and useful information may be obtained from spectros-
copy in conjunction with electrochemistry. In particular electrochemical
esr for detection and characterisation of intermediates, ellipsometry,
ESCA, vibrational spectroscopy and so on!0'11 PhotoelectrochemistryIZ
and modified electrodes'> are other areas where electrode kinetics is of
fundamental importance. However these aspects will not be.treated here.

After a short section on the principles used to extract kinetic and
mechanistic information we will consider their application to steady-state
and to transient techniques. Finally we will discuss transient techniques

at hydrodynamic electrodes.

Fundamental Aspects

(i) Pathway of a Simple Electrode Reaction

Any description of electrode reactions has to explain a number of
practical factors, in particular the position and shape of the voltamme-
trie (current-potential) wave — the latter is very dependent on the
electrochemical technique employed.

We can regard a simple electron transfer reaction at an electrode
as involving the following steps:

(i) Diffusion of the electroactive species from bulk solution to

just outside the double layer (mass transfer).

(ii) Reorganisatiom of the solvent in the vicinity of the electrode,

adsorption of the electroactive species ete., to enable electron

transfer to occur.

(iii) Electron transfer.
(iv) Inverse of step (ii) — relaxation of the double layer, desorption
ete..

(v) Diffusion of the product to bulk solution (mass transfer).
The electron transfer itself is very fast (-10-165) and the electrochemical
rate constants we measure involve the global effect of steps (ii) to
(iv). Steps (i) and (v) may be described by a mass transfer coefficient

(effectively a rate constant).
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(1i) Mass Transfer'ﬁ’IS

Diffusion to the electrode surface is defined by the concentration
gradient at the electrode surface
dc (cw_co)
D(— gD = k! o
Gp  * 0 =k ey (1

where we make the approximation of a linear concentration gradiemt. c_
is the concentration in bulk solution, = at the electrode surface and ¢
is known as the diffusion-layer thickness. The mass transfer coefficient
is k'D and increases as the diffusion-layer thickness decreases, for exam-
ple due to forced convection. Migration of the electroactive species to
the electrode should also be taken into account; however, in most kinetic
studies an excess of supporting (inert) electrolyte is added to minimise
changes in the double layer structure due to migration. Nevertheless
corrections do often have to be made>.

The mass—transfer equation, neglecting migration, is

%% =D cm -vVe (2)

diffusion convection

To this equation may have to be added extra terms describing the effect
of coupled homogeneous reactions. Table I shows the convective-diffu-
sion equation expressed in three different co-ordinate systems.

It should be noted that the solution to eqn. 2 depends on whether
the fluid flow is laminar, in the tramsition regime, or turbulent.
Virtually all kinetie studies have been conducted under laminar flow

conditions, so we shall only consider this type of flow.

(iii) Electron Transfer

The rate of electron transfer is normally expressed in the Butler-
Volmer formulation, which is a direct deduction from absolute rate

theory. For the electrode process
'
" 1

0+ ne ——= R

=1

we have

nF(E—E")] (3a)
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S=
1 = 11 nF(E-E") b
k' y =k' exp E{ttt] igr—=] (3b)
klo is the standard rate constant and o the charge transfer coefficient.
This refers to the whole electrode process and the value of o is always
fractional. If the electrode process contains two or more steps the
value of & may be misleading in terms of kinetic and mechanistic inter-

4 g
18 In general the transition sta-

pretation, as noted by some authors.
te for a simple one-electron transfer lies approximately halfway between

0 and R leading to a=0.5.

(iv) Mass Transfer vs. Electron Transfer
What we actually observe in an electrochemical experiment depends

critically on the relative values of k'D and k'o. There are clearly two
extremes, when either k’D or k'c is rate determining.

When k'p << k'o the electrode reaction will be controlled by mass
transfer at all points on the current-potential wave. This means that
thermodynamic equilibrium is achieved at the electrode surface and that
the Nernst equation can be applied. When all the electroactive species
are being consumed at the interface, we observe the diffusion-limited
current iL (co =0 in eqn. 1). This is the reversible case and no infor-
mation can be extracted with regard to the electrode kinetics.

When k'ID << kID’

tial in order to cause a current to flow: near the equilibrium potential

however, we have to apply a significant overpoten-

the current will be zero. When the current begins to rise from zero it
will be purely kinetically controlled; as we go further up the wave k'D

eventually becomes smaller than k', (or k’_1) and we reach the diffusion-

limited current iL. This is the ilreversible case. Oxidation and re-
duction waves are completely separated (by 100 mV or more) and the wvol-
tammetric wavelis more drawn out than in the reversible case.

Many electrode processes lie between the two extremes. For all but
reversible processes we can extract some kinetic information. Thus we
have to choose the correct electrochemical technique so that k'D is
sufficiently large. In general, transient techniques can lead to the
measurement of faster rate constants than steady-state techniques, owing
to the very large k'D values at short times (viz. homogeneous kinetics).

I1f we combine eqns 3a and 3b we obtain the Butler-Volmer equation

i =1i [exp (-an Fn/RT) - exp {(1-a) n Fn/RT}] (4)

o
with i =nFA k' c(1_a) cu
o o 0,0 osR
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where i0 is the exchange current defined for E = an, and we are assuming
that surface and bulk concentrations are equal. It is easy to see that

when either the forward or the backward reaction can be neglected then
E = log i + constant (5)

a relationship found experimentally by Tafel. Thus a plot of E vs. logi,

a Tafel plot, can lead, as shown in Fig. 1,to values of Eeq, E% and a. !
Tafel plots can be corrected for concentration changes in the vicinity of
the electrode by plotting E vs 1n EE;i , enabling use of the whole voltamme-
triec wave for ana1y5i5.1? ’

When there is multiple electron transfer, for example a two-step (EE)
process, the form of the i-E characteristic will depend on Qhether the
second electron transfer is easier than the first or not. Methods have
been devised based on logarithmic plots, principally at the DME, in ana-

lysing these waves and allowing their deconvolution.

(v) Coupled Homogeneous Reactions

Many electrode processes, particularly those involving organic com-
pounds, are coupled with homogeneous reactions preceding or following the
electron transfer:. Table II shows some of the more commonly encountered
types of reaction scheme together with an example of each kind.

It is helpful to think of a reaction layer within which the concentra-
tions of the species reacting homogeneously are perturbed from their equi-
librium values in the absence of reaction. The faster the homogeneous
reaction, the thinner will be the reaction layer . If it is significantly
thinner than the diffusion layer , then the electrochemical and chemical
steps can be separated, which simplifies the mathematical treatment. If
the two layers are of rougﬂly the same thickness then such a simplifica-
tion is not possible.

At microelectrodes, because of their small size, the effect of cou-
pled homogeneous reactions is small (reaction layer much thicker than the
diffusion layer).lg A comparison between experimental results obtained
at micro- and at macro-electrodes should facilitate the elucidation of
complex electrode processes.

Another interesting recent development is that of the wvibrating
dropping mercury electrode which produces regular, uniform drops down to
drop times as short as 5 ms.20 Once again the diffusion layer is much

smaller than the reaction layer. In this case a comparison is made
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Table II. Common Examples of Electron Transfer with Coupled

Homogeneous Chemical Reactions

Electrode Process

Example

Preceding Chemical (CE)

Electrode A|: ne*-h2

k
e.g. Solution A, ;%é:: AI A, = Hzc(DH)2
-1 A1 = H200
Electrode ﬁ11ne * &3 Ay = CH,0H
Parallel/catalytic (EC')
k1
e.g. Solution A, k: A A, = Fe (III)
—1 A, = Fe (II)

¥ e
Catalyst' = HZOE

Following Chemical (EC)

e.g. Electrode A3tne -+ A!
&g
. Solution A, —— A

A, =R z1»1-{§}-1\m2
+
A, = 0=_)=0

A = 112N=<:>=§R2

reaction with OH

Following Chemical (ECE)

e.g. Electrode A3tn1e - A‘

Solution AI —k-—> 1\2

Electrode Aztnze - 54

A4 = CIC.H,NO,
A, = CIC.H,NO, =
A, = "CcH,NO,
4 = © CgH,NO,

+
(A4+H — CSHSNOZ)
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between results obtained at short and at long drop times.

(vi) Theoretical Models

Once we have found a technique such that we can obtain kinetic and

mechanistic information, in 0r&er to caleculate rate constants etc. correc—
tly we have to fit the experimental results to a theoretical model. For
a simple electron transfer or other simple mechanism the model probably
already exists. If it does not then we have to set up the convective-
diffusion equations with extra kinetic terms if necessary and solve them
with the appropriate boundary conditions. This is nearly always most
conveniently performed in Laplace space by making use of the Laplace
transformation.21 However, inversion of the result into real space can
be difficult. In order te obtain an analytical solution approximations
are often necessary. Alternatively we can usenumerical techniques, but
these, of course, also involve approximatioms.

Instead of amalytical or numerical techniques, or as a complement to
them, we can use digital sinnlaticn,22’23 which was pioneered by Feldberg.
It is particularly useful in cases not amenabletoanalytical or numerical
techniques. With the increasing power and availability of computers,digi-
tal simlation is becoming very widespread, and indeed, can nearly always
be performed on a modern microcomputer.

It should be remembered that several mechanisms may lead to virtually
the same (experimental)response. If there is some doubt, then it may be
opportune to use two or more different electrochemical techniques to

characterise the reaction completely and correctly.

Steady-State Techniqueszk

For steady-state techniques we put 3c¢c/8t=0 in the convective-diffu-
sion equation (eqn. 2). However we shall also include de polarography
in this category where 9c/dt wvaries in a cyclic fashion. In order to
obtain a steady state it is necessary to have a constant diffusion layer
thickness. This is achieved by imposing forced convection which not only
keeps the thickness constant but also makes it rather small. By altering
the rate of convection — rate of movement of the électrode or solution
— we alter this thickness directly, and hence the mass transfer coeffi-
cient, kID' This gives us another controlling parameter in kinetic
studies. - Electrodes under forced convection are known as hydrodynamic
electrodes, and their development owes much to Lwich.lq

The most widely used solid hydrodynamic electrodes for kinetic stu-
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dies are the rotating disc electrode (RDE) and its double electrode
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2 = fEgsTT é" analogue, the rotating ring disc electrode (RBDE)za-EU. The particular
s 5 i .
4 = E ,§ & advantages of double electrodes will be indicated below. The popularity
g g_ E E = of the RDE stems from the fact that under most conditions the electrode
o LEL I " ) : N P s s s .
m B e o g surface is uniformly accessible which simplifies resolution of the mathe-
o o [1:] - m F - A . .
. £ 1 5 o matical equations. Additionally the electrode is easily removed for
e R i
E‘ 4 = l':.' polishing and maintenance.
n
2 o G The only other widely used uniformly accessible electrode, although
< ¥ i " : " 7 r
oy E’; this is a first approximation only, is the dropping mercury electrode
o € . ! E
o i b ke o 0 (DME]SI’BZ. The non-uniformity derives principally from shielding effects
(3 e d o
. i = g i g = due to the capillary tip. Nevertheless it preceded the RDE by several
[
wn =4 3 a g L] E decades and much of the early kinetic work was performed at the IJME.33
= wn -] D L L1 ol =
b . 3 g 7 o Although drop growth and consequent double layer charging are problems
-
ﬁé‘ a’ e 'Eu & in its application, it does have the advantages that the surface presen-
o o o E
B, By o R B ted to the solution is constantly renewed and that it has a large catho-
L] ~a S~ — = w m =
e iy E” H” 5 S dic range.
~— w
s T v o - In Table III are presented the solutions of the convective diffusion
- — w W < o %
;’ - A n -l-; ) equation for the diffusion-limited current, iy, at a number of commenly
Bhi ) Pogl e o B used hydrodynamic electrodes.
S "o ~ ~ H i
(RS -h 5 . ;
= i B < (i) Current-Voltage Curves
L] ad [nd =
H',;“ UE 5 ..3 g It is fairly easy to show that, for a reversible system involving
[ad
e o 8§ % only electron transfer, the equation describing the current-voltage curve
—_ [ ] = .
5 8 8 is
w
E g RT i1.‘:'i
r
Lal = m——
= E E1!2+nF I —— (6)
a i-i
o
i 5 & o where the reversible half-wave potential ET{Z is given by
o e = w B
-
RT Pp,
£ -
E =E +—=1n (—) (7)
1/2
i nF Do

and s=1/2 for the DME and s=2/3 for all other hydrodynamic electrodes.

In practice the ratio 'DR"D is close to unity and we can usually make

0
the assumption that E?fz = E°. We conclude that Yor a reversible wave
T, -
(i) E /p is independent of [0]_ and [R]_.
(ii) The wave shape is independent of the rate of convection.
(iii) A plot of log [(i ®-i)/(i-i ®)] vs. E gives a straight line of
slop 0.0591/n V at 298K and crosses zero at E=E:;2-
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The general case is, of course, more complicated. We have to consi-
der the competing effects of electron transfer and mass transfer rates.
At uniformly accessible electrodes we can obtain exact expressions. In

particular, for a first order reaction we find

1 1
o e 8
y

Fo —

for a reduction where

Lo=nFAKx' (0], (9

1 -1/2

Thus taking the example of the RDESQ, a plot of i" wvs. W will enable

us to determine [ and k'l as shown in Fig. 2, providing the values for all

=1
i
"
I
|
I
I
|
1b
!
1
|
!
I
|
. =1 I
i = =
3 a 3
1
I
|
1
I
w—1!2
; ~1 -1/2 =
Fig. 2 Plot of 1 ' wvs. W at the RDE for a non-reversible

. . s B P x
reduction with i<ip showing measurement of i (Eqn.9).

The diffusion coefficient may be calculated from the

slope of the plot. [Note that iLc = (a/b)wile.

— 21 —

the other variables are known. Reactions do occur where, owing to adsorp—
tion in particular, the order is fractional: analysis can be performed
most easily by a graphical mﬂthodqo.

At non-uniformly accessible electrodes, to obtain an analytical or
numerical solution for the current-voltage curve we have to make approxi-
mations. Matsuda and co-workers arrived at the following generic appro-
ximate expression for current-voltage curves at a number of different

hydrodynamic electrodes. The form of these is

; i@ ! J{DS g (e—ﬂ€+ 3(1—0‘)5)
Rl S Ky o a%
1+e 1+e A+ k'G/D o (e “+e )
where
nF r
& =37 (E—EHZ) (10a)
1-a, O

s = 1/2 (DME); s = 2/3 in all other cases

and where O is a mass transport dependent expression and A is a number
which is a constant for a uniformly accessible electrode, but which in
other cases depends on the electrode geometry and has been numerically

evaluated. Values of 0 and A are to be found in Table IV. Note that

when

A << k'ost 0(e_0£+e(1—a}g) (11)

we obtain the reversible case (egn. 6).

An interesting and useful conclusion from this is that since we
have a generic expression for uniformly accessible and non-uniformly
accessible electrodes the type of analysis performed at the RDE39 may be
used within a small error of about 2% at other hydrodynamic electrodes
in order to calculate standard rate constants. This error will manifest
itself most as we approach the limiting current iL; at the foot of
an irreversible wave we have pure kinetic control and therefore uniform
accessibility for all electrodes: the non-uniformity increases as the

current increases.
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Table IV. Current-voltage curve parameters for some hydrodynamiec electrodes
according to equation 102,
g A Ref.
Rotating Disc Fglll -iie 0.620 4 |l%g
Rotating Ring yi/6 172 0.620 B(r) 42
Ring of RRDE wife /2, 0.799 C(r,Ey) 43 (see also 44)
_ (reactant produced
o at dise)
I~
o™
| Tube cm_xm R H_ﬂxw 0.839 45 (see also 46)
. 1/2
DME (expanding plane T 1.13 47
model)®

2 For meaning of symbols see end of text

s Note that values of A are approximate except for the RDE; B is a function of r and C a function of both

r and ring potential

¢ In eqn. 10, D is raised to the power 0.5
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(1i) Multistep Processes at Single Electrodes

Multiple processes may involve multiple electron transfer or coupled
homogeneous reactions or both. We now consider the effects of various
types of homogeneous coupled reactions on the steady-state voltammetric
wave.

In a preceding chemical (CE) mechanism the concentration of electro-
active species is less than it would be in a simple electron transfer me-
chanism. The diffusion-limited current will not be reached, but instead
we register a smaller value imax; the position of the wave on the poten-
tial axis remains unaltered. For example at the RDE, as the rotation speed

1/2 owing to the

is increased imax will not increase proportionally to W
limiting effect of the preceding chemical step. We thus register a plot
of the type shown in Fig. 3a; analysis of this leads to the values of the
24
homogeneous rate constants™ .
In the case of the parallel/catalytic (EC') mechanism the limiting

currents measured are larger than i When the reaction layer thickness

is much smaller than the diffusion %ayer thickness, the value of imax is
independent of convection rate (fast chemical step). As the convection
rate is further increased the thicknesses become comparable and a convecti-
ve rate dependence arises (Fig. 3b).

For the following chemical (EC or ECE) mechanism there is a more com-
plex behaviour. The product of the electron transfer has its concentra-
tion reduced by the chemical reaction resulting in a shift in the positi-
on of the voltammetric wave: anodic waves to more negative potentials and
cathodic waves to more positive potentials. Kinetic parameters may often

be obtained directly from these shifts in the half-wave potential. Note

that in these cases i =i .
max L

(iii) Multistep Processes at Double Electrodes

Double electrodes are invaluable in the elucidation of mechanisms
involving at least two electrochemical steps, perhaps with an interposed
chemical step e.g. EE, ECE etc., when we can arrange for the first electro-
chemical step to occur at the upstream electrode and the second at the
downstream electrode.

An important parameter at hydrodynamic double electrodes is the
steady-state collection efficiency, N . It is defined as the ratio between
the Faradaic current at the downstream electrode to that at the upstream
electrode for a simple system without homogeneous reaction. Since some

of the reaction product from the upstream electrode escapes into bulk
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solution, 1its value will always be less than unity. The expression is

Ny = 1=F@/B)+82 (1R (@) }- (e (1-F(@/B) (1)) (12)
where
1/2 1/3,3 1/3
3 1+8 = -

and o and B have different values, dependent solely on electrode geometry,

according to the system under consideration, as shown in Table V. Thus N ,
o

Table V. Values of the geometric parameters cand B for common hydrody—

namic electrodes (see equation 12)

o B
Rotating ring-disc 032)3 i (r3 3 r2)3
Wall-tube ring-disc Ly * 2
) r, 9/8 Iy 9/8 r, 9/8

Wall-jet ring-disc =) -1 (=) - (=

T, r, T,
Double tube ) x x

5w =
Double channel *y * %y

being a function purely of electrode geometry, is independent of fluid
flow. Values of N0 are often chosen to be around 0.2.

In the case of consecutive or parallel electron transfer, or bran-
ching mechanisms it is relatively simple to calculate the relation be-
tween currents at upstream and downstream electrodes. A very important
application of this is the considerable amount of research conducted in-
to the electroreduction of oxygen at the RRDE, principally, and until
recently, by Bockris et al. and the Soviet schaol.48 We take this as an

illustrative example. A probable mechanism at platinum electrodes is
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1
L 1
k' k'2 k‘3 l
. D,A
Disc Dz,bulk N e 02* —_— 3202* —_—— H20
L}
k'p,B
3 e
Ring 02 HZDZ

where the ring potential is set such that all H,0, reaching it is oxidi-
sed. Making the stationary-state assumptions precisely in the same way
as for an analogous homogeneous kinetics scheme we eventually arrive at

the following expressions

i K' 2(k' /K" 41k
No£=[1+2?—]+—_¥1,_2_——3 (14)
R 2 D,B
i k', +k'
e 2 (15)
p,L7Mp DA

which allow the determination of k'I,k'z and k‘3. 1f we plot iD/iR vs

W‘1/2 (eqn. 14) we will obtain lines of different positive slopes depen-

ding on the applied potential at the disc and thus the relative values

of k’j,k‘2 and k'3. For example, if k'1 and k'3 are both very small then
the slope of the plot will be zero and its intercept N;1.

In the investigation of ECE and similar mechanisms we can define

kinetic collection efficiencies Nys which will depend on whether the

chemical step is first or second order, and on the rate of the homoge-
neous reaction. In this way first order homogeneous rate constants up

to 10° &' 8 aw® 1 ™1 have been measured

and second order up to 10° dm mol~
at the RRDE&Q. At the double channel electrode, the range of measurable
rate constants is very similar50’51.

Transient Techniques

Transient or relaxation techniques offer the possibility of measu-
ring faster rate constants than in the steady-state. However the double
layer charging contribution to the total current has to be separated out.
Various ways can be used to achieve this object as will be seen below.

Table VI shows some of the transient techniques commonly employed.
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Table VI. Transient Techniques for Studying Electrode Processes

A. Potential Perturbation (Potentiostatic techniques)
(a) Single potential step
(b) Multiple pétential step i.e. pulse techniques
(c) Linear Sweep/Cyclic Voltammetry
(d) Ac impedance — without de potential bias

— with dc potential bias/ramp

B. Current Perturbation (Galvanostatic techniques)
(a) Single current step
(b) Multiple current step

(c) Ac impedance

(i) Potential and Current Step

These two techniques are the basis for all the others in Table VI.
For a pctentiél step we are usually interested in the variation of cu-
rrent with time (chronoamperometry) and for a current step the variation
of potential with time (chronopotentiometry). Fig. 4 shows schematically,
these variations and the effect of the double layer charging current.

The Faradaic current obtained for a potential step under mass-trans-
fer control is given by the Cottrell relation52

-1/2

i =of c 0'? (@) (16)

t [--]

The diffusion-layer thickness increases with t1f2. Thus after a certain

value of t (usually around 1s) natural convection etec. will disrupt the
diffusion layef and the relation is no longer applicable. It is interes-—
ting the Ilkovié equation at the DME was derived by modifying the Cottrell
relation for drop growthah.

When we are considering a quasi-reversible or irreversible process
then application of a potential step will not give the i-t behaviour des-
cribed by equation 16. If we consider an irreversible reaction then it
can be shown that as t + 0, i =+ ik and at short times

(/2

i = nfA k'1cm [1-2k', (w)'”zl (17)

for a reduction. The corresponding expression for a quasi-reversible
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(a) reaction is, naturally, more complex. Note that at very short times the

total current will be dominated by the double layer contribution and so
we have to use an extrapolation procedure. Extraction of rate constants,
transfer coefficients and so on and the equations applicable to analysis
ip of coupled homogeneous reactions have been described.53
The fundamental equation for a current step under mass-transfer con-
trol is the Sand aquationsa

1

i =4 nzac, )% ¢

~-1/2

e (18)

-.1 : ic

m ring the occurrence of a particular Faradaic process (see Fig. 4). Ex-

where t __ is the time during which the potential is roughly constant du-

pressions for the analysis of kinetically controlled electron transfer
(b) and for coupled homogeneous reactions have been derived55. In particular
for an irreversible electron transfer it can be shown that a plot of E wvs.
1/2
ln[l—(t/ttr}

extrapolation is related directly to the standard rate constant.

] is linear with slope RT/anF for a reduction; E(t=0) by

Pulse techniques can be regarded as a succession of potential or
current steps; theoretical analysis is along these lines. We now turn to

consider linear sweep/cyclic voltammetry and ac impedance techniques.

(ii) Linear Sweep/Cyclic Vol tammetry

L1 I 1 In these techniques the potential of a stationary electrode is

varied linearly with time. Cyclic voltammetry (CV) differs from linear

[N

sweep voltammetry (LSV) only in that the initial potential sweep is re-—

I I I Capp
T i versed, enabling intermediates or products formed during the initial scan

4 to be detected. Scan rates may range from a few mV per hour (corresponding

to a steady-state response with its associated natural convection problems
\

I ! etc.) to tens or hundreds of volts per second.

i The shape of the linear sweep voltammogram may be described in two

2 1 I 1 parts. First a steep rise in current due to the exponential term in the

9 t‘ s _ t2 t:3 —>t electron transfer rate constant. Second, as concentration depletion at
the electrode surface occurs the diffusion layer thickness increases with

Fig. 4 (a) Schematic representation of current response to potential step t‘fz and the current drops accordingly. The detailed shape will depend
at a reversible electrode.  Aftes t=tm (a few Us with high on the complexity of the electrode process, coupled homogeneous reactions

quality i.c's) ic (capacitative current) can be neglected with and so on. CV is particularly useful in mechanistic investigations owing

respect to i, (Faradaic current). initi i i
F ) to the fact that the initial potential affects the reaction products

(b) Schematic representation of current and potential response to an formed

applied i Bt . -
PP EMLRERL. SEep (lapp)‘ For a simple electron transfer the relations describing the systems
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are
(a) Reversible
0.0285
EP =By * = (19)
i = 2.67x!05 ':13/2 A DI!Z c v1f2
p [--]
so that Ep,o - EP.R = 0.057v
(b) Irreversible
_RT 1/2
(Ep)2 (Ep)1 - an_F 1n (v1!v2) (20)

ip - 3.01x105n(una)1f2A 51}2 B v1f2

where n, is the number of electrons transferred in the rate determi-
ning step and subscripts 1 and 2 refer to different scan rates.

In these expressions the peak current i_ varies with the square root of

the scan rate, v, and the peak potential Ep varies with scan rate for the

irreversible process. It is fairly obvious that a system which is reversi-

ble at low scan rates may appear irreversible at very high scan rates.
The original work of Nicholson and Shain gives details on how to obtain
thé kinetic parameters from this and more complex processasse’ST.

There are three important disadvantages of LSV and CV. The first
has been largely overcome with modern instrumentation which was the delay
between application of a potential to the potentiostat and its appearance
at the electrodes plus the registering of accurate and instantaneous
current responses; it is now possible to go to higher scan rates than
before. The second is that the double layer current increases with
scan rate whereas the faradaic current only increases with v1f2.

The third disadvantage is based on the fact that we only use Ep and
ip for analysis purposes. It is easy to make significant errors in the
measurement of ip’ particularly as it is often notclear where to draw the
baseline — it is very rarely horizontal. For these reasons and in order
to make use of the whole wave, Saveant et al have developed convolution
potential sweep voltammetry (cPsV)°8and Oldham et al semi-integral techni-
quessg’ﬁo, methods which are essentially equivalent. As a result of the-
se on-line transformations a sigmoid-type i-E characteristic is produced

which is very similar to a steady-state voltammogram (see Fig. 5). As
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Fig. 5 Convolution potential sweep voltammetry. Plot of normalised
current function (curve 1), convoluted current function (curve

II) and the logarithmic function (curve III).58

for .steady-state voltammograms logarithmic analysis of the whole wave may
be performed, reducing possible errors. This has been extended to inclu-
de a large number of coupled homogeneous reaction schemes.

(1ii) Impedance Methodsm’62

By applying a time varying excitation signal to an electrochemical
cell it is always possible, in principle, to separate the resistive and
capacitative current contributions owing to their phase differences in
the response signal. This is'most easily and normally performed using a
sinusoidal perturbation. Clearly the method is important not only for
electrode kinetic studies but also for those of the double layer. Impe-
dance bridges, frequency response analysers or lock-in amplifiers are
used to measure the response. We are essentially interested in the Fa-
radaic impedance. By separating out the double layer contribution we
increase sensitivity which is used to good effect in ac polarography.

For a simple charge transfer we can draw the equivalent circuit of

an electrochemical cell as shown in Fig. 6a. It consists of a resistan-
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(a) - Sd ’
[

ic+iF+
ct
w
i
(b)
zIm
| I
| |
I | Mass transfer control
Kinetic control I I (low frequency)

(high frequency)

Ra Ro+R., 2o

Fig. 6 Schematic representation of ac impedance.

(a) Electrical equivalent circuit of electrochemical cell.

(b) Corresponding impedance plot. See text for explanation.
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ce to charge transfer, R a resistance to mass transfer, the Warburg

impedance, Z_, the doublztlayer capacity Cy and the cell resistance Ry
What is important for the understanding of the working of this circuit
is whether at a given frequency we allow the system sufficient time to
reach equilibrium, and also the effect of double layer capacity. The two
extremes are
(a) Low frequency. The system reaches equilibrium and we are under
mass transfer control i.e. Rctfﬁzw. Also Cd is unimportant.
(b) High frequency. Equilibrium is not reached and we are under
kinetic control i.e. Rct>>zw' Cd is now very important.
Note that

RT -1/2
R, = aFL Z,* w (21)

We obtain the behaviour shown in Fig. 6b.

We can draw equivalent circuits for any electrode process involving
adsorption, coupled homogeneous reactions and so on. Very often one finds
semicircles corresponding to each successive step in the mechanism adjoi-
ning one another on the Argand diagram. Once more we have to be very
careful with the problem of the incorrect theoretical circuit leading to the
correct response. Despite these difficulties impedance techniques have
found wide application in electrode kinetics, particularly for corrosion
studies.

It is interesting to consider at this point the simultaneous appli-
cation of signals of many different frequencies and the consequent time-
saving in the calculation of the impedance plot over the entire frequency
range. This may be achieved by, for example, the Fourier transform which
is very widely used in spectroscopy. This transform is the most obvious to
use as it is a special case of the Laplace transform which is encountered
so often in the resolution of electrochemical problems. As shown below,

we simply have to replace s by ju.

£(s) = [ F(r)e *far EGw) = [ F(e e (22)
Laplace Fourier

There have been a few investigations into the use of the Fast Fourien
Transform but it needs further exploration. Nevertheless at the moment
it appears that in order to reach the accuracy obtainable in conventional

frequency response analysis, signal averaging needs to be performed. As



a result there is little or no saving in time, and so there is a questi-

on mark as to whether FFT is worthwhile for this application.63

Transient Techniques at Hydrodynamic Electrodes

Over the last few years transient techniques have been developed at
solid hydrodynamic electrodes. These offer new possibilities in the eva-
luation of kinetic parameters. We have a known flow pattern which, owing
to the forced convection, may increase the timescale of the experiment.
Additionally the flow can be modulated. It has been shown that at ro-

. 5 4 5 5 -t 5 . 64
tating disc electrodes there exists an implicit relationship

@

3w 9E
aI)E =- () . (a—I} (25)

dE .

where

w
Ggf) is the electrohydrodynamical impedance under
E

potentiostatic control

C%%) is the electrohydrodynamical impedance under
I

galvanostatic control

3E
&P
w

is the electrochemical impedance

Solution of the convective-diffusion equation is more complicated and
usually it has to be obtained numerically, although an analytical
approach has been used with some success.

Some of the developments in this field are given in the following
sub-sections. It is to be noted that many do not enable as yet the cal-
culation of kinetic parameters. We also include for comparison purposes,

and due to its hydrodynamic -character, transient techniques at the DME.

(i) Potential Step and Pulse

Although these have been used for some years at the DME, it is only
: 67

recently with the theoretical work of Los et 31.66 and Galvez et al.
that all the kinetic and mechanistic parameters can be evaluated.

At the RDE the current response to a potential step has been evalua-
ted analytically and numerically: there is an inherently practical sbplica-
tion of this research as pulsed potential leads to higher quality electro-

68

deposition and the RDE is uniformly accessible. At the ring electrode
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of an RRDE, we will register a transient from a disc potential step

affected only by the disc current's Faradaic component.

(ii) Current Step and Pulse

Providing we can separate out the double layer contribution, use of

hydrodynamic electrodes increases the transition time in the Sand equa-
tion (eqn. 18) enabling more accurate measurement. Theoretical treatments
which allow evaluation of kinetic parameters have appeared for the RDEsg
and DME70 — in the latter case the current is programmed with drop growth.
At a double .electrode such as the RRDE current steps at the disc can
give information about disc surface processes from analysis of the resul-

ting ring trausient.?j_?a

(iii) Alternating Current

The thickness of the diffusion layer associated with the ac perturba-
tion is much less than the hydrodynamic boundary layer thickness at high
frequencies — the effect of convection can be neglected. At low frequen-
cies this is no longer true: the 'transition' frequency is around 40Hz at
the RDE74 and 10Hz at the tubular electrode75 in aqueous solution under ty-
pical conditions.

Results for mixed kinetic contrel and coupled homogeneous reactions
are very similar at the RDE to those at the DME74. In particular the ki-
netic parameter evaluation in ac polarography for coupled chemical reacti-
ons relies on their very high phase-angle sensitivity: where convection
can be neglected, at high frequency, the DME diagnostics and evaluation
method may be directly applied.

At double electrodes the phase shift of the ring current with res-
pect to the disc current enables us to distinguish between the total flux
of electrons and the flux of electroactive species at the disc; Nk (1st

order) can be c_alculated.77

(iv) Linear Sweep at the RDE

In LSV at stationary electrodes there can be unwanted side effects
due to natural convection and so forth. Forced convection removes this
disadvantage and allows peak and limiting currents to be measured in a
single experiment. Additionally there is only a weak dependence on

electrolyte properties (\J”G).78

(v) Hydrodynamic Modulation at the RDE

In this type of experiment proposed originally by Bruckenstein et

al.?g, we modulate the rotation speed of the electrode about a central
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value. Essentially we will be measuring the electrohydrodynamical impe-
dance. The modulated current response should be free of contributions
from flow independent causes i.e. surface processes, and sensitivity is
thus enhanced. The whole frequency range for modulation, including lar-

80,81

ge amplitude modulation has been studied. Kinetic applications

have still to be fully realised.

Conclusion

An electrochemist has at his disposal a varied number of techniques
with which to investigate the kinetics and mechanism of electrode pro-
cesses. For some of the more common techniques, an idea of the range of

determinable rate constants is given in Table VII.

Table VII. Approximate Range of Measurement of Rate Constants

-1
cm s
DME ™ T
RDE k' < 1072
o
Pot. step® 1073 < k'o < 107"
Impedancea 107 < k‘o < 1

a 3 = z 2 ’ ;
The lower limit arises because of the increasing contribution from the

double layer capacitance.

With modern instrumentation the techniques are becoming more complex
as are the numerical solutions to and digital simulation of the convective-
diffusion or diffusion equations. However, let us not allow mathematical
complexity or flashing lights blind us as to what is really happening at the
electrode-solution interface.. A physical picture of the interface will
give the answer to many questions and is, without doubt, very important for

the fundamental understanding of the kinetics of the electrode process.

5

=
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I
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List of Symbols

diameter of impinging jet (wall-jet electrode)/cm
see equation 10 and Table IV
electrode area/cmz
concentration/mol cm_3 or mol dm"3
concentration in bulk seolution

concentration at electrode surface
differential double layer capacitance/uF cm-z
width of channel (channel electrode, Table III)/cm
dropping mercury electrode
diffusion coefficienticm2 s

potential of electrode vs. reference electrode/V
standard potential/V

equilibrium potential/V

peak potential (eqns. 19 and 20)/V

half-wave potential (in[(iLa+iLc}!2])/V

function defined by eqn. 22

function defined by eqn. 13 or eqn. 22

Faraday/C mol_1

half-height of channel (channel electrode, Table III)/cm
current/mA or A

disc current

ring current

kinetic current defined by egqn. 9

diffusion-limited current
diffusion-limited anodic current
diffusion-limited cathodic current

exchange current defined by eqn. 4a

homogeneous rate constant

heterogeneous rate constant/cm 57!

standard heterogeneous rate constant (eqn. 3)/cm s
mass transfer coefficient/cm s |

flow-rate of mercury/mg g !

kinetic collection efficiency of double electrode

steady-state collection efficiency of double electrode (eqn.

radial variable

12)
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radius of disc electrode/cm

inner radius of ring electrode/cm

outer radius of ring electrode/cm
radius of tube (wall—;ube electrode) /cm
radius of tube (tubular electrode)/cm
charge—transfér resistance

rotating disc electrode

rotating ring-disc electrode

transition time (eqn. 18)

tube double electrode

scan rate/mV s~ or Vs

volume flow rate/cm3 &

width of channel electrode/cm

rotation speed/Hz

length variable

length of generator electrode (TDE)/cm

x, plus generator/detector electrode gap/cm

x; plus detector electrode/cm

distance from electrode surface/em

axial variable

Warburg impedance

electrochemical charge transfer coefficient
geometric parameter (Table V)

symmetry factor

geometric factor (Table V)

diffusion layer thickness

defined in eqn. 10a

overpotential/V

kinematic viscosityicmz 5_1

mass transport parameter (Table IV)

drop time (Tables ILI,IV)

rotation speed/rad 7!

frequency/Hz

10.
1.

12.
13.

14.

16.
17.

19.
20.

21.
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ABSTRACT

The surface concentration effect of the metal ion during
the stripping step of ASV, in a complexing medium, is discussed
in terms of determination of stability constants, from the

results for Pb(II) + TETA system.

Subsequently stability constants of Cd(II) + carboxy-
phenyliminodiacetic acid, phenylmethyliminodiacetic acid,
pyridine-2,6-dicarboxylic acid and pyridine-2-carboxylic acid
have been determined and the values compared with those obtained

by other techniques.
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