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This work is aimed at studying the influence of kinetic parameters and diffusion coefficients on stationary
concentration distribution of electroactive and electroinactive species in a model electrochemical process with a
preceding chemical reaction under constant current. We consider a preceding homogeneous first-order chemical
reaction with a reversible heterogeneous electrochemical reaction at a planar electrode surface. To elucidate the
peculiarities of stationary concentration distribution of electroactive and electroinactive species in a thin stagnant
layer attached to a planar electrode surface, the exact solutions of a system of differential equations describing the
variations of the concentrations of the participating species with a distance to electrode surface have been analyzed.
The cases of equal and unequal diffusion coefficients of species involved in a preceding chemical reaction have been
considered. It has been shown that the diffusion coefficients of both reacting species can affect their concentration
profiles in a thin stagnant layer attached to electrode surface. The calculations demonstrate that the stationary
concentration of electroactive and electroinactive species decreases with an increase of the diffusion coefficients.
The influence of the rate constants of a preceding chemical reaction on the stationary concentration is different for
electroactive species and electroinactive one. As the rate constants of a preceding chemical reaction are increased,
the stationary concentration of electroactive species decreases, whereas the stationary concentration of
electroinactive species increases slightly. This is also valid for the case of the stationary surface concentration of
electroactive and electroinactive species. The thickness of a thin stagnant layer attached to a planar electrode
surface where a change of the concentration of electroactive species takes place, also affects the stationary
concentration distributions. The effect of this parameter is especially crucial at low values of a preceding chemical
reaction rate constants.

Keywords: CE mechanism, concentration profile, surface concentration, preceding chemical reaction, Nernst
diffusion layer, reaction layer, diffusion coefficient, chemical reaction rate constant, steady-state conditions

INTRODUCTION convection has been revealed in 3D
concentration profiles along an electrodialysis
channel in [4]. A new approach to control
concentration profiles at electroactive biofilm
interfaces has been implemented in [5]. Ion
specificity in the measured concentration depth
profile of ions at the vapor-glycerol interface has
been investigated in [6]. New correlations from
millimetric to submillimetric interelectrode
distances has been obtained in mass transport
evolution in  microfluidic thin film
electrochemical reactors in [7]. A theoretical
analysis of the enzyme reaction processes within
the multiscale porous biocatalytic electrodes has
been done in [8]. The nonlinear mass transfer at
the electrodes with reversible homogeneous
reactions and the steady-state behavior of

The study of the mass transport of
electroactive species from/to bulk of the solution
and to/from electrode surface is crucial for the
comprehension of heterogeneous charge transfer
processes [1-14]. Earlier to investigate transport
at micrometric level, the mapping of
concentration profiles of redox-active species
with excellent accuracy and resolution by using
nanometric amperometric probes has been
presented in [2]. The effect of natural convection
on transport at microdisk electrodes was
investigated. Recently, the analysis of the
concentration profiles and fluxes in time-
dependent 2 D model for transport of species in
electrodialysis has been conducted in [3].
Experimentally, a strong effect of natural
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pseudo-first-order EC-catalytic mechanism at a
rotating disk electrode have been investigated in
[9] and [10]. Nonlinear effects of diffusion
limitations on the response and sensitivity of
amperometric biosensors have been found in
[11]. In situ SECM study on concentration
profiles of electroactive species from corrosion
of stainless steel has been carried out in [12].

In this paper, a model -electrochemical
process with a preceding homogeneous first-
order chemical reaction and a reversible
heterogeneous electrochemical reaction at a
planar electrode surface is considered. In this
model process, a reversible heterogeneous
charge transfer reaction is fast (Nernstian), and
the mass transport of electroactive species is due
to diffusion. We will analyze the peculiarities of
stationary ~ concentration  distributions  of
electroactive and electroinactive species in a thin
stagnant layer attached to a planar electrode
surface under constant current. The control
parameters of the system will be the diffusion
coefficients of the species involved in a
preceding chemical reaction and the rate
constants of a preceding chemical reaction. It
will be found the ranges of these parameters at
which the stationary concentration distribution of
electroactive species can be influenced by the
presence of electroinactive species at most. To
our knowledge, this question has not been raised
in the literature.

The paper is organized as follows: the
second section presents the main equations for a
model electrochemical process with a preceding
homogeneous first-order chemical reaction in the
Nernst diffusion layer, the derivation of the
expressions for the stationary concentration
profiles of electroactive and electroinactive
species in this layer, as well as the expressions
for the stationary concentration of the species at
a planar electrode surface. The third section
demonstrates the results of numerical
simulations [15] that are discussed and followed
by the conclusions and the references.

THEORY

Main equations  for a model
electrochemical process with CE mechanism.
We consider the following electrode process
with a preceding homogeneous first-order
chemical reaction. An electrochemical process in
which a chemical step occurs first and is
followed by an electron transfer we refer to it as
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following a CE mechanism. Here C denotes

chemical reaction and E dealing with
electrochemical one [13]:
kl
Be—=A e)
k\l
A+ne——=C 2)

s2

where k; and k, are the rate constants for the

chemical reaction, ks and kp are the
electrochemical rate constants in the forward
(reduction) and reverse (oxidation) directions, n
is the number of electrons participating in an
elementary act of reaction (2). In our case, the
species B is not in excess and its diffusion
coefficient can be unequal to the diffusion

coefficient of species A, D, #D,. The

distribution of the species C does not affect the
distribution of the species B and A. It is affected
only by the value of the current flowing through
the interface.

Neglecting ionic migration, which is
suppressed by a supporting electrolyte, the
following differential equations describing the
variations of the concentrations of the
participating species A and B with distance to
planar electrode surface x and time ¢ can be
written:

oc o’c
8_tB =D, ?23 - kch + kch 3)
oc o’c
a—tA:DAKZA-FkICB—kZCA. (4)

The species B do not involve into the
electrode process at a chosen potential value. It
is electroinactive, so a gradient of concentration
of the species at electrode surface is equal to
Zero:

DB dﬁ x=0 — 0 .

dx

The diffusive flux of electroactive species A
at electrode surface under application of constant
current is given as:

)

de, i

dx " - ©
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where i is an applied current density, /' is the
Faraday constant.

Here we will investigate the concentration
profiles of species A and B in a thin stagnant
layer attached to the electrode surface, namely in
the Nernst diffusion layer with the thickness d .
Beyond the boundary of the Nernst diffusion
layer, in the bulk electrolyte, the following
condition is met:
cyk, =ck,. (7)

the

concentrations of species B and A coinciding

Here ¢, ¢, are equilibrium

with the bulk concentrations of species cj , ¢
(8)
©)

Stationary concentration profiles of species
A and B in Nernst diffusion layer. Under
steady-state Oc, /0t=0
oc,/0t=0, we have the following system of

differential equations for determination of the
stationary concentration of electroactive and
electroinactive species:

803

cy(d)=cy
c,(d)=c}.

conditions and

D,—>—kc,+k,c,=0, (10)
ox’
o’c,
DA_2+kch_kZCA =0. (11)
X

The solutions for the system of differential
equations (10), and (11) can be found in the
following form [14]:

k

o k D D,
¢ (x)=—py +— p;x——= pich(rx) ——" p,sh(rx)

kZ k_2 DA DA
(12)
¢y ()= pich(m) + pysh()+ px+p,. (13)
Here the coefficients p,,p,,p;,p, are

determined by the boundary conditions (5-9) and
the parameter 7 is as follows:

i th (rd)

nFD, ki Dy 7
ky DA

p=- (14)
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i

p2 = s (15)
nkr-D, ﬁ+&
kZ DA
p3 == llc D s (16)
nFD, [1+Bj
k2 A
OO i-d
Py=¢Cp + K D ) (17)
nFD, +—£
k2 DA
po [k (18)
DB DA

The functions ¢ (x), and ¢y (x) determine

the stationary concentration profiles of species A
and B in the Nernst diffusion layer.

Stationary concentration of species A and B
at a planar electrode surface. At x=0, the
expressions (12) and (13) are simplified to the
following forms:

s D, k,

Cu=—""7""Dit—D (19)
t D, k,
w =Pt Py (20)

Taking into account the expressions (14) and
(17) for the coefficients p, and p,, and the

boundary conditions (5-9), we get the
expressions for the stationary  surface
concentrations of electroactive and

electroinactive species as follows:

o i-d k. D, th(rd)
Cog =Cy t p D k_+D b
nFD[ ] 2
2 A
(21)
T S [1 th(;d)j. (22)
nfD,| 54 Ds ’
k, D

If the diffusion coefficients of species are
equal, D, =D, = D, then the expressions (21),
and (22) can be rewritten as:
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i-d £+th(rd)} 23)

(k d
nFD(k‘HJ 2 7

2

Cip=Cp+ ! : (1 - th (;d)j. (24)
nFD(kl+1] d

2

It is worth mentioning that the parameter 7 is
reciprocal to the kinetic (reaction) layer o, [1],
r =1/ 6, . The kinetic layer O, is a distance from
an electrode surface at which the following
condition satisfies: k¢, ~k,c,. Near the

electrode surface, the equilibrium will be
disturbed, since on the surface itself species A
disappear as a result of the electrode reaction.

Outside the kinetic layer O, , the bulk chemical

reaction proceeds in an equilibrium manner. Only
in the solution layer with the thickness o, does

the kinetic (non-equilibrium) chemical process
occur. The parameter 0, decreases when the rate

constants of chemical reaction increase, and
increases if the diffusion coefficients of species
increase.

cx/cs
14}

12+

10+

N—

RESULTS AND DISCUSSION

Electroactive species. Figures 1, 2, and 3
show the stationary concentration profiles of
species A defined by Eq. (12) and normalized to

a value of the bulk concentration ¢! for three
sets of the chemical reaction rate constants £,
and k,, at different values of the diffusion
coefficient of electroactive species D,, and

fixed value of the diffusion coefficient of
electroinactive species D, . In order to satisfy the

condition defined by Eq. (7), and for the case of
k, / k, <<1, the bulk concentrations of species A

and B were fixed at the values of
¢} =8-10"molecm™, and ¢j =8-10*mol cm™.
As can be seen from Figs. 1, 2, and 3, the
dimensionless function ¢ (x)/c’ decreases with

distance to a planar electrode surface, O <x<d .
Beyond the boundary of the Nernst diffusion
layer, x>d, the stationary concentration of

electroactive species ¢ (x) reaches a value of
the bulk concentration ¢, ie. c’(x)/c)=1.
The points of intersection of the curves
¢’/ (x)/ ¢’ with the axis of ordinate correspond to
the normalized values of the stationary surface
concentration of electroactive species ¢’ /c
defined by Eq. (21).

0.0005

L L, cm
0.0015 0.002

Fig. 1. Dimensionless concentration profiles of species A in the Nernst diffusion layer for different sets of the chemical
reaction rate constants (/) k1 =0.01 s'Tand kb =15";(2) ki=0.1s"and ,=10s"; 3) ki=1s"'and k, =100 s7';
and at fixed values of the diffusion coefficients of species: D4 = 10° cm?/s, Dz =2-10" cm*/s. Here and below,

d=210%cm,i=102mA/cm?, T=300K, n=1

An increase in the chemical reaction rate
constants k, and k, results in a decrease of the

function ¢’ (x)/c’. The significant effect of the

parameters k,, and k, on this function can be
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(Fig. 1). In this case, the curves of the function
c¥(x)/cY are well separated from each other
and descend most sharply with distance x. As
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the parameter D, increases, the curves of the
function ¢’ (x)/c" for different values of the

parameters k,, and k, approach each other and
decline slowly with distance x (Figs. 2, 3). This
indicates a reduction in the influence of the
parameters k,, and k, on the system. The
show that the
parameter D, on the function ¢’/ (x)/c’ can be

calculations impact of the

cHmycy

observed only at high values of the parameters
k,, and k,. As in the case of the parameter D ,,
the function ¢’ (x)/c} decreases with an

increase in the parameter D, . This statement is
also true for the case of the stationary surface
concentration of electroactive species ¢, .

0.0005

Fig. 2.

0.001

L Cm

. Lox
0.0015 0.002

Dimensionless concentration profiles of species A in the Nernst diffusion layer for different sets of the

chemical reaction rate constants as in Fig. 1 and at fixed values of the diffusion coefficients of species:

Dy=107 cm?¥s, Dg=2 107 cm?¥/s

camicy
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Fig. 3. Dimensionless concentration profiles of species A in the Nernst diffusion layer for different sets of the
chemical reaction rate constants as in Fig. 1 and at fixed values of the diffusion coefficients of species:

D4s=2107 cm?s, D=2 107 cm?%/s

Figures 4 and 5 present the dimensionless
stationary surface concentration of electroactive

species, cth /cg, as a function of the both
diffusion coefficients D, and D,, at low and
high values of the chemical reaction rate
constants k,, and k,, respectively. At low
values of the parameters &, , and k,, the function

¢, /¢’ is practically independent on the

482

parameter D, and reaches high values if the
parameter D, is small, as in the case of the
function ¢’/ (x)/cY (Fig. 4). At high values of
the parameters k,, and k, , the function ¢, /¢,
is dependent on both the parameters D,, and

D, . It decreases with their increase (Fig. 5).
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Fig. 4. Density plots of dimensionless stationary surface concentration of species A, ¢, / cg , as a function of the

diffusion coefficients D4 and Dp, at fixed values of the chemical reaction rate constants: k; = 0.01 s™' and

k=1 s!
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Fig. 5. Density plots of dimensionless stationary surface concentration of species A, ¢

!
0.000010

!
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L
0.000020

N

0 .
>,/ ¢, , as a function of

diffusion coefficients D4 and Dj, at fixed values of the chemical reaction rate constants: k; = 10 s! and

ko =1000 s7!

Electroinactive species. Figures 6, 7, and 8
illustrate the dimensionless concentration profiles
of species B in the Nernst diffusion layer for
different values of the chemical reaction rate
constants k;, and k,, and the diffusion

coefficients of species D, and Dg. Contrary to the
function ¢’ (x)/c", an increase in the parameters
ky, and k, leads to a slight increase of the
function ¢} (x)/c; . The calculations demonstrate
a strong influence of the parameter Dp on the
function ¢} (x)/c). As can be seen from Fig. 6, at
a high value of this parameter, the curves of the
function ¢} (x)/c) for different sets of the

parameters k;, and k, merge into one curve

corresponding to ¢} (x)/cy ~1. The curve is
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almost parallel to the abscissa axis. This means
that the stationary concentration of electroinactive
species B does not change with the distance to a
planar electrode surface x and is independent on

the chemical reaction rate constants k; , and &, .
At low values of the parameter D, the curves

of the function ¢} (x)/c; can be separated from

each other (Fig. 7). A high value of the parameter

D, can magnify this effect (Fig. 8). In these cases,
there is a mere dependence of the function

cy(x)/c)y on the distance x. Similar to the
function ¢ (x)/c}, the function ¢} (x)/c) can
decrease with x, but very slightly. Figs. 9 and 10

represent the dependence of the dimensionless
stationary surface concentration of electroinactive
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species, ¢, /¢y, on the diffusion coefficients of chemical reaction rate constants k;, and ke,

species Dy and Dj, at low and high values of the respectively.

CE(x)ICS

1

05

L L L Loz, Ccm
0.0005 0.001 0.0015 0.002

Fig. 6. Dimensionless concentration profiles of species B in the Nernst diffusion layer for different sets of the
chemical reaction rate constants as in Fig. 1 and at fixed values of the diffusion coefficients of species:
D,=10°%cm?%s, D=2 107 cm?%/s

ca (x)/ca

& 3

051

L L L  x,cm
0.0005 0.001 0.0015 0.002

Fig. 7. Dimensionless concentration profiles of species B in the Nernst diffusion layer for different sets of the
chemical reaction rate constants as in Fig. 1 and at fixed values of the diffusion coefficients of species:
D,=10"°%cm?¥s, Dp=10" cm?*/s

Gg:x_J’Gg
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Fig. 8. Dimensionless concentration profiles of species B in the Nernst diffusion layer for different sets of the
chemical reaction rate constants as in Fig. 1 and at fixed values of the diffusion coefficients of species:
D,=2107 cm?¥s, Dp=10"° cm?/s

As can be seen from Figs.9 and 10, the diffusion coefficients of species D4 and Dp on
function ¢,/ cg slightly increases with the function ¢/ cg (Fig. 9). It decreases with
increasing the parameters k;, and &, but its value increasing these parameters.
is close to 1, as in the case of the function At high values of the parameters k;, and ko,
¢y (x)/cy. At low values of the parameters k, the dependence of the function ¢’ /c) on the
and k», there is the strong influence of the both parameter D, becomes weak (Fig. 10). It is
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worth mentioning the influence of the Nernst
diffusion layer thickness d on the system. The
numerical simulations show that the parameter d
affects the stationary concentrations of
electroactive and electroinactive species A and B

in the same manner. The functions ¢ (x)/c’,

C5elCR

0 0
and ¢y (x)/c, as well as ¢, /c} and ¢, /cy

decrease with decreasing the parameter d. This
effect is especially significant at low values of
the chemical reaction rate constants &;, and k..
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Fig. 9. Density plots of dimensionless stationary surface concentration of species B, CSStB / cg, as a function of

diffusion coefficients D, and D3, at fixed values of the chemical reaction rate constants: k; =0.01 s™' and

kz =1 871
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Fig. 10. Density plots for dimensionless stationary surface concentration of species B, cth / cg , as a function of

diffusion coefficients D4 and Dp, at fixed values of the chemical reaction rate constants: k1 = 10 s! and

ko =1000 s7!

CONCLUSIONS

Thus, it has been shown how the stationary
concentration  distribution of electroactive
species A and electroinactive species B can
change with a wvariation of the diffusion
coefficients of both species and the chemical
reaction rate constants in a  model
electrochemical process with a preceding
chemical reaction under constant current. As was
found, the impact of the species B on the
stationary concentration distribution of the
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species A increases at high rate constants of the
preceding chemical reaction. The stationary
surface concentration of the species A strongly
differs from the bulk concentration value at low
diffusion coefficients of the species A. This
theoretical analysis can be useful to predict the
possible behaviors of various electrochemical
systems with CE mechanism such as biosensors,
solid oxide fuel cells, oxide electrodes, mixed
conducting solid electrolyte systems,
electrocatalytic systems with hydrogen evolution
reaction, porous electrodes, efc.
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BnumB kiHeTH4HHMX nmapaMeTpiB i koedinieHTiB Audy3ii HA cTaAiOHAPHY KOHLIEHTPAaLil0
€JIeKTPOAKTUBHUX TA €JIEKTPOHEAKTUBHUX YACTHHOK Y MOJeJbHOMY eJIeKTPOXiMiYHOMY
npoueci 3 NonepeIHbO XiMiYHOK PeaKLico

O.L. T'ivan

Tnemumym ximii nosepxui in. O.0. Yytxa Hayionanvhoi Axademii Hayk Yrpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina, gichan@meta.ua

Memorw Oanoi pobomu € 6CcmaHOBNIEHHA GNAUSY KIHEMUYHUX napamempie ma kKoe@iyienmie ou@ysii Ha
CMayioHapHuti po3nooil KOHYEeHMpayii eneKmpoaKmueHux ma eieKmpOHeaKmuUGHUUX YACMUHOK ) MOOeNbHOMY
eeKMpOXIMIYHOMY npoyeci 3 NONepeOHbOl XIMIYHOW peakyicro npu nocmitinomy cmpymi. Mu poszensioaemo
NONEPEeOHI0 20MO2EHHY XIMIUHY peaKkyiio nepuioco nopaoKy 3 00POMHOI0 2eMepPOSeHHOI eNeKMPOXIMIYHOI PeaKyieio
Ha NO0BepXHi NIACKO20 enekmpoodd. /s 8cmano8ieHHs 0coOaueocmell CmMayioHapHo2o po3noodiny KoHYeHmpayii
e1eKMPOaKMUSHUX MA eNeKMPOHEeAKMUBHUUX YACMUHOK ) MOHKOMY HepYXOMOMY wapi Oinsi n08epxHi Niacko2o
enekmpooa Oynu NpOaHani308aHi MOYHI PO38 A3KU cucmemu OupepeHyitiHux piHAHb, WO ORUCYIOMb 3MIHY
KOHYeHmMpayiil peazylouux 4acmuHoK i3 GI0CMAHHIO 00 NOBEPXHI NIACKO20 enekmpooa. Posensidanucs eunaxu
O0OHAKOBUX mMa PI3HUX Koe@iyienmie Ou@ysii uacmuHox, sKi Oepymov yuacme y NONePeOHill XIMIYHIU peaxyil.
THokaszano, wo roegiyienmu Oughysii 060X peazyouux YACMUHOK MOJNCYMb SNIUSAMU HA IXHI KOHYEHMPAayiluHi
npo@ini y mouKomy Hepyxomomy uiapi 0insi nogepxwui enexmpooa. Ilokazano, wjo cmayioHapHa KOHYeHmpayisi
eNeKMPOAKMUSHUX MA eeKMPOHeAKMUBHUUX YACMUHOK 3MEHUYEMbCS 31 3DOCMAHHAM Koeiyichmie oughysii.
Bnnue rxoncmanm weudxocmi nonepednvoi Ximiunoi peakyii Ha CcmMAyioHApHY KOHYEHMPAYilo € pisHuM OJs
e1eKMPOAKMUBHUX A eeKMPOHeAKMUBHUUX YACMUHOK. 3pOCMAHHA KOHCIMAHM WEUOKOCE NONepeonboi XiMiuHol
peaxyii 6ede 00 3MeHWIEHHs CMAYIOHAPHOI KOHYeHMpayii elekmpoaKkmusHux 4acCmuHoK, mooi AK CmayioHapHa
KOHYeHmpayis eleKmpOoHeaKmueHux 4acmuHok oOewjo 30inbutyemvca. Lle makooic cmocyemvea i 6unaoky 3i
CMayioHapHol0 NOGePXHes0I0 KOHYEHMPAYI€Io eNeKmpoaKmusHux ma eiekmpouneakxmusnuux dacmunox. Toswuna
MOHKO020 HEPYXOMO20 wapy 0iisi NO6epXHi NAACKO20 enekmpooda, o0e Gi00Y8acmvcsi 3MiHA  KOHYeHmpayii
e1eKMpPOaKMUSHUX YACMUHOK, MAKONC 8NIUBAE HA KOHYEHMPayilHi po3noodinu. Bniue yboco napamempa ocobaugo
BUBHAYATNLHULL NPU HUZLKUX 3HAYEHHAX KOHCMAHM WEUOKOCMI XIMIYHOT peakyil.

Knrouosi cnosa: CE mexanizm, Konyenmpayiinuil npoQiis, nosepxHesa KOHYeHmpayis, NOnepeoHs XiMiuHa
peaxyis, Jugysitunui wap Hepuncma, peakyiiinuil wap, xoe@iyienm Ougysii, KOHCmMawma weuoKocmi XiMiuHol
peaxyii, cmayioHapHi ymosu
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