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Abstract
We investigated the role of the effect of morphological inhomogeneity of the electrode surface in the voltammetric response 
of the irreversible electrochemical process in the mixed-kinetic mode. An algorithm was developed using the Comsol 
Multiphysics computer package for the numerical simulation of the electrode reaction, including successive stages of 
irreversible charge transfer and diffusion mass-transfer, using the fi nite element method. By numerical solution of the 
diffusion-kinetic problem, polarization curves of the irreversible electrochemical process on electrodes with a rough surface 
formed by the irregularities of various geometric types (sinusoidal surface, surface with protrusions, trapezoidal surface, 
sawtooth surface, and “random” surface) were obtained. We established the usage conditions for the voltammetric method 
of studying the kinetics of electrochemical processes under which the roughness of the electrode should be considered. It 
was found that at relatively high potential scan rates, the voltammetric maximum on the polarization curve was formed 
under conditions of a very small thickness of the diffusion layer, repeating the profi le of the rough surface, therefore the 
peak current strength was proportional to the roughness factor. If the scanning rate was relatively low, then by the time 
the peak on the voltammogram was reached, the diffusion front was completely smoothed out, and the surface roughness 
of the electrode no longer affected the maximum current. At the same time, the shape of the irregularities responsible for 
the roughness did not signifi cantly affect the voltammetric response of the irreversible electrochemical process.
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1. Introduction
Voltammetry is one of the most informative 

transient methods for studying the kinetics 
and mechanism of electrochemical processes 
[1–5]. At the same time, the theoretical basis 
of this method was developed mainly for 
perfectly smooth flat electrodes, while the 
vast majority of electrochemical processes 
occur on the surface of solid electrodes, which 
are characterized by a noticeable geometric 
heterogeneity. The roughness effect in the 
voltammetric response was previously studied 


 Kozaderov Oleg Alexandrovich, e-mail: ok@chem.vsu.ru 

for a diffusion-controlled electrode process 
[6–10], while the stage of charge transfer was 
considered reversible or quasi-reversible. At the 
same time, the electrochemical process, which 
is complicated by non-stationary diffusion 
mass-transfer, is often irreversible [1, 11–17]. 
The solution to the corresponding diffusion-
kinetic problem can be obtained by computer 
simulation of the electrode process on the 
surface of a solid electrode with varying degree 
of geometric heterogeneity.

The purpose of this study was the quantitative 
description of the effect of morphological 
heterogeneity of the electrode surface in 
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the voltammetric response to an irreversible 
electrochemical process.

The objectives of the study were as follows: 
1. The calculation of voltammograms of an 

irreversible electrochemical process on electrodes 
with a rough surface formed by irregularities 
of various harmonic types (sinusoidal surface, 
surface with protrusions, trapezoidal surface, 
sawtooth surface and “random” surface).

2. The establishment of the roles of potential 
scan rate, roughness factor, and geometric 
shape of roughness in the value of the criterion 
parameters of the voltammetric signal of an 
irreversible electrochemical process - current and 
overpotential maximum.

2. Formulation of the Problem
Consider the process of electrochemical 

transformation, described by the first-order 
reaction equation:

Red Ox
k

k
neæ Ææ¨ ææ + -,   (1)

in which n – the number of electrons, k  and k  – 
heterogeneous rate constants of the anodic and 
cathodic reactions, respectively, depending on 
the electrode potential E (overpotential h) [20]. 
Assuming that k  >>k , i.e. reverse transformation 
Ox in Red is neglected. This assumption is valid 
for suffi ciently high overpotentials, several times 
higher than RT/F ≈ 25 mV (R – universal gas con-
stant, T – temperature, F – Faraday constant), or 
in cases where the oxidized form of a substance 
Ox is insoluble or has a very high diffusion mobil-
ity in the solution.

We suppose that the electrochemically active 
substance Red is delivered to the electrode by 
semi-infi nite diffusion, and the spatio-temporal 
profi le of its concentration c is described by the 
equation of Fick’s second law [4]. For a perfectly 
smooth fl at surface, the diffusion problem will be 
one-dimensional:
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Where D – volume diffusion coefficient, 
t – time; coordinate axis z directed deep into 
the solution perpendicular to the plane of the 
electrode. As model surfaces, we will consider 
corrugated profiles (Fig. 1) with the distance 
between adjacent irregularities l, the height of 

the irregularities e and roughness factor fr = S/Sg, 
equal to the ratio of real S and geometric Sg 
electrode area. In this case, for the calculation of 
the concentration profi le, it is necessary to solve 
a two-dimensional differential equation:

∂
∂

= ∂
∂

+ ∂
∂

Ê
ËÁ

ˆ
¯̃

c
t

D
c

x
c

z

2

2

2

2 .  (3)

Coordinate axis x directed perpendicular to 
the axis z. 

The moment the polarization is turned on 
(t = 0) the concentration of substance Red in all 
points of the solution is the same and equal to 
its volumetric value (the initial condition of the 
diffusion-kinetic problem):

c c
t =

=
0

0.  (4)

According to the fi rst boundary condition, the 
concentration of the substance Red approaches 
the value c0 the further from the surface of the 
electrode.

c c
zÆ•

= 0.  (5)

The second boundary condition connects the 
diffusion fl ux of the substance to the electrode 
surface along the normal vector n  and its 
consumption rate during the electrode reaction:

D
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n
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S

∂
∂

= .  (6)

The rate constant k  exponentially depends 
on the overpotential h = Vt which in the 
potentiodynamic polarization mode varies 
linearly with time at a rate equal to the potential 
scan rate V = dE/dt:

k
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Here i0 – exchange current density, a – charge 
transfer coeffi cient.

The voltammogram of the process was 
calculated as a dependence of the current density 
i on overpotential h, taking into account the 
following ratio:

I nFD
c
n S

= ∂
∂

.  (8)

Graphically, the potentiodynamic curves 
were presented in dimensionless H,Y coordinates 
where H = nFh/RT (dimensionless overpotential) 
and Y = Il/nFc0DSg (dimensionless current).
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Fig. 1. Geometric profi les simulating the rough surface of the electrode

The system of equations (1)–(8) was solved 
numerically by the finite element method in 
the Comsol Multiphysics program [18, 19] for 
different values of the dimensionless potential 

scan rate u l= nF
RTD

V
2

. The values of the estimated 

input parameters in Table 1 were selected so 
that they corresponded to the irreversible charge 
transfer stage on the electrode complicated by the 
non-stationary diffusion mass-transfer of Red in 
an electrolyte solution.

For checking the adequacy of the choice of 
input parameter values and the numerical solution 

as a whole, during the fi rst stage we compared 
the results obtained in Comsol Multiphysics for 
a perfectly smooth electrode with a fl at surface 
(Fig. 2a) with an analytical solution known from the 
literature [19]. It turned out that the peak height 
Ymax on the calculated curves was proportional to 
the square root of the dimensionless scan rate u1/2 
(Fig. 2b). In the logarithmic H,lg u-coordinates the 
maximum overpotential Hmax = nFhmax/RT linearly 
increased. At the same time, the results of the 
numerical and analytical solutions completely 
coincided, which allowed using the developed 
algorithm for the rough surface of the electrode.
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3. Results and discussion
Voltammograms of a kinetically irreversible 

electrochemical process calculated for two values 
of dimensionless potential scan rates u, which 
differ by 107 times, are shown in Fig. 3. As on a 
perfectly smooth electrode, the presented curves 
had a characteristic maximum of dimensionless 
current density Y. At the same time, if the scan 
rate was relatively low, then the maximum height 
did not depend on the roughness factor (Fig. 3a). 
With a high scan rate, on the contrary, a clear 
dependence of the peak height on fr was revealed 
(Fig. 3b).

The observed difference in the potentiodynamic 
behaviour of the considered system can be 
explained by analysing the concentration fi eld 
of the diffusant near the electrode (Fig. 4). 

When the potential is scanned slowly, by the 
time the current peak is reached, the diffusion 
front propagates deep enough into the solution, 
acquiring a fl at shape. The height of the electrode 
irregularities is much less than the thickness of 
the formed diffusion layer. As a result, the surface 
roughness factor does not affect the current 
strength (Fig. 4a). If the scan rate is high, then 
upon reaching the peak value of the current, the 
diffusion front propagates deep into the solution 
to a very small distance. In this case, the diffusion 
front repeats the profi le of the rough surface, and 
the height of the irregularities is much higher than 
the thickness of the diffusion layer (Fig. 4b). That 
is why the diffusion fl ux of the electrochemically 
active substance, the electrochemical reaction 
rate, and the current strength are proportional 
to the roughness factor.

Consider the dependences of the maximum 
current strength and the maximum overpotential 
of the voltammogram on the scan rate, plotted in 
coordinates, criterion for voltammetry Ymax,u

1/2- 
and Hmaxlg

 u (Fig. 5). It can be seen that with u < 1, 
the calculated curves coincide, while for u > 2 
their divergence is observed. The analysis shows 
that for u >> 1 criterion Ymax,u

1/2-dependencies are 
linearized and extrapolated to the origin of the 
coordinates. In turn, the maximum overpotential 
Hmax is linearly dependent on the logarithm of the 
scan rate over the entire range of values u only 
in the case of a perfectly smooth fl at electrode 
surface. If the process occurs on a rough surface, 
then the dependence of Hmax on lg u is linear only 
for lg u < 0 and lg u > 3, i.e. in the region of very 

Fig. 2. Criterion dependences of current density (a) and overpotential (b) of the voltammogram maximum of 
an irreversible electrochemical process, obtained based the results of analytical (1) and numerical (2) solutions 
to the diffusion-kinetic problem and presented in dimensionless coordinates

Table 1. The values of the parameters of 
numerical calculation

Parameter Value
Volume concentration of 
diffusant c0 1 mol/m3

Exchange current density i0 10–3 A/m2

The number of electrons n 1
Charge transfer coeffi cient a 0.5
Faraday constant F 96485 C/mol
Universal gas constant R 8.314 J/K·mol
Temperature T 298 K
Diffusion coeffi cient D 10–9 m2/s
Roughness factor fr 1÷5
The distance between adjacent 
irregularities l 0.5 μm

Potential scan rate V 10-4÷103 V/s
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Fig. 3. Voltammograms of a kinetically irreversible electrochemical process occurring on the surface of an 
electrode with a roughness factor fr = 1 (1), 1.5 (2), 2 (3), 2.5 (4), 3 (5), 5 (6), calculated for a corrugated electrode 
with a sinusoidal microroughness at the dimensionless potential scan rate u = 0.0141 (a) and 141000 (b)

Fig. 4. The concentration fi eld of the diffusant (in dimensionless c/c0 units) in a solution near a rough surface of 
various harmonic types by the time the current maximum was reached at fr = 2 and u = 0.0141 (a) and 141000 (b)
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low or very high values of the potential scan 
rate. Moreover, if u is low, then the maximum 
overpotential decreases with an increase in the 
roughness factor.

For electrodes with irregularities of various 
shapes the dependence of the ratio of currents 
on rough and fl at electrodes j, which we will call 
the “roughness function” is shown in Fig. 5. In 
the case where the time to reach the maximum 
of the voltammogram was very short (i.e., at high 
potential scan rates), the roughness function is 
simply equal to the roughness factor j = fr. Under 
such conditions of the voltammetric experiment, 
taking into account the roughness of the 
electrode surface is mandatory and is reduced to 
dividing the current strength by fr. If the potential 
scan rate is low, then the roughness function is 
equal to one, and the correction of current at the 
maximum of the voltammogram for the electrode 
roughness is not required.

We come to the same conclusion, taking into 
account the behaviour of the roughness function 
j calculated over a wide range of dimensionless 
time to reach maximum current tmax = Dtmax/l

2. 
The independence of the j function from the 
roughness factor fr and from time is observed only 
over relatively large times tmax > 50 (Fig. 6), i.e. 
for the slow potential scan rate. If the maximum 
current is reached quickly, which corresponds to 
high scan rates and values tmax < 10–2 then j = fr 
since the diffusion front replicates the surface 
profi le.

A comparison of the calculation results for 
rough surfaces of various harmonic types showed 

that the geometric shape of the irregularities does 
not affect the shape of voltammograms irrespective 
of the potential scan rate value (Fig. 7).

It should be noted that under real conditions, 
the fact that at high scan potential rates 
electrochemical measurements can be complicated 
by the fl ow of a non-faradic capacitive current 
through the electrode should be also taken into 
account. The occurrence of non-faradic capacitive 
current is caused by the charging of a double 
electric layer, the electric capacity of which 
(especially with a highly developed surface) can 
reach very high values. The consideration of this 
effect was not included in the objectives of this 
study and requires additional research within 
the framework of the corresponding diffusion-
kinetic problem.

4. Conclusions 
The numerical solution to the non-stationary 

diffusion-kinetic problem demonstrated that 
taking into account the roughness of the electrode 
surface in voltammetry of an irreversible 
electrochemical process, which is complicated 
by the non-stationary diffusion transfer of an 
electroactive substance, is mandatory if the 
potential scan rate is relatively high. Under 
these conditions, upon reaching the peak value 
of the current, the diffusion front propagates 
deep into the solution to a very small distance, 
and the diffusion layer completely replicates 
the profi le of the rough surface, therefore, the 
diffusion fl ux density and current density should 
be normalized to the electrode roughness factor. 

Fig. 5. Criterion dependences of the voltammetric maximum parameters - peak current (a) and peak overpo-
tential (b), calculated for a perfectly smooth plane (1) and sinusoidal (2) - (6) electrode surface at different 
values of the roughness factor fr = 1.5 (2), 2 (3), 2.5 (4), 3 (5), 5 (6)

Condensed Matter and Interphases, 2020, 22(2), 211–218

E. V. Bedova et al. Voltamperometry of a Kinetically Irreversible Electrochemical Process on a Rough Electrode



217

If the potential scan rate is relatively low, then 
by the time the current peak is reached, the 
diffusion front propagates deep into the solution 
and is completely smoothed, therefore, the 
diffusion fl ux density and the current density are 
proportional not to the real, but to the geometric 
area of the electrode.

Confl ict of interests 
The authors declare that they have no 

known competing fi nancial interests or personal 

relationships that could have infl uenced the work 
reported in this paper.

References 
1. Compton R. G., Banks Craig E. Understanding 

Voltammetry. World Scientific; 2007. 371 p. DOI: 
https://doi.org/10.1142/6430 

2. Vvedenskii A. V., Kozaderov O. A. Linear 
voltammetry of anodic selective dissolution of 
homogeneous metallic alloys. In: Saito Y., Kikuchi T. 
(eds.) Voltammetry: theory, types and applications. New 
York: Nova Science Publishers, Inc.; 2014. 349 p.

3. Bard A. J., Faulkner L. R. Electrochemical methods. 
Fundamentals and applications. 2nd edition. New York: 
Wiley; 2000. 856 p.

4. Galjus Z. Teoreticheskie osnovy jelektrohimicheskogo 
analiza [Theoretical foundations of electrochemical 
analysis]. Moscow: Mir Publ.; 1974. 552 p. (In Russ.)

5. Matsuda H., Ayabe J. Z. Zur theorie der Randles-
Sevcikschen kathodenstrahl-polarographie. Z. 
Electrochem. 1955;59(6): 494–503. Available at: DOI: 
https://doi.org/10.1002/bbpc.19550590605

6. Menshykau D., Streeter I., Compton R. G. 
Infl uence of electrode roughness on cyclic voltammetry. 
J. Phys. Chem. C. 2008;112(37): 14428–14438. DOI: 
https://doi.org/10.1021/jp8047423

7. Menshykau D., Compton R. G. Influence of 
electrode roughness on stripping voltammetry : 
mathematical modeling and numerical simulation. J. 
Phys. Chem. C. 2009;113(35): 15602–15620. DOI: 
https://doi.org/10.1021/jp904187t

8. Kozaderov O. A., Vvedenskij A. V. Vol’tampe-
rometrija selektivnogo rastvorenija binarnogo 
gomogennogo metallicheskogo splava v uslovijah 
tverdofaznogo massoperenosa [Voltammetry of 
selective dissolution of a binary homogeneous metal 
alloy under conditions of solid-phase mass transfer]. 

Рис. 7. Транзиенты функции шероховатости, рас-
считанные для случайной (1), трапецеидальной (2), 
синусоидальной (3), пилообразной (4), состоящей 
из одиночных выступов (5) поверхностей при зна-
чении фактора шероховатости fr = 3

Fig. 6. Transients of roughness function calculated for 
sinusoidal (a), sawtooth (b), and consisting of single 
protrusion (c) surfaces with roughness factor fr = 1.5 
(1), 2 (2), 2.5 (3), 3 (4), 5 (5)

Condensed Matter and Interphases, 2020, 22(2), 211–218

 Original articles



218

Kondensirovannye sredy i mezhfaznye granitsy = 
Condensed Matter and Interphases. 2011;13(4): 452–
459. Available at: http://www.kcmf.vsu.ru/resources/
t_13_4_2011_010.pdf (In Russ.)

9. Kozaderov O. A., Lozovskij V. V., Vvedenskij A. V. 
Chronovoltammetry of the anodic dissolution of Ag-Au 
alloys in a nitrate medium. Protection of Metals. 
2008;44(4): 333–342. DOI: https://doi.org/10.1134/
S0033173208040036

10. Kozaderov O. A., Vvedenskij A. V. Voltammetry 
of selective dissolution of Ag-Au alloys under 
conditions of solid phase liquid phase mass transfer. 
Protection of Metals and Physical Chemistry of Surfaces. 
2013;49(6): 724–733. DOI: https://doi.org/10.1134/
S2070205113060099

11. Arun Prasad M., Sangaranarayanan M. V. 
Formulation of a simple analytical expression for 
irreversible electron transfer processes in linear sweep 
voltammetry and its experimental verification. 
Electrochimica Acta. 2004;49(16): 2569–2579. DOI: 
https://doi.org/10.1016/j.electacta.2004.01.028

12. Singh T., Dutt J. Linear sweep voltammetry at 
the tubular graphite electrode: Part II. Totally 
irreversible processes. J. of Electroanalytical Chem. and 
Interfacial Electrochemistr. 1985;196(1): 35–42. DOI: 
https://doi.org/10.1016/0022-0728(85)85078-6

13. Jin W., Cui H., Zhu L., Wang Sh. On the theory 
of the integer and half-integer integral and derivative 
linear potential sweep voltammetry for a totally 
irreversible interfacial reaction. J. of Electroanalytical 
Chem. and Interfacial Electrochemistr. 1991;309(1–2): 
37–47. DOI:  https:/ /doi .org/10.1016/0022-
0728(91)87002-L

14. Aoki K., Tokuda K., Matsuda H. Theory of linear 
sweep voltammetry with fi nite diffusion space: Part II. 
Totally irreversible and quasi-reversible cases. J. of 
Electroanalytical Chem. and Interfacial Electrochemistr. 
1984;160(1–2): 33–45. DOI: https://doi.org/10.1016/
S0022-0728(84)80113-8

15. Andricacos P. C., Cheh H. Y. The application of 
linear sweep voltammetry to a rotating disk electrode 
for a first-order irreversible reaction. J . of 
Electroanalytical Chem. and Interfacial Electrochemistry. 
1981;124(1–2): 95–101. DOI: https://doi.org/10.1016/
S0022-0728(81)80287-2

16. Kohler H., Piron D. L., Belanger G. A linear 
sweep voltammetry theory for irreversible electrode 
reactions with an order of one or higher: I. Mathematical 
formulation. J. of the Electrochemical Society. 
1987;134(1): 120–126. DOI: https://doi.org/10.1149/ 
1.2100388

17. Nahir T. M., Clark R. A. Bowden E. F. Linear-
sweep voltammetry of irreversible electron transfer in 
surface-confi ned species using the Marcus theory. 
Anal. Chem. 1994;66(15): 2595–2598. DOI: https://doi.
org/10.1021/ac00087a027

18. Truhan S. N., Derevshhikov V. S. Komp’juternoe 
modelirovanie processov i javlenij fizicheskoj himii 
[Computer modeling of processes and phenomena of 
physical chemistry]. Novosibirsk: NSU Publ.; 2012. 
75 p. (In Russ.)

19. Krasnikov G. E., Nagornov O. V., Starostin N. V. 
Modelirovanie fi zicheskih processov s ispol’zovaniem 
paketa Comsol Multiphysics [Modeling of physical 
processes using the Comsol Multiphysics package]. 
Moscow: NRNU MEPhI Publ.; 2012. 184 p. (In Russ.)

20. Damaskin B.B., Petrij O.A., Cirlina G.A. 
Jelektrohimija: Uchebnik dlja vuzov [Electrochemistry: 
a textbook for universities]. Moscow: Khimiya Publ.; 
2001. 624 p. (In. Russ.)

Information about the authors
 Evgeniya V. Bedova, postgraduate student, 

Department of Physical Chemistry, Faculty of 
Chemistry, Voronezh State University, Voronezh, 
Russian Federation; e-mail: iev.vsu@mail.ru. ORCID 
iD: https://orcid.org/0000-0002-1284-7909. 

Darya I. Kolganova, student, Department of 
Physical Chemistry, Faculty of Chemistry, Voronezh 
State University, Voronezh, Russian Federation; e-
mail: kolganovadi@mail.ru. ORCID iD: https://orcid.
org/0000-0001-9660-0761.

Oleg A. Kozaderov, DSc in Chemistry, Associate 
Professor, Head of the Department of Physical 
Chemistry, Faculty of Chemistry, Voronezh State 
University, Voronezh, Russian Federation; e-mail: 
ok@chem.vsu.ru. ORCID iD: https://orcid.org/0000-
0002-0249-9517.

All authors have read and approved the final 
manuscript.

Translated by Valentina Mittova
Edited and proofread by Simon Cox

Condensed Matter and Interphases, 2020, 22(2), 211–218

E. V. Bedova et al. Voltamperometry of a Kinetically Irreversible Electrochemical Process on a Rough Electrode


