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Abstract

The presence of several interconnected electrochemical processes occurring on the surface of an electrode, strictly speaking,
does not allow the use of the principle of independent reactions. Often, partial reactions of a complex multi-stage
electrochemical process are coupled both through common intermediates and through the competitive adsorption of
electroactive species. The presence of conjugation leads either to a change in the potential at which the corresponding
electrochemical process becomes possible or to a change in the rate of partial processes. The latter is called kinetic coupling.
This does not allow the simple calculation of the rate of each partial reaction as the difference between the current density
of the target and background processes. The method of kinetic diagrams can be used to establish the kinetic patterns of
such processes. This study shows that this method is applicable not only for the analysis of coupled electrochemical processes
of various types, but can also be used in obtaining partial currents of the stages of a separate complex electrode reaction
occurring in a background solution. As an example, options for the kinetic modelling of the total voltammogram of the
anodic process on an Au electrode in an aqueous alkaline medium in the mode of linear potential change are considered.

The stationary degrees of covering of the gold surface with various surface-active forms of oxygen are calculated depending
on the electrode potential. It was established that the change in concentration of OH" ions mainly affects the region of
their adsorption potentials. A detailed analysis of stationary partial anodic processes in the Au|OH,H,0 system was carried
out and the shape of the general stationary voltammogram was determined by calculation. The latter is in qualitative
agreement with the experimental polarization dependence.

It was shown that the type of calculated polarization dependence is determined by the degree of reversibility of individual
stages and the rate of their occurrence. The performed analysis is necessary not only for the detailed scheme of the
background anodic reaction on gold in an alkaline solution, but also for the subsequent kinetic description of the
electrooxidation process of organic substances on a gold electrode.
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1. Introduction

When several multi-stage reactions
simultaneously occur on the electrode surface, in
the same potential region and at comparable rates,
then the partial reactions are not independent.
Usually they are interconnected (coupled) not
only via common intermediates, but also due
to the competition of different electroactive
particles for adsorption centres.

The presence of conjugation provides the
possibility of transferring the free energy of
the electrode system between partial reactions,
due to which some of them acquire the ability
to take place at potentials more negative than
the corresponding equilibrium potentials
- thermodynamic coupling [1]. More often,
however, only the rate of each of the partial
processes changes accordingly, there is kinetic
coupling [2,3].

The problem of coupled reactions is primarily
associated with the problem of finding real
partial rates, and therefore with establishing
kinetics. Indeed, in the simplest case, only two
interconnected processes occur on the electrode,
target (1) and background (2), both in a non-
diffusion mode. If i, and i, are the partial rates
of each process, i.e., rates obtained taking into
account coupling effects, theni =i +1i,. Hereiis
the current measured in the external polarization
circuit; the nature of its change over time is not
important for subsequent consideration.

Often i "ckeround js ysed as i, this is the current
determined in the same potential region, but in
the background electrolyte instead of the working
one, containing an electrochemically active
reagent. However, due to coupling i, # i, akeound,
and therefore the i values often are determined
with a noticeable error.

A typical example is the processes of anodic
oxidation of organic substances on metal
electrodes, which are also capable of anodic
oxidation during polarization. Often, the areas of
adsorption potential and electrochemical activity
of organic substances and the metal substrate
overlap, which predetermines the potential for the
mutual influence of partial electrode processes
[4-T7]. In this situation, the graph-kinetic analysis
method [8-11], where a multi-stage chemical
process is represented as a set of interconnected
cycles (graphs), is very useful. Due to the absence
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of any significant internal limitations, the method
is also applicable to electrochemical reactions
occurring simultaneously on the electrode.

Such an analysis plays a special role in the
study of complex electrochemical processes
on metals and alloys in the presence of
surfactants of various nature. Knowledge of
the conjugation features of partial electrode
processes in such systems makes it possible
not only to theoretically describe the processes
involving electrolyte solution components,
but also to reasonably formulate technological
principles for the production of electrochemical
transformation products (including anodic
oxidation of organic additives and cathodic
deposition of metals and alloys) with specified
properties and composition.

It is possible to obtain true partial currents
by calculation by sequentially considering
alternative kinetic situations that differ in the
nature of the intermediates, the assumption
about the nature of the limiting stage, or taking
into account the presence of several stages with
comparable rates and the sum of partial currents
will provide the total i,E-dependence. This
dependence is compared with an experimental
voltammogram (VAG), allowing not only to
estimate the complex of equilibrium and kinetic
characteristics of individual stages, but also to
draw a conclusion about the putative reaction
scheme. It should be remembered that the
graphic-kinetic analysis can also be used when
interpreting the results of studies of individual
electrode reactions.

Such reactions, usually, are complex and
include the stages of adsorption, charge transfer,
heterogeneous chemical transformations of
intermediates, etc. In accordance with the
assumed kinetic scheme of the general electrode
process, its elementary stages successively
replace each other as the potential changes.

On the other hand, an individual multi-
stage electrode reaction can be interpreted only
formally, as a set of “parallel” ongoing elementary
processes, each of which corresponds to a separate
stage, but is implemented over the entire range
of potentials. The fact that in a certain range
of potential values (E) the rates of elementary
processes, conventionally considered as partial,
are practically equal to zero, is not important
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for this approach. It is much more important
that it becomes possible to identify the partial
currents of individual stages, summarize them,
and compare the result with experiment, which
usually underlies the refinement of the general
reaction scheme and the identification of the
kinetic features of a complex reaction.

Finally, it should be noted, that graph-kinetic
analysis initially assumes a stationary course of a
complex reaction, which is usually characteristic
of homogeneous chemical processes. However,
heterogeneous electrode reactions, in particular
reactions studied by linear voltammetry, when the

potential changes at a rate of v = ‘2_]:;, are usually

non-stationary.

The subject of this study is the electrode
process occurring over a wide range of anodic
potentials on a polycrystalline Au electrode in a
deaerated aqueous alkaline solution. The main
objectives of the study were:

- by calculation, using the method of graphic-
kinetic modelling, determine the stationary
covering degrees of the gold surface with the
starting substance, intermediates and products
of the anodic oxidation reaction of OH ions in an
alkaline medium;

— calculate stationary partials, as well as the
total anode current of this process;

— compare calculated and experimental values
of a number of basic kinetic parameters of the
anodic overall reaction in the Au|OH,H,O system;

— evaluate the correctness of the procedure
for comparing the full calculated with the

i, mA/sm .
6 .
4 -
2 -
A Al A2
0 -
04 0 04
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experimental voltammogram taken at a finite rate

of potential change v= C;—]f

2. Calculation procedure
2.1. Selection of reaction scheme

According to data [7], on the anodic branch
of the cyclic i,E-dependence obtained in the
Au|OH",H,0 system four main current maxima
can be distinguished - A1,A2,A3, and A4 (Fig. 1.).
Since the regularities of cathodic processes
are not considered in this study, the region of
cathodic currents is not presented; potentials are
given relative to SHE.

At higher v the amplitude of all current peaks
increases, the potentials of the A1 and A2 maxima
do not change, and the A3-A4 maxima shift to
the region of more positive values. This finding,
like other data [12-20], indicates a multi-stage
anodic process in the Au|OH",H,O system. The
latter proceeds via the chemisorption stage of the
hydroxide anion, most likely with partial charge
transfer, and is accompanied by the sequential
formation of mono- and biradical forms of
adsorbed atomic oxygen. A possible reaction
scheme in the simplified form is:

Au+OH™ & Au-OH| 2 +1¢; @
Au-OHU.V" & Au-OH 4+ (1-1)E; (Ia)
Au-OH 4 +OH & Au-0,, +H,0+€.. (lla)

Here 1 - degree of partial charge transfer
from an adsorbed particle with a charge z=1 per
metal; eventually z,, =1-A [21]. It is assumed

08 12

E,YVY

Fig. 1. Anode voltammograms experimentally obtained on a smooth gold electrode in 0.1 M NaOH solution at

v =0.04 (1); 0.1 (2) n 0.6 (3) V/sec [7]
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[22-24] that the radical ion state is stabilized due
to the overlap of 6s- and sp*- AO for Au and OH",
respectively. As an alternative, the appearance of
2D Au(I) and Au(II) compounds on the surface is
possible in such processes as:

Au-OH{}~ < (AuOH),, + L €; (IIb)

(AUOH),,, + OH™ & (AuO),,, +H,0+&. (Ilb)

The formation of phase Au(IIl) oxide at
sufficiently high potentials is the result of a
series of sequential electrochemical, chemical,
and crystallization stages. In overall form, the
corresponding reaction can be represented as a
process involving Au—0O__,. or (AuO) . :

ads”®
Au-0,,,+OH < 1/2Au,0,+1/2H,0+€; (IVa)

(AuO),,, +OH" <1/2Au,0,+1/2H,0+& (IVb)

The formation of metastable phases, Au(OH) or
v-AuOOH, with subsequent dehydration, cannot
be excluded; these issues are considered in more
detail in [30].

The choice between alternative routes for
anodic formation of Au,0, via (Ila), (Illa), and
(IVa), or (IIb), (ITIb), and (Ivb) stages, must be
based on information about the physical nature
of the intermediates, which is usually missing.
Thus, the question about the nature of the
electron density redistribution in the Au|OH~,H,0
system remains open: its “flow” from the oxygen
of the hydroxide ion to the metal, stages (IIa) and
(IlTa), or back from the metal to oxygen, stages
(IIb) and (IIIb). The results of quantum chemical
modelling [23], however, are in favour of the first
scenario. Therefore, this scenario was used later
on, during the stage of constructing graphs for the
intermediates of heterogeneous processes of OH"
oxidation in the aquatic environment OH and O.

The potential range of anodic release of
molecular oxygen, which further complicates
oxide formation on gold in an alkaline medium,
was not considered in the study.

(ads)

2.2. Initial kinetic ratios

Let us assume that the surface of gold initially
contains only one type of active adsorption
centres. The number of these centres is G,
expressed in mol/cm?, it is not only constant, but
also significantly less than the number of metal
atoms. The latter allows ignoring, albeit to a first
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approximation, the effects of lateral interactions
between adsorbate particles, and therefore to use
the Langmuir isotherm model in the analysis.

Let G, and G, be the number of active surface
centres, expressed in mol/cm? occupied by
particles of i-th and j-th types, and G is the
total surface concentration of such centres,
respectively. The change in the state of the active
site during i Uj process may be associated not only
with the oxidation/reduction of particles, but also
with their adsorption/desorption. Each of these
processes is interpreted as a kinetically reversible
first-order reaction, the rate of which is:
v, =kT, -k, =[(k,0,-k,0)). (1)
Here ki]. and k].i are the formal rate constants, s!,
A ©,and ©, are the proportion of surface adsorp-
tion centres occupied by reagents and products,
respectively. We believe that there are no diffu-
sion limitations for all types of particles; features
of the structure of the electrical double layer and
their influence on k; and k;, are not explicitly
taken into account.

The current covering of adsorption centres is
assumed to be stationary. In this approximation

Zkil.@,. = zkﬁ@i , (2)
i j

actually representing the so-called stationary
kinetic adsorption isotherm, and

ZQ‘*Z@:':L (3)

Since in this case k;=kic/,, k;=k;c/,
then the concentration constant of adsorption
equilibrium K, =k, / k, =K;(c/ /¢}). K] =k; / k;
is the standard equilibrium constant, and ¢’ is
the volumetric molar concentration, expressed
in mol/cm?.

Taking into account the possibility of partial
charge transfer, the rate constants of adsorption

stages involving singly charged anions are:

k; = k(E°)c! exp[ ABF(E - E°)/RT |; (4a)
k., =ki(E°)c! exp[—kocF(E—EO)/RT], (4b)
whereas for electrochemical stages:

k, =KkO(E®)c! exp[(1-MBF(E-E°)/RT];  (5a)

k; =k (E°)c] exp[—(1-M)aF(E - E°)/RT |. (5b)
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Here E And E° are the current and standard
electrode potentials for a given reaction; a and b
cathode and anodic charge transfer coefficients,
respectively; everywhere further a = b = 0.5.
If the adsorption of a charged particle is not
accompanied by a redistribution of electron
density, and therefore A = 0, then the influence of
E on the rate constants of adsorption processes in
equations (4a) and (4b) disappears, and formulas
(5a) and (5b) take their usual form. It is obvious
that in the general case the values of K, K, also
depend on the potential, although to varying
degrees.

3. Analysis of kinetic diagrams
3.3. Stationary reaction mode

According to the analysis technique proposed
in [8-11] and detailed for electrode reactions in
[2, 3], a kinetic diagram of the anodic process
on the Au electrode in a background alkaline
electrolyte was constructed (Fig. 2). The active
centre of the gold surface, initially occupied
by a water molecule was taken as the initial
state (1); the vertices of the graph (2), (3), (4),
and (5) correspond to the sequential formation
Au-OH_, ,Au-OH,, ,Au-0,, . Each of these
processes, previously presented as (I), (I1a), (IITa),
and (IVa), has a corresponding graph edge. The
covering of the surface with a certain adsorbate
is, respectively, © , ©,, ©,, ©,, and O; traversing
the loop counterclockwise is considered positive.
Kinetically reversible overall reaction:

Au+30H < 1/2Au,0,+3/2H,0+38,  (6)

representing the sum of stages (1), (Ila), (IIla), and
(IVa), proceeds at the rate:

Au-OHiads]

2 AU-OHESUS:

Fig. 2. Kinetic diagram of adsorption and electrochem-
ical processes occurring on an Au electrode in an al-
kaline medium in the region of potentials preceding
the anodic release of molecular oxygen
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ilS = 3F(k15®1 _k51®s)- (7

A detailed mathematical justification for the
method of graph-kinetic analysis is described
in detail in [34] and is not given within the
framework of this study.

During the first stage, stationary degrees of
surface covering with adsorbate particles were
determined:

1
0, = ;(8)
1 + K12 + K12K23 + K12K23K34 + K12K23K34K45
1
o, - .
1 + KZI + K23 + K23K34 + K23K34K45
1
83 = ; (10)
1 + K21K32 + K32 + K34— + K34K45
1
0,= ;
1+K21K32K43 +K32K43 +K43 +K45 (11)
! (12)

0. = .
’ 1+ K21K32K43K54 + K32K43K54- + K43K54

It is important that the meaning of the denom-
inator in equations (8)—(12) is the same: each of
them contains the concentration equilibrium
constants of the transition processes from a
given i-th state into all other states. The equi-
librium constant values required for the calcu-
lation were determined by a brute-force search
method.

It was found that the surface coverage
of each of the adsorbed forms of oxygen, as
expected, significantly depends on the electrode
potential (Fig. 3a). It is very important that
different potential regions can correspond to
the presence of either one or the coexistence of
several adsorbed forms. Thus, up to the values
of E < 0.3 V the surface is covered only with
adsorbed OH ions. With a further increase in the
potential the surface coverage with the second
adsorbed form also becomes non-zero, namely,
OH, and at E ® 0.7 V, the degree of covering
with this particle reaches unity. The subsequent
increase in E leads to the appearance of
biradicals O on the gold surface, the covering
with which is very small and, moreover,
noticeably decreases with increasing electrode
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experimental
0.6 Cop-=0.1M
v=0.04 Visec
0.4
0.2

calculation

Fig. 3. a) The dependence of the stationary degrees of
covering of the gold surface with various adsorbed
forms and oxygen compounds at SN-=0.1 M: (1) - the
initial surface, (2) - OH-, (3)- OH, (@) - 0,(5) - Au,0,;
b) Experimental voltammogram, obtained in the
Au|OH", H,O [7] system and normalized to the maxi-
mum current A4;

c) Calculated voltammograms normalized to the
maximum current A4, with an alkali concentration
equal to (1)-0.1; (2) - 0.5 and (3) — 0.7 M. Inset: Area
of the potential of maximum A1 without taking into
account partial charge transfer during adsorption of
hydroxide ion (1), as well as taking into account this
process (2)
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potential and the accumulation of Au,0, occurs.
An increase in the concentration of an alkaline
solution from 0.1 M to 1.0 M manifests only as
a slight expansion of the range of adsorption
potentials of hydroxyl ions (not reflected in Fig.
3a), but practically does not affect the degree
of surface covering with other adsorbed forms
of oxygen.

The comparison of the potential regions of
the maxima observed on the anodic branch of
the experimental voltammogram, normalized
to the current in the A4 maximum (Fig. 3b) with
the corresponding regions of existence of various
adsorbed forms of oxygen indicates that:

- Al and A2 maxima characterize the process
of adsorption of H,0 and OH" ions respectively;

—in the region of A3 maximum, adsorbed OH-
jons and monoradicals OH are present on the Au
surface, and the anodic maximum corresponds to
an almost equal covering of the electrode with
each particle;

- potential region A4 corresponds to the
coexistence of three adsorbed particles at once,
and the maximum corresponds to the almost
complete covering of the surface with gold
oxide.

At the second stage of the analysis of the
stationary anodic process in the Au|OH",H,O
system, the rate v, of each partial reaction and,
accordingly, the corresponding partial current,
were determined using the expression:

st
. =zFTv, = ziFl"vdi,
dE

(13)
Here it is taken into account that dE = vdt, and
for a heterogeneous reaction of the first order
v,=d®,/dt. we assumed that as the potential
changes, the covering of the surface with each
particle of i-th grade stabilizes very quickly, i.e.,
the rate of potential scanning is significantly less
than the speed of achieving stationary covering
with adsorbate.

Expressions for partial currents were obtained
by differentiating relations (8)—(12) with respect
to potential, and then expressions for partial
currents were found, using (4a)+(5b). Their
summation provides the desired i,E-dependence,
which is quite cumbersome. For example, just one
expression for dO; /dE , is this:
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o o o .2 SFE
34Cop- exp( ) 3Ky K5, KisCoyo exp( RT)

dE  RT [

Nevertheless, it has been established that the
full calculated VAG also contains four characteristic
current maxima. Unfortunately, direct comparison
of calculated and experimental i,E-dependencies
is impossible, since the G, value used in the
calculations a priori unknown. Therefore, the
calculated VAG were subjected to comparative
analysis, which, like the experimental ones, were
normalized to the current at the A4 maximum; the
corresponding data are presented in Fig. 3c.

It is important that the maximum Al in the
calculated voltammogram can still be obtained,
but only under the assumption of partial charge
transfer in process (I), i.e., assuming A # 0.
Otherwise, in this region of potentials at (i/i,),E the
dependence a horizontal plateau appears (inset to
Fig. 3c), which contradicts the experimental data.

At the same time, the number and position of
current maximain the calculated and experimental
voltammograms coincide. Moreover, the nature of
the influence of the concentration of the alkaline
solution on the position of the anodic current
maxima turned out to be similar for the calculated
and experimentally obtained i,E-dependencies
(Table 1).

Thus, the position of A1 and A2 peaks do not
change with increasing ¢, (Fig. 3¢, Table 1), the
potentials of A3 and A4 peaks somewhat reduce, and
the value of the parameter dE" / dlgc,, , obtained

from the calculated VAG, practically coincide with

AFE 2FE 3FE
0 —1 0 0 o 0 o
1+ K¢ exp( RT j+K exp( )+K23K34COH_ exp( RT )+K K; K45COH exp( D

RT

the experimental value. Some differences in the
shape of the experimental and calculated VAG
during the transition from A3 to A4 peak are due
to the fact that the calculated voltammogram was
obtained under the assumption of an equilibrium
distribution of adsorbed particles, which is hardly
true under real conditions.

Based on the condition of matching the
position of each of the calculated and experimental
anodic maxima, the values of the standard
equilibrium constants of individual stages were
determined and presented in Table 2.

During the third stage of comparing
the calculated and experimental data, the
concentration of surface adsorption centres
was already specified. Moreover, the T" value
was chosen in such a way that the amplitudes
of the experimental and calculated VAG at the
corresponding potential scanning rate coincided.

It has been established that the nature of the
change in the amplitude of the anodic maxima
on the experimental and calculated VAG with
increasing v,up tov=1.0V/s, is almost the same.
Thus, the amplitudes of all anodic maxima change
linearly with increasing potential scanning speed
(Fig. 4), and the slopes of the corresponding
experimental 1gi,lgv, the dependences not only
practically coincide for the A1-A3 maxima, but
are also close to unity (Table 3).

However, for the A4 maximum the pattern
is more complicated: the experimental value of

Table 1. Values of the slopes of the dependence of the potential of the maxima on the concentration of
OH-ions: experimental (numerator) and calculated (denominator) value (v = 0.04 V/sec)

. Parameter Al A2 A3 Ad
Maximum
dE" 0 0 —0.043+0.004 —0.062+0.005
dige, 0 0 20.045 20.075

Table 2. Concentration equilibrium constants of partial reactions occurring in the Au|OH,H,0 system

and presented in Fig. 2

Edge of the graph

Constant

(12)

(23)

(34)

(45)

K; 1.5-10

8.0-1071

2.5-1071

7.0-10713
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Table 3. Values of the slope of the current in the maximum - scanning speed dependence of the in
0.1 M NaOH solution: experimental (numerator) and calculated (denominator)

Maximum Al A2 A3 Ad
Parameter
dlgi’ 0,87%0,08 0,83%0,08 0,85+0,08 0,62%0,06
dlgv 1.00 1.00 1.00 1.00
) . gl
i, mA/sm~ i, mA/sm A4
-10 5
I’°=2+10" mol *sm - A4
0.4
A3
A2
0,2
Al
-+ : s = 4 0 : : :
0 02 04 06 08 10 _ 0,2 0,6 1,0 y visec
v, V/sec

Fig. 4. Dependences of the current in the maximum of the voltammogram on the scanning speed of the po-

tential: calculated (a) and experimental (b) [7] data

dl% rather closer to 0.5, while
the calculated value, as for the others, is equal to
unity. In our opinion, this discrepancy is due to
the fact that the calculation takes into account
the presence of only adsorbed Au,O, oxide,
whereas under the experimental conditions in the
region of A4 maximum, a phase layer of Au(III)
oxide is also most likely present on the surface

[7; 12; 15; 31-32].

3.2. Unsteady reaction mode

the parameter

Previously, it was experimentally established [7]
that the potentials of the first two maxima, namely
Al and A2, are practically invariant to changes in
the potential scanning rate up tov >8V/s, while the
potentials of A3 and A4 peaks significantly improve
with increasing v [7]. Naturally, the assumption
used above about the stationarity of processes,
primarily adsorption, occurring in the Au|OH",H,0
system excludes the possibility of considering the
influence of v to the position of current maximums.
Therefore, a complete equation for a nonstationary
anodic voltammogram, including the potential
regions of all current maxima should be obtained.

62

However, solving this general problem is
extremely difficult. Therefore, at first we will
assume that heterogeneous adsorption processes
occurring at the potentials of A1 and A2 peaks are
quasi-stationary, while only processes in the region
of potentials of A3 and A4 peaks are non-stationary.

A detailed procedure for taking into account
nonstationarity effects using the graph method
is presented in [33]. The kinetic diagram of a
non-stationary process, taking into account
the assumptions made, has a form similar
to the stationary diagram (Fig. 2), but with
additional branches (Fig. 5). Here | is a complex

Au'éfadm

(ads)

2 AU'O Hiads}n

Fig. 5. Kinetic diagram of adsorption and electrochem-
ical processes occurring on an Au electrode in an al-
kaline medium, taking into account the unsteadiness
of processes in the potential range A3-A4
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image of time. In this case, the rate constant
of any non-stationary stage k; would be:
k; =k; +10,(0), and for the solution the Laplace—
Carson transformation should be used [4, 34—
35] under the assumption of a non-zero initial
concentration of intermediate particles.

For further facilitation of the procedure of
graphic-kinetic analysis, we will limit ourselves
to considering only part of the general diagram
presented in Fig. 2, assuming that adsorbed
OH' ions are initially present on the Au surface.
Obviously, that in this case the region of their
adsorption potentials falls out of consideration.
Nevertheless, even within the framework of
this simplification the situation remains very
complicated, since the overall transformation
process Au-OH,, in Au,O; . is a multi-stage
process. Which of these elementary stages, or their
combination, is slow and therefore determining
the rate is not known a priori. Possible options
are presented in Table 1. In addition to the anodic
transformations of OH™ on gold with one limiting
stage, situations with several rate-determining
reactions are also considered here.

As an example, in this study we will limit
ourselves to considering two kinetic scenarios
from Table 4 - (a) and (b); both with a single rate-
limiting stage.

Table 4. Alternative kinetic scenarios
corresponding to the gross process of anodic
transformation in the Au|OH",H,0 system
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Now, to obtain the final equation of the
voltammogram, it is enough to solve the
differential equation of the following form:

d:;f - k.0, +k,0,, (15)
taking into account that ©,+0; =1. Final expres-
sions for ©, and ©, have the form of:
0,(t)=0,(0)exp(-t(k,. +k,))+

+L(1 —exp(-t(k,; +k,)); (16)

kIS + kSI
0,(t)=1-0,(t).

Taking into account that between the rate
constants k., k., k.., k,.,and k ., as well as between
degrees of surface covering ©,, ©,, ©, there is
a relationship, we obtain expressions for the

corresponding partial degrees of covering:
-1
0,(t)=0,(t)(1+ K, + KKy, ) =0,(0)B,;
-1
0,(t)=0,t)(1+K;, +K;, ) =0,(t)Bs;
-1
0,t)=0,t)(1+K,+K,K,,) =0,(t)B,.

It should be noted that the coefficients 3,
appearing in (17), clearly do not depend on
time. Nevertheless, such a dependence is still
implicitly present, since in the potentiodynamic
polarization regime B. depends on E, and the
potential varies linearly with time.

Let us differentiate expressions (17), i.e., find

(17)

Process scenario Transformation scheme
(@) 2)—B)=4@=0")
(b) 2)=3)—@=(5)
(© 2)=3)=H— (")
(d) 2)—>B3) =) —(5)
(e) 2)=C)—=DH—(O)
) 2)—>B)—@D=(5)
(8) 2)—>B)—-DH—-0)

Kinetic scenario (a)

We will use the graph technique and combine
the elementary states (2), (3), and (4) into a
formally initial state (I), which does not have a
clear physical interpretation:

AwO -
w0, Au O(ads) s
5 4
—_—
2 3
- - I
A“‘OH(ads) Au—O[—I(ads)

de. d(©,B,) do, dp. .
= il _B ©,— wh =2,3,4.
dt dt P e e !
Since %: % a—E , for current densities, we
dt oE )\ ot

obtain expressions for the rates of partial anodic
processes, and by summing them we would obtain
a complete voltammogram (Fig. 6). Quite notably,
that the use of this rather simplified, scheme
allows us to obtain the i,E-dependence in which
the rate of the anodic process between the second
and third maxima no longer decreases to zero, as
was previously (Fig. 3c), however, between the A3
and A4 maxima, the anodic current density in this
case is zero, which contradicts the experiment.
The position of the A2 maximum, as calculations
show, does not depend on the potential scanning
speed and alkali concentration, but the potentials
of the A3 and A4 peaks with an increasing

63



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpefbl M MexdasHble rpaHuLbl

. D. Zartsyn et al.

oy~ Shift to the more negative values (Fig.
6b), whereas with increasing v, the potentials
noticeably improve.

Kinetic scenario (b)

Let us assume that an equilibrium distribution
is established between states 1 and 2, as well as 3
and 4, while there is no equilibrium between states
2 and 3. Let us again combine the elementary
states and the process diagram as follows:

I
Al]203 Au- 6(3(15)
- y I I
> L &
2z 3
A“_OHEads) A“_OH(ads)
1
i, A sm:
6
®
n A3 Ad "
A2
iy
-0.2 0 0.2 D.‘ﬂ 06 0.8 1 1.2 EV
i, MA/em?
A4
IO,
02 0 02 04 06 08 1 12 gy

Fig. 6. (a) - Calculated velocities of partial anode pro-
cesses i, (1), 1, (2) i, (3) i, (4) and a voltammogram (5)
obtained under the assumption that c,,- = 0.1 M and
scanning rate of potential 0.6 V/sec; (b) — calculated
voltammograms obtained in the Au|OH", H,O system
at an alkali concentration 1.0 (1); 0.1 (2) 0.01 M (3)
and v =0.6 V/sec
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Solving equations similar to (15) and carrying
out the corresponding transformations, we again
obtain the calculated i,E-dependencies (Fig. 7).

It appeared that such a process scheme
already allows to obtain a non-zero current
between the A3 and A4 maxima, but only when
v 2 0.60 V/s, although the current density values
in this potential region are still much lower than
those experimentally observed. The influence
of v on the position of the A3 and A4 peaks is
reflected correctly by the calculation. However,
when v < 0.4 V/s, the A3 maximum practically
disappears, and this, in principle, contradicts the
experimental results [7].

4. Conclusions

The method of kinetic diagrams allows
performing a fairly detailed analysis of stationary
partial anodic processes in the Au|OH",H,0

i, mA/sm2
A4
A3
2_
A2
0.2 0.2 0.6 10 EV
i, mA/sm? Ad
4.
2 4
02 0 02 04 06 08 10 12

¥V

Fig. 7. a) Calculated voltammograms obtained accord-
ing to the kinetic scenario scheme (b) at a potential
scanningrate equal to 0.04(1);0.10(2)and 0.60 (3) V/sec
and an alkali concentration of 0.1 M; b) Calculated
voltammograms obtained according to the kinetic
scenario scheme (c) at a potential scanning speed
equal to 0.60 V/sec and an alkali concentration of
1.0 (1); 0.1 (2) and 0.01 M (3)
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system and also to identify the shape of the
general stationary voltammogram by calculation
methods. The latter is qualitatively consistent with
the experimental one, which is also characterized
by the presence of four main current peaks.

Within the framework of the basic assumption
of the implementation of the Langmuir adsorption
model, we calculated the stationary degrees of
covering of the gold surface with various surface-
active forms of oxygen as a function of the
electrode potential. It was found that the change
in the concentration of OH- ions mainly affects
the region of their adsorption potentials.

The formal equilibrium constants of individual
electrode stages were calculated using the
enumeration method. Their values correlate
by the order of magnitude with the tabulated
data [36], which indicates the correctness of our
results.

Taking into account the non-stationary
nature of processes occurring predominantly
in the region of the A3 and A4 potentials’
maxima on the voltammogram, in the general
case requires consideration of seven different
kinetic situations. For two of them, associated
with the delayed formation of Au,0; ., as
well as with the heterogeneous transformation
of the monoradical OH_,, to diradical O,,, a
qualitative agreement between the calculated
and experimental data was found. It is mainly
related to the nature of the influence of the
scanning rate of the potential and the volume
concentration of OH- ions on the position and
amplitude of the A3 and A4 peaks present on
the anodic voltammogram of gold in an alkaline
medium. However, it was not possible to establish
complete correspondence between the shapes of
the calculated and experimental voltammograms
over the entire range of anodic potentials. This
was probably due to the implementation of the
mixed Kkinetics regime of the anodic oxidation of
OH- ions on Au, the consideration of which goes
beyond the goals and objectives of this work.
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