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Abstract 
Electrochemical processes involving organic substances are complex multi-stage reactions. In our opinion, it is incorrect 
to describe their kinetics using the principle of independent partial processes (or their individual stages) since electrode 
reactions can be coupled due to competition for active surface sites, due to common intermediate stages, or through an 
electron. In this case, the theory of coupled reactions or the graph-kinetic method should be used to provide the kinetic 
description of the process. In general, graph theory makes it possible to identify the relationship between the “structure” 
and the kinetic behavior of complex systems by means of graphical analysis. In the case of electrochemical reactions, 
structural elements are substances adsorbed on the metal surface and (or) a set of substances interacting in the reactions. 
The relationship between their concentrations can be characterized quantitatively by a transformation law, for example, 
the law of effective masses. Thus, a graph is a set of reacting substances and a sequence of reactions represented graphically. 
Graphs allow setting a system of kinetic equations and analyzing them by associating a certain behavior of the system with 
the structure of the corresponding graph. Under the assumption that one intermediate particle is involved in each elementary 
stage, the kinetic expressions will be linear, which corresponds to the first-order reaction model.
Graph-kinetic analysis of the processes within the Au|Gly–,OH–,H2O system confirmed that the partial multi-stage reactions 
of anode oxidation of glycine and hydroxyl anions are kinetically coupled. We obtained expressions for partial currents of 
electrooxidation of hydroxide ions and glycine anions during the anodic process occurring on gold in an alkaline glycine-
containing solution. It was shown that with an increase in the anode potential, the nature of the limiting stage of the anodic 
process changes.
Formal constants of rates and equilibria of electrochemical reactions involving particles of background electrolyte and 
glycinate ion were calculated. It was found that the rates of partial oxidation reactions of adsorbed OH particles and OH  
are significantly higher than those of organic anions (Gly- and HCOO–). This indicates that the kinetics of the electrooxidation 
processes of Glyis in the Au|Gly-,OH–,H2O system are determined by the kinetic features of the electrooxidation reactions 
of hydroxide ions.
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1. Introduction
When several multi-stage processes occur 

on the surface of the electrode, they can be 
interconnected through intermediate particles 
(intermediates) and thus influence each other. 
In this case, the kinetics of the electrode reaction 
should be described using the graph method, 
which is often used to analyze enzymatic 
reactions in biochemistry [1–4]. In general, 
graph theory makes it possible to identify the 
relationship between the “structure” and the 
kinetic behavior of complex systems by means of 
graphical analysis. In this case, the “structure” is 
understood as the interaction and relationship 
between the elements of a given system, and its 
behavior is described by analyzing its response 
to an external disturbance. The partial and total 
i,E-dependencies are calculated by sequentially 
considering various kinetic situations that differ 
in the assumption about the nature of the limiting 
stage or take into account the presence of several 
slow stages with comparable rates. Comparing 
the total i,E-dependency with the experimental 
polarization i,E-curve allows drawing a conclusion 
about the preferred route of the process, which 
makes it possible to find a set of kinetic constants 
for individual stages.

It is particularly important to know the 
route of a complex multi-stage process when 
predicting the behavior of an electrochemical 
system in which multi-stage processes occur 
on metals and alloys in the presence of 
surface-active organic additives of various 
nature. Interconnection between individual 
electrode reactions through intermediates 
is another important factor influencing the 
kinetics of such processes. Based on their 
regularities, it is possible to identify the role 
of the organic compound in the formation of 
electrochemical transformation products (for 
example, electrooxidation or electrodeposition) 
with specified characteristics. This is especially 
important for modern microelectronics 
since understanding the kinetics of complex 
multi-stage processes in electrolytes with 
organic surface-active additives contributes 
to determining optimal conditions for the 
formation of interconnections between elements 
of integrated circuits by the void-free filling of 
holes in the dielectric with metal in the presence 
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of electrochemically active organic compounds 
with high adsorption capacity.

A typical example of a complex multi-step 
process is anodic oxidation of a monoaminoacetic 
acid (glycine) anion on an Au electrode in 
an aqueous alkaline solution. The areas of 
adsorption potentials and electrochemical 
activity of Gly– and OH– on gold overlap, which 
predetermines the potential for the mutual 
influence of partial reactions. In addition, 
OH- anions [5–11] are directly involved in the 
heterogeneous electrooxidation reaction of 
the glycine anion. It is reasonable to assume 
that partial heterogeneous processes in the 
Au|OH–,H2O and Au|Gly–,OH–,H2O systems 
will be kinetically coupled both due to the 
competition of OH-, Gly-, intermediates and their 
electrooxidation products for active sites on the 
Au surface and due to the presence of common 
stages of the oxidation reactions of hydroxide 
and glycinate ions.

The purpose of this work was to use the 
method of graph-kinetic analysis to distinguish 
the partial oxidation currents of hydroxide ions 
and glycine anions during the general anodic 
process occurring on gold in an alkaline glycine-
containing solution. It is possible that this will 
allow answering, at least qualitatively, the basic 
question: whether the kinetics of the anodic 
destruction of the glycine anion is its own or 
subordinate to the regularities of electrooxidation 
of hydroxide ions.

2. Calculation procedure
Selecting the reaction scheme. To use the graph-

kinetic method successfully, it is necessary to 
construct a detailed kinetic reaction scheme.

The process of anodic oxidation of OH– on 
gold in an aqueous medium has several stages. 
According to numerous researches [12–21], it 
proceeds via the chemisorption stage of the 
anion, most likely with partial charge transfer, 
and is accompanied by the sequential formation 
of mono- and biradical forms of adsorbed atomic 
oxygen. Earlier, we used the method of kinetic 
diagrams to analyze partial anodic processes in 
the Au|OH–,H2O system. The shape of the general 
stationary voltammogram was determined by 
calculation. A possible reaction scheme for the 
electroconversion of OH-ion is:
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Au OH Au OH(ads)
( )+ ¤ - +- - -1 l le   (I)

Au OH Au OH ( )(ads)
( )

(ads)- ¤ - + -- -1 1l l e  (IIa)

Au OH OH Au O H O(ads) (ads) 2- + ¤ - + +-
  e .  (IIIa) 

Here, λ is the degree of partial charge transfer 
from an adsorbed particle with a charge z = 1 per 
metal; eventually z

ads
= -1 l  [21]. It is assumed 

[22–24] that the radical ion state is stabilized due 
to the overlap of 6s- and sp3 – AO for Au and OH–, 
respectively. However, the appearance of 2D Au(I) 
and Au(II) compounds on the surface is possible 
in such processes as:

Au OH (AuOH)(ads)
( )

(ads)- ¤ +- -1 l le   (IIb)

(AuOH) OH (AuO) H O(ads) (ads) 2+ ¤ + +- e . (IIIb)

The formation of the phase Au(III) oxide at 
sufficiently high potentials can be the result of a 
process involving Au O ads- 

( )
 or (AuO)ads:

Au O OH / Au O / H O(ads) 2 2- + ¤ + +-
 1 2 1 23 e  (IVa)

(AuO) OH / Au O / H O(ads) 2 2+ ¤ + +- 1 2 1 23 e . (IVb)

When choosing between alternative routes for 
anodic formation of Au2O3: via (IIa), (IIIa), and 
(IVa) or (IIb), (IIIb), and (IVb) stages, we preferred 
the first scenario due to the results of quantum 
chemical modeling. Therefore, this scenario was 
used later on, during the stage of constructing 
graphs for the intermediates of heterogeneous 

processes of ОН– oxidation in the aqueous 
medium  OH O. and 

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.

T h e  m a i n  c u r r e n t  m a x i m a  o n  t h e 
voltammogram of glycine anion oxidation have 
more positive values than the adsorption current 
maxima in the Au|OH–,H2O system [6, 10, 30, 31], 
however, they have noticeably more negative 
values than the Au2O3 peak (Fig. 1). According 
to [6], the six-electron, generally anodic, 
process goes through the stage of dissociative 
Gly– chemisorption, the products of which, 
( NH CH COO2- - -



2  and ) , are then anodically 
oxidized to CN–, NH2 , and CO2. According to the 
method of a rotating ring-disc electrode [28], 
at E > 0.35 V, adsorbed methylamine can also 
be formed. However, the results of in situ FTIR 
reflection spectroscopy [5, 6] indicate that the 
main intermediates of anode destruction of Gly- 
on polycrystalline gold are formate ions. What is 
more, this method did not detect the formation 
of methylamine. In addition, the absorption 
bands corresponding to CN–, OCN–, and CO2, as 
well as Au(CN)2

+ were reliably recorded. Taking 
into account these data, the putative scheme of 
the glycine anion oxidation, which reflects the 
features of the anodic transformation of OH– and 
the possibility of coupling of individual reactions, 
is as follows:

Fig. 1. Cyclic voltammograms obtained on a gold electrode in a background solution (dotted line) and with the 
addition of 0.03 M glycine; v = 0.10 B/c [10]
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It is assumed that during stage (V) the 
glycine anion adsorption occurs on the gold 
surface partially occupied by adsorbed OH- 
anions, however, there is the possibility of their 
additional oxidation through (VI) resulting in 
the formation of OH . Stages (VII) and (VIII) 
correspond to the destruction of the glycine anion 
and the intermediate.

In the general case, the heterogeneous 
chemical reactions of additional oxidation of the 
adsorbed cyanide ion should also be taken into 
account:

+2 Au-OH

Au OCN (IX)

+ Au-O

ads

ads

ad





ÈÎ ˘̊ ¤

¤ - + +

-

-

-

H O Au

Au CN
2

ads

2

ss ads

2 3 ads

Au OCN (X)

+ Au O Au OCN (XI)

¤ - +
¤ - +

-

-

Au

AuO,2

Also, it is necessary to take into account 
that at sufficiently high potentials gold can also 
dissolve, which leads to the formation of gold Au 
(III) cyanide and cyanate complexes as a result of 
the following reactions: 

Au jCN Au(CN) eads j
( j)+ ¤ +- - +3 3   (XII)

Au jCN Au(CN) eads j
( j)+ ¤ +- - +3 3 .  (XIII)

When equations were recorded, it was 
assumed that the surface activity of H2O, CO2, 
and gold complexes was significantly lower 
than that of other adsorbates. In addition, it 
was assumed that processes (IIIa), (IIIb), (IVa), 
(IVb), (VII), and (VIII) involve OH- ions directly 
from the electrode layer of the solution, rather 
than those adsorbed on gold since interpreting 
these reactions as purely surface reactions would 
significantly complicate the construction of the 
corresponding graphs.

Initial kinetic ratios. Let us assume that 
the surface initially contains only one type of 
active adsorption centers. The number of these 
centers is N (expressed in mol/cm2). It is not only 
constant, but also significantly less than the 
number of metal atoms. This makes it possible to 
use the Langmuir isotherm model in the analysis.

Let Ni and Nj be the number of active surface 
sites occupied by particles of the i-th and j-th 
types, respectively. The change in the state of the 
active site during i ⇔j 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 k N k N N k kij ij i ji j ij i ji j= - = -( ).Q Q   (1)

Here, kij and kji are the formal rate constants, 
while Θi and Θj are the proportion of surface 
adsorption centers occupied by reagents and 
products. It was assumed that there were no 
diffusion limitations for all types of particles; 
features of the structure of the electrical double 
layer were not explicitly taken into account.

The current covering of adsorption centers was 
assumed to be stationary. In this approximation

k kij i ji j
ji

Q Q= ÂÂ    (2)

actually represents the so-called stationary ki-
netic adsorption isotherm, where

Q Qi j
ji

+ =ÂÂ 1.    (3)

Since k k cij ij
o
i
v= ,  and k k cji ji

o
j
v= ,  the concent-

ration equilibrium constant is K k k K c cij ij ji ij i
v

j
v= = ( )0 .   

K k k K c cij ij ji ij i
v

j
v= = ( )0 .   Here, K k kij ij ji

0 0 0=  is the standard 
equilibrium constant, and cv  is the volumetric 
molar concentration.

The rate constants of adsorption stages 
involving singly charged anions with due account 
of the possibility of partial charge transfer are as 
follows:

k k E c F E E RT

k k E c F E

ij ji i
v

ji ji j
v

= ÈÎ ˘̊

= -

0 0 0

0 0

( ) exp ( - )

( ) exp ( -

lb

la EE RT0 ) ,ÈÎ ˘̊

 (4a)k k E c F E E RT

k k E c F E

ij ji i
v

ji ji j
v

= ÈÎ ˘̊

= -

0 0 0

0 0

( ) exp ( - )

( ) exp ( -

lb

la EE RT0 ) ,ÈÎ ˘̊  (4b)

Whereas for electrochemical stages with their 
participation, they are:

k k E c F E E RT

k k E c

ij ji i
v

ji ji j
v

= -ÈÎ ˘̊

= -

0 0 0

0 0

1

1

( ) exp ( ) ( - )

( ) exp (

l b

--ÈÎ ˘̊l a) ( - ) .F E E RT0

 5a
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k k E c F E E RT

k k E c

ij ji i
v

ji ji j
v

= -ÈÎ ˘̊

= -

0 0 0

0 0

1

1

( ) exp ( ) ( - )

( ) exp (

l b

--ÈÎ ˘̊l a) ( - ) .F E E RT0  5b

Here, E and E0 are the current and standard 
electrode potentials for a given reaction; α 
and β are cathodic and anodic charge transfer 
coefficients (hereinafter a = b = 0.5). If the 
adsorption of a charged particle is not accompanied 
by a redistribution of electron density, then the 
influence of E on the rate constants in equations 
(4a), (4b), (5a), and (5b) disappears, and formulas 
(5a) and (5b) take their usual form. It is obvious that 
in the general case the values of Кij, Kji also depend 
on the potential, although to varying degrees.

3. Analysis of kinetic diagrams
Au|OH-,H2O system. Let us assume that the 

anodic processes occurring in gold in an alkaline 
background electrolyte are stationary. Such an 
assumption is necessary at this stage, since it is 
extremely difficult to obtain a complete equation 
for the nonstationary anodic voltammogram, 
including the potential range of all current maxima 
even in the background electrolyte solution. The 
task is even more complicated if, along with the 
oxidation of hydroxide ions, the electrooxidation 
of the glycine anion occurs in the same potential 
range. According to the analysis technique 
proposed in [1-4], a kinetic diagram of the anodic 
process on the Au electrode in a background 
alkaline electrolyte can be constructed as follows 
(Fig. 2). Here, the initial state (1) is the free active 
site of the gold surface initially occupied by a water 
molecule; the vertices of the graph correspond 
to the successive transformation of the OH– 

ion: Au OH , Au OH , Au O Au O .
ads ads ads 2

- - --
  and

3
 

The covering of the surface with each type of 
adsorption centers is, respectively, Θ1, Θ2, Θ3, Θ4, 

and Θ5; traversing the loop counterclockwise is 
positive. The overall reaction:

Au OH / Au O / H O e,2 2+ ¤ + +-3 1 2 3 2 33   (6)

representing the sum of stages (I), (IIa), (IIIa), and 
(IVa), proceeds at the rate:

i F k k15 15 1 51 53= -( ).Q Q    (7)

Each of these stages corresponds to the 
corresponding graph edge. To simplify the 
calculation procedure, the principle of the 
limiting stage was used, and kinetic situations 
with comparable speeds of two or more stages 
were not considered.

Let us assume that, for example, in the 
potential range of anodic peak A1 on the 
i,E-dependency (Fig. 1), the slowest is stage 
(I), while the rest of the stages are quasi-
equilibrium. Since k12 << kij and k21 << kji, after a 
series of transformations, expression (7) can be 
represented in a fairly simple form:

i i

F
k K K K K k

K K K K K K K

15 12

12 23 34 45 15
1

21

23 23 34 23 34 45 2

3
1

ª =

=
-

+ + + +

-

(
33 34 45 15

1K K K - ).
. (8)

In this case, the effect of kinetic coupling of 
individual stages is manifested through a change 
in values Θ1 and Θ5, each of which is determined 
by a set of equilibrium constants from all stages 
of the process. It should be noted that under 
the procedure [2-4], expression (8) is written 
based on a fairly simple graphical algorithm, the 
structure of the graph is analyzed, and the system 
of equations (1)-(3) is not solved.

By subsequently assuming stages (IIa), (IIIa), 
and (IVa) as limiting, in a similar way we obtained 
expressions for the rate of the total oxidation 
reaction for gold in an alkaline medium in the 
potential range of peaks A2, A3, and A4: 

i i

F
k k K K K K

K K K K K K K K

15 23

23 32 54 43 21 15

21 21 15 21 15 54 21

3
1

ª =

=
+ + + +

(
-

115 54 43K K
)
 (9)

i i

F
k K k K K K

K K K K K K K

15 34

34 23 43 15 21 54

21 23 21 15 54 21 15

3
1

ª =

=
+ + + +

(
-  

))
 (10)

i i F
k K K k K K
K K K K K K15 45

45 23 34 54 21 15

21 23 23 34 21 15

3
1

ª =
-

+ + + +
( )

 . (11)

Fig. 2. Graph-kinetic diagram of adsorption and elec-
trochemical processes occurring on an Au electrode 
in an alkaline medium in the region of potentials 
preceding the anodic release of molecular oxygen
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The sets of constants necessary for calculations 
were found by the brute force search based on the 
condition of best matching the position of each of 
the calculated and experimental anodic maxima. 
In addition, the values of the rate constants of 
direct and reverse reactions were determined 
(Table 1). It should be noted that the values of the 
equilibrium constants of individual stages by an 
order of magnitude coincided with the values of 
constants that could be calculated from known 
reference data [32]. The calculation showed that 
within the selected assumptions, the position of 
each of the four anodic current maxima on the 
calculated voltammogram correlated with the 
corresponding peak on the experimental i,E-
dependence (Fig. 3). However, the A1 maximum 
on the calculated voltammogram could be 
obtained only by assuming l ≠ 0. Otherwise, 
in this potential range there is a horizontal 

platform rather than a peak, which contradicts 
the experimental data (Fig. 3, inserts a and b).

Au| Gly–, OH–, H2O system. In the general 
case, the anodic processes in this system include 
the entire spectrum of reactions (I)–(XIII). 
Accordingly, the kinetic graph should consist of 
five interconnected cycles: anodic processes on Au 
in a background solution, the same, but with the 
addition of glycine, anodic reactions of additional 
oxidation of formate ions and cyanide ions, and 
dissolution of gold itself. However, the processes 
of OCN– and Au(CN)(3–j)+ formation occur at any 
noticeable rate only at high anodic potentials, that 
is why at this stage of the graph-kinetic analysis 
reactions (VIII) – (XIII) were not considered. The 
same applies to reactions (IVa) and (IVb) which 
correspond to the formation of gold oxide (III) 
at the potential of the A4 peak since its position 
and amplitude are practically insensitive to the 

Table1. Values of rate constants and equilibria constants of partial reactions occurring in the system 
Au|OH–,H2O

Constant
Edge of the graph

 (1¤2)  (2¤3) (3¤4) (4¤5) (5¤1)

kij
0 1,  c- 2 5 10 7. ◊ - 1 0 10 9. ◊ - 6 5 10 1. ◊ - 2 5 10 4. ◊ - –

kji
0 1,  c- 1 7 10 13. ◊ - 2 5 1015. ◊ 4 3 1021. ◊ 2 5 1029. ◊ –

Kij
0 1 5 106. ◊ 4 0 10 25. ◊ - 1 5 10 22. ◊ - 1 0 10 33. ◊ - 9 10 74◊ -

Fig. 3. The calculated voltammogram obtained in the Au|OH-,H2O system in comparison with the experimen-
tal one (dotted line). Inset: The maximum area A1, taking into account (a) and without taking into account the 
partial charge transfer (b) during the adsorption of the hydroxide ion
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presence of glycine in the solution (Fig. 1). As 
a result, the kinetic analysis concerns only the 
potential range covering the anode peaks A1Gly, 
A2Gly, and A3Gly, i.e. it is limited to the study of 
coupled partial processes of adsorption and anodic 
oxidation of OH- and Gly- anions and the additional 
oxidation of HCOO-. The graph corresponding to 
them contains three interconnected cycles: a, b, 
and c (Fig. 4A). However, it is also quite difficult 
to provide an analytical description of the 
processes within this graph, that is why further 
simplifications were made assuming that stages VI 
and VII proceed together. The resulting graph now 
contains only 2 cycles (Fig. 4B), in which the stage 
1⇔2 is common. Accordingly, the equilibrium 
constant K56 is multiplicative and is the product of 
the corresponding equilibrium constants of stages 
VI and VII. Therefore, it is impossible to separately 
determine the latter within the framework of this 
simplification.

It was assumed that in each cycle it was 
possible to distinguish a limiting stage in the 

corresponding potential range, the kinetic 
regularities of which determine the shape of 
the partial anodic i,E-curve. It is reasonable to 
assume that, similar to the background electrolyte 
solution, with the growth of E, the nature of the 
limiting stage changes, so does the nature of the 
particles involved in the oxidation reactions in 
both cycles. The following most probable kinetic 
situations were considered:

Kinetic route I. In the potential range of the 
A1Gly – A2Gly maxima, the limiting stage in cycle a 
is (2⇔3), and in cycle b, it is stage (5⇔6). The 
total anodic current in this case should consist 
of partial currents of anodic oxidation of anions 
of hydroxyl i14 and glycine i17

*:

i Fk
K k k k

k k k
K K K

K K K

14 23
12 52 67 71

52 67 71
21 14 71

14 34 21

2
1

=
+

+ + + +
+ +

( )

KK K K52 67 71+
Ê
ËÁ

ˆ
¯̃

Ê

Ë

Á
ÁÁ

ˆ

¯

˜
˜̃

 (12)

* Although stage 1⇔7 is an adsorption stage, the amount of 
adsorbate is determined by the rate of electrooxidation of 
glycine and additional oxidation of formate.

Fig. 4. General (A) and simplified (B) kinetic graphs of conjugated anode processes in the Au|Gly-,OH-,H2O 
system in the region of anode maxima potentials  А1Gly - А3Gly 

А

B
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i Fk
K K

K K K
K K K K K K

17 56
12 25

21 14 71

14 34 21 52 67 71

3
1

=
+ + + +

+ + +

Ê

Ë

Á
Á

ˆ
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Kinetic Route II. In the range of the A3Gly 
maximum, monoradicals are involved in the anodic 
process of cycle a OH , while in cycle b, there is 
additional oxidation of formate ions. If in this case 
the limiting stages are (3⇔4) and (6⇔7), then:
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Kinetic Route III. Assuming that the nature 
of the limiting stage in cycle b does not change 
with the growth of the anode potential, i.e. the 
total current consists of the partial currents 
of the monoradical OH  and the glycine anion 
oxidation, processes (3⇔4) and (5⇔6) may be 
limiting. Wherein:

i Fk
K k k k

k k k K K K
K K K

14 34
23 52 67 71

52 67 71 21 23 25

21 17 2

2
1

=
+( )

+ + + +
+ +

(

11 14 21 17 76K K K K+

È

Î

Í
Í
Í

˘

˚

˙
˙
˙)

 (16)

i Fk
K K k k

k k
K K K
K K K K

17 56
12 25 41 32

32 41
21 23 25

21 17 21 14

3
1

=
+

+ + + +
+ +

( )

++
Ê
ËÁ

ˆ
¯̃

È

Î

Í
Í
Í

˘

˚

˙
˙
˙K K K21 17 76

. (17)

Since stages (2⇔5) and (1⇔7) are adsorption 
stages, they were not considered as limiting.

In all cases, the rate of the corresponding 
partial process is determined by the rate of its 
limiting stage, however, equations (12)–(17) have 
constants corresponding to the processes in both 
cycles, which actually reflects the effect of their 
mutual influence.

For the numerical calculation of partial 
currents, it is necessary to know the sets of the 
corresponding constants, the values of which 
were determined, as before, by brute force search. 
The starting point in determining the values of 
k kij
o

ji
o, , and Kij

0  for partial background processes 
were the values of the constants given in Table 1. 
The brute force search procedure was completed 
when reaching the values of the sets of constants 

that allowed matching the potentials’ maxima of 
the calculated and experimental voltammograms.

The calculated partial voltammograms 
obtained under the assumption that there was 
any of the three possible kinetic situations are 
presented in Fig. 5 (a–d).

In the potential range of the A1 maximum, 
the introduction of the glycine anion led to an 
increase in the potential of the first maximum 
on the partial i, E-dependence corresponding to 
OH- adsorption with partial charge transfer (as 
compared to the background solution), however, 
the rate of electrooxidation of Gly– in the same 
potential range was negligibly small (Fig. 5a).

The A2 maximum on the partial curve in 
the Au|Gly-,OH-,H2O system associated with 
the formation of OH  increased much more 
significantly as compared to the same maximum 
in the background solution (Fig. 5b). In this range, 
there was a process of glycine electrooxidation, 
the rate of which was maximum at E ≈ 0.45 V.

The anodic A3 maximum on the partial i,E-de-
pendence corresponding to the electrooxidation of 
OH  and the formation of Au O-   also increased in 

the presence of glycine, however, to a much smaller 
degree (Fig. 5c). Along with the electrooxidation of 
glycine, the process of formate ion additional oxi-
dation was also possible. This process reached the 
maximum rate at E ≈ 0.60 V.

Finally, if we assume that the nature of the 
limiting stage for processes involving oxygen 
changes and for cycle b in any potential range 
the glycine electrooxidation reaction (5⇔6) 
is limiting, then the kinetic situation III is 
observed. The corresponding calculated partial 
i,E-dependencies are shown in Fig. 5d.

It is characteristic that the position of 
the maximum on the partial voltammogram 
corresponding to the process  OH O,Æ  remained 
practically unchanged (Fig. 5c and d). Whereas 
the maximum on the partial i,E-curve of glycine 
oxidation shifted considerably to the anodic 
region (Fig. 5b and d) and fell into the potential 
range of the anodic release of oxygen. The latter, 
however, contradicts the experimental data [10]. 
Therefore, we can come to the conclusion that in 
the Au|Gly-,OH–,H2O system, with an increase in 
the anode potential, the kinetic situations I and 
II are consistently observed, which means that 
the nature of the limiting stages really changes.
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It is important that in any of the considered 
potential ranges, the rate of partial oxidation 
reactions for adsorbed OH and OH  particles were 
significantly higher than that of electroactive 
organic particles. In the framework of formal 
kinetics of “parallel” reactions, this means that 
in the Au|Gly–,OH–,H2O system, the kinetics of 
the glycine anion electroconversion was mainly 
determined by the kinetic features of the process 
of hydroxide ions electrooxidation.

The total voltammogram obtained by adding 
the partial i,E-characteristics of the processes 
involving OH- and Gly- is shown in Fig. 6. The 
insert to the figure shows a fragment for the 
potential range of the A3Gly peak found under 
the assumption that kinetic situation III was 
observed. The discrepancy between the calculated 
and experimental i,E -dependence, both in terms 
of the maximum position and shape, once again 
confirms that this kinetic variant of Gly oxidation 

does not occur in practice.
With regards to variants I and II of the kinetic 

scheme, the position of the maxima on the 

calculated and experimental voltamperograms 
practically coincided with each other. It is clear 
that in the potential range of the A1Gly maximum, 
the overall rate of the process was determined 
only by the regularities of the electroconversion 
of oxygen on gold. In the range of the A2Gly 
maximum, both the electro-oxidation reaction 
of OH- ions and glycine anions contributed to 
the total current of the anodic process. Finally, 
the total anodic process at the A3Gly potential 
consisted of three partial processes: the formation 
of an oxygen biradical, the electrooxidation of the 
formate ion, and the electrooxidation of glycine, 
which was oxidized in this region at a low but 
non-zero rate.

The rate and equilibrium constants of the 
processes occurring in cycles a and b calculated 
from the values of the sets of constants for partial 
reactions are presented in Table 2.

The analysis of these data showed that the 
values of the formal rate and equilibrium constants 
of electrochemical stages 2⇔3 and 3⇔4 for 
reactions with joint participation of ON- and Gly– 

Fig. 5. Partial voltammograms calculated under the assumption that I (a-b); II (c) or III variant of the kinetic 
scheme (d) is realized
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differ little from those obtained for the Au|OH–

,H2O system, while the constants characterizing 
the process of hydroxide ion adsorption change 
significantly in the presence of glycine anion, 
which, in our opinion, once again indicates that the 
processes of electrooxidation of organic particles 
are governed by the kinetic regularities of anodic 
processes involving OH– ions.

4. Conclusions
1. The method of kinetic diagrams was used to 

analyze anodic processes in the Au|Gly–,OH–,H2O 
system with a limited number of active sites on the 
gold surface. It was confirmed that partial multi-
stage reactions of anodic oxidation of glycine and 
hydroxyl anions are kinetically coupled.

2. It was shown that with an increase in 
the anode potential, the nature of the limiting 

stages of processes, both with the participation 
of background and organic particles, changes. 
Otherwise, the calculated i,E dependencies differ 
significantly from the experimental data.

3. Formal rate and equilibria constants of 
electrochemical reactions involving particles of 
background electrolyte and the position of the 
anodic maximum associated with the formation 
of an oxygen biradical are not very sensitive to 
the presence of Gly- in the solution. However, 
the rates of partial oxidation reactions of 
adsorbed OH and OH  particles are significantly 
higher than those of organic anions (Gly- and 
HCOO-). This indicates that the kinetics of 
the electrooxidation processes of Glyis in the 
Au|Gly–,OH–,H2O system are determined by the 
kinetic features of the electrooxidation reactions 
of hydroxide ions.

Fig. 6. Calculated total voltammogram obtained by graph-kinetic analysis under the assumption of the imple-
mentation of the I and II variants of the kinetic scheme; experimental i,E-dependence (dotted line). The inset 
is a fragment of the total i,E–dependence in the region of A3Gly maximum potentials under the assumption of 
the implementation of the III variant of the kinetic scheme of the anodic oxidation process of the Gly- anion

Table 2. Values of rate constants and equilibrium constants of partial reactions occurring in the 
Au|Gly–,OH–,H2O system

Constant
Edge of the graph

1¤2 2¤3 3¤4 4¤1 2¤5 5¤6 6¤7 7¤1

kij
0 1, c- 2 5 10 2. ◊ - 1 1 10 9. ◊ - 6 5 10 1. ◊ - 4 6 10 22. ◊ - 1 6 104. ◊ 6 0 10 9. ◊ - 6 0 10 9. ◊ - 9 0 10 3. ◊ -

kji
0 1,  c- 4 2 10 6. ◊ - 9 7 109. ◊ 4 4 1021. ◊ 2 1 10 4. ◊ - 1 0 10 2. ◊ - 7 2 10 4. ◊ - 7 0 10 4. ◊ - 1 3 104. ◊

Kij
0 5 8 103. ◊ 1 1 10 19. ◊ - 1 5 10 22. ◊ - 2 2 10 18. ◊ - 1 6 106. ◊ 8 3 10 6. ◊ - 8 5 10 4. ◊ - 6 9 10 7. ◊ -
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