Journal of Mathematical Chemistry, Vol. 42, No. 4, November 2007 (© 2006 )
DOI: 10.1007/s10910-006-9172-z

Modeling of electrocatalytic processes at conducting
polymer modified electrodes

R. Naujikas
Faculty of Mathematics and Informatics, Vilnius University, Naugarduko 24, LT-03225 Vilnius,
Lithuania

E-mail: rolandas.naujikas@mif.vu.lt

A. Malinauskas
Institute of Chemistry, Gostauto 9, LT-01108 Vilnius, Lithuania

F. Ivanauskas™

Faculty of Mathematics and Informatics, Vilnius University, Naugarduko 24, LT-03225 Vilnius,
Lithuania, and Institute of Mathematics and Informatics, Akademijos 4, LT-08663 Vilnius, Lithuania
E-mail: feliksas.ivanauskas@maf.vu.it

Received 13 May 20006; revised 22 June 2006

A mathematical model of electrocatalytic processes taking place at conducting poly-
mer modified electrodes has been developed. The model takes into account the diffu-
sion of solution species into a polymer film, diffusion of charge carriers within the film,
and a chemical redox reaction within the film. The space- and time-resolved profiles
for reactant and charge carrier concentration within the film, as well as dependencies
of electric current on the concentration of solute species, reaction rate constant and
thickness of a polymer layer have been obtained and discussed. It has been shown that,
even at a relatively fast diffusion of charge carriers within the conducting polymer film,
exceeding the diffusion rate of reactant by two orders of magnitude, electrocatalysis of
solute species at conducting polymer modified electrodes proceeds within the polymer
film rather than at the outer polymer/solution interface, i.e., electrocatalytic conversion
follows a redox-mechanism rather than metal-like one. Based on the results obtained,
optimization of reaction system parameters could be made for any particular case to
get an optimum efficiency or reactant to product conversion.
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1. Introduction

Conducting polymers are novel synthetic materials, which possess unique
properties, differing them from nearly all organic materials ever, synthesized [1-
3]. Among many, an important and promising property of these materials is their
ability to catalyze some electrochemical oxidation and/or reduction processes of
solution species [4]. This phenomenon is expected to be potentially useful in
important fields of applied electrochemistry like electrosynthesis and electroanal-
ysis. Moreover, these expectations are fuelled by the low cost and ease of prep-
aration of these materials, unlike the traditional electrocatalysts like, e.g., finely
dispersed platinum group metals. Conducting polymers can be simply obtained
in appropriate form like thin films covering electrodes, by using chemical or elec-
trochemical polymerization performed in a simple aqueous solution containing
appropriate monomers.

One of a few fundamental problems that should be solved for the successful
application of conducting polymers in electrocatalytic systems is the question on the
location of a reaction zone during electrochemical redox process. Any electrocatalyt-
ic conversion of solute species at a conducting polymer covered electrode should be
considered as consisting of a few simple processes [4]. These are as follows:

1. The diffusion of solute species through the porous conducting polymer
film placed at electrode surface, toward the reaction zone.

2. Chemical redox reaction between the diffusing species and catalytically
active centers within the polymer film, i.e., the electron exchange process.

3. The diffusion of charge carriers, i.e., holes or electrons, from the underly-
ing electrode surface through the polymer layer to reaction zone (or cat-
alytically active centers).

4. The diffusion of reaction products out of a polymer layer into the bulk
of solution.

Indeed, except for the diffusion of charge carriers within the polymer film, all
remaining processes are characteristic for any electrocatalytic process, occurring
at electrode/solution interface. For metal electrodes, the diffusion of charge car-
riers is out of any consideration because of indefinitely fast electron transfer
within the bulk of this electrode material. In this case, electrocatalytic processes
are properly described by electrochemical kinetics. However, in case of conduct-
ing polymers as electrode materials or electrode modifiers, the charge transfer
proceeds at a finite rate, since the electric conductivity of these materials is lower
than that of metals. Typically, the conductivity of conducting polymers resem-
bles that of semiconductors, reaching the lower limit of metal conductivity in
some cases. Thus, because of a limited electric conductivity of conducting poly-
mers, the kinetics of charge carrier transfer within these materials could not be
neglected, and should be taken into account by considering the net kinetics of
electrocatalytic processes at conducting polymer modified electrodes.



Naujikas et al. | Modeling of electrocatalytic processes 1071

At indefinitely high rate of charge carrier transfer, the reaction occurs at
an outer polymer/solution interface, whereas at a limited mobility of charge car-
riers the reaction should occur within the conducting polymer film. The mean
depth of the reaction zone in this case should depend greatly on the conductivity
of the film, and on reaction variables like the concentration of diffusing species,
the rate of a chemical redox interaction, etc. Apart from a theoretical consid-
eration, the location of a mean reaction zone is of a great practical interest
related to optimization of the parameters of electrocatalytic system for its best
performance. Thus, the choice between the two reaction mechanisms, i.e., “metal-
like catalysis”, where the process occurs at a modifier/solution interface, and
“a redox catalysis” with the process occurring within the modifier layer, has
been a subject of investigation. Electrocatalytic reduction of benzoquinone has
been claimed to proceed at an outer polyaniline/electrolyte interface in an acidic
solution, whereas, at a higher pH, the reduction occurs within polyaniline film
because of a decreased electric conductivity of this polymer at higher pH [5].
For hydroquinone/benzoquinone and Fe?*/3* redox couples, the occurrence of
electrocatalytic processes either at an outer interface, or within polyaniline film
has been shown, depending on the electrode potential applied [6]. Electrocatalyt-
ic oxidation of coenzyme NADH within polyaniline film has been shown to pro-
ceed with the use of a rotating electrode [7]. Direct evidences for the location of
electrocatalytic redox conversion of various species at electrodes, modified with
polyaniline and some of its derivatives, have been obtained by using transmission
UV-Vis spectroelectrochemical [§-10] and in situ Raman spectroelectrochemical
techniques [11].

The present study has been aimed to mathematical modeling of electro-
chemical processes occurring at electrodes covered with a thin film of a conduct-
ing polymer.

2. The model and approximations

All four simple processes outlined in Section 1 have been taken into account
for modeling of electrocatalysis at conducting polymer coated electrode. It is
assumed that a flat surface of electrode is covered with a uniform layer of a con-
ducting polymer of a definite thickness d. Three values for d have been taken
into consideration, viz. 107%, 1075, and 10~*m (i.e., 1, 10, and 100 pm). In
the most experimental works published, the thickness of a polymer layer varies
exactly within this range. This modified electrode is supposed to be immersed
into a reactant solution of unlimited volume, ensuring that no reduction of reac-
tant concentration proceeds in the bulk of solution during its electrocatalytic
conversion. It is also supposed that there is no concentration gradient neither
for reactant nor for reaction product outside of a polymer layer in the course of
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electrocatalytic process. In a technical sense, this means that the process proceeds
under ideal stirring conditions.
The Ficks law describes the diffusion of reactant into a polymer layer:

R 2R
5?:=l)5;5, (H

where R means the concentration of reactant, ¢ is a time, x is a space coordinate,
and D is the diffusion coefficient for reactant.

By applying of a suitable electrode potential, electrochemical conversion of
a reactant into product proceeds. This conversion means either anodic oxidation
(i.e., withdrawing of electrons from reactant), or cathodic reduction (i.e., addition
of electrons to reactant). For many real reactant/product pairs, electrochemical
oxidation or reduction is accompanied by protonation/deprotonation processes,
or even more complex perturbation in a molecular structure. For the seek of
simplicity, all these processes are neglected in the present model. Thus, strongly
speaking, the present model could be well applied for electrochemical conversion
of simple metal ions, where no accompanying processes occur except for elec-
tron exchange between the electrode and reactant, like, e.g., F e2t/3+ redox cou-
ple. However, the model should be well applicable also to a wider range of reac-
tant/product couples, where other accompanying processes do not limit an over-
all kinetics of the electrode process. The electrochemical charge transfer process
is described by a single equation:

R+n=P (2

where R and P are reactant and reaction product, respectively, and » is a charge
carrier, i.e., an electron for cathodic reduction, or a hole for anodic oxidation
processes.
The rate of this reaction is described by a simple equation of chemical
kinetics:
d—P = —d—R = kRn, 3)
dt dt
where k i1s a second-order rate constant for the chemical reaction, and R and n
are mean concentrations of reactant and charge carrier, respectively.
By combining the diffusion equation (1) with kinetic equation (3), the rate
equations for R, P, and n could be expressed as follows:

R 9%2R
— =D—— —kRn, 4
ot ax2 " @
P %P
— = D—— +kRn, 5
ot ox2 THAN )
on 92%n
E = Dnm —kRn, «x E]O, d[, t > 0. (6)
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Letx = Orepresents the electrode/polymer film boundary while x = d is the thickness
of a polymer layer. The electrocatalytic processes starts when the reactant appears
over the surface of a polymer layer. This is used in the initial conditions (z = 0)

. Ry, x =d,
R(0.x) = {0, x e [0.dl. )

P@O,x)=0, n(,x)=ng, x€][0,d].

Consequently, the boundary conditions are (¢ > 0)

oR(t,0
¢, 9 =0, R(t,d) = Ry,
9P, 0)
2 =0, P(t,d) =0, ®)
ox ant, d)
n(t, 0) = ny, ~~ =0.
ox
The density I(r) of the current at time 7 can be obtained explicitly
on(0, t
1) = neF D, 01 ©)
ax

where n. is the number of electrons involved in a charge transfer, F is Faraday
constant, F ~ 9.65 x 10*//mol. We assume, that the systems (4)—(8) approaches a
steady-state as t — oo

Ieo = lim 1(2).
=00

I is assumed as the steady-state current.

The problems (4)—(8) were solved numerically using the finite difference
technique [12].

For simplicity, the diffusion coefficients for R and P have been chosen to be
equal and a value of D=10""m?s, typical for small molecules, has been taken
for calculations. The model used implies that the movement of charge carriers
within the polymer film could be treated as a simple diffusion and described by
the Ficks law. For usual electrode materials like metals or graphite, it is common
accepted that the movement of either electrons or holes within the bulk electrode
material proceeds at an indefinitely high rate. The electric conductivity of con-
ducting polymers, however, is lower than that of metals or graphite, thus, the
diffusion of charge carriers should be taken into account, proceeding at a finite
rate. For modeling, three values for the diffusion coefficient of charge carriers D,
of 1072, 1078, and 10~7 m?/s, have been used. The lower limit of D, chosen coin-
cides with D for reactant or product species, whereas the upper limit of D, has
been chosen as being two orders of magnitude higher. Further extension of D,
towards higher values should lead to the case with indefinitely high mobility of
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Table 1
Numerical values for parameters, taken into consideration.
Parameter Dimension Numerical values
d (thickness of a polymer layer) (m) 1076 1073 10~4
(pem) 1, 10, 100
D (diffusion coefficient for reactant and (mz/s) 1072
product)
D,, (diffusion coefficient for charge car- (m2/s) 1072, 10=8 107
rier within polymer film)
k(second-order reaction rate constant) (m3~ mol/s) 101, 109 10~1L 102
(1- mol/s) 104 103, 102 10!
R (concentration of reactant in the bulk (mol/m3) 102, 101, 100
solution)
(mol/l) 0.1, 0.01, 0.001
n (initial concentration of charge carri- (mol/m3) 4% 103

ers within polymer film)
(mol/1) 4

charge carriers, resembling the behavior, typical for metal electrodes. In this case,
the process follows usual electrochemical kinetics and thus will not being consid-
ered here.

There is scarce information in the literature regarding the value of a sec-
ond-order reaction rate constant k, however, a wide variety for this constant
should be considered because of a wide variety of possible electrocatalytic
reactions taking place at conducting polymer modified electrodes. A value of
6.4 x 10° 1/mol/s has been reported for the electron cross-exchange between
poly(N-methylaniline) and hydroquinone, based on rotating disc electrode exper-
iments [12]. Electrocatalytic oxidation of hydroquinone is known to be one of
the fastest reactions taking place at conducting polymers, thus, lower values for
k should be taken into consideration. Table 1 summarizes most possible or inter-
esting values for parameters, used in the present modeling.

3.  Results and discussion

Most probable numerical values for parameters have been chosen as pre-
sented in table 1. Combining of all possible values gives a huge number of com-
binations, thus, only most characteristic cases are considered as below.
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3.1. Space- and time-resolved concentration profiles for reactant

The concentration profile for reactant is one of the most prominent char-
acteristics for the efficiency of electrocatalytic reaction. In an ideal case, at
a very high-electric conductivity of a conducting polymer layer, the reactant
concentration (R) drops to a zero level in a very thin layer of conduct-
ing polymer at the polymer/solution interface. In reality, however, the electric
conductivity of nearly all known conducting polymers is not high enough, thus,
the reactant concentration does not drop to a zero level in a thin layer.

Figure 1 presents some characteristic simulated time- and space-resolved
profiles for reactant concentration. In case of a fast chemical redox reac-
tion between reactant and charge carriers (k=10* 1/mol/s), the equilibrium
establishes in a short time, whereas R drops within the polymer film nearly
exponentially to almost zero at the electrode/polymer interface (figure 1, top
left). Significant changes occur by lowering the reaction rate constant k. At
a constant thickness of a reaction layer and a constant reactant concentra-
tion in solution, the decrease of k results in a slower establishment of equilib-
rium conditions, whereas R does not drop to zero within the modifier layer.
Figure 1, top left and right, compares two cases, as obtained for the high-
est and lowest k values taken for simulation, respectively. It is seen that,
for the lowest k value of 10' I/mol/s, the reactant concentration at the elec-
trode/polymer boundary appears to be almost as high as at the polymer/solu-
tion interface. By varying of k value between 10* and 10' /mol/s, intermediate
profiles have been obtained (not shown). In terms of efficiency of electrocatalytic
conversion, the results obtained show that, at a given reactant concentration
in a solution (0.01 mol/l), and at a constant thickness of a polymer layer
(1 pm), an efficient conversion proceeds at the highest & value, i.e. full
conversion of reactant to reaction product is achieved within the thinnest poly-
mer film taken into consideration. For the lowest k& value, however, the elect-
rocatalytic conversion proceeds inefficient. For practical purposes, care should
be taken to enhance the efficiency in this case, like the thickening of a polymer
layer.

Thickening of a polymer layer results in drastic changes of profiles stud-
ied (cf. top, middle and bottom rows in Figure 1, where the thickness dif-
fers by an order of magnitude). Again, a fast establishment of steady state
conditions occurs at a high-reaction rate constant, whereas full conversion
of reactant occurs in a thin polymer layer near the polymer/solution bound-
ary. In practice-oriented terms, the results obtained show that, at a high
reaction rate, an increase of polymer layer thickness over 1um does not
increase the efficiency of electrocatalytic conversion. As expected, lower values
of k taken for simulation result in lower efficiency (figure 1). For the low-
est k, a drop of reactant concentration up to ca. one half along the poly-
mer layer occurs with 10 wm polymer film, whereas almost full conversion
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Figure 1. 3D-profiles for reactant (R) concentration within the conducting polymer film. The verti-
cal axes represent reactant concentration, horizontal left axes — the thickness of a modifying layer,
and horizontal right axes — reaction time. Other conditions are as follows: reactant concentration in
solution 0.01 mol/l, diffusion coefficient for charge carrier D,, = 10~8 m?2/s, reaction rate constant
k = 10* (left column), or 101/mol/s (right column), thickness of a polymer layer d =1 (top raw), 10
(middle raw), or 100 wm (bottom raw). The values of D and » are as in table 1.

of reactant occur with the thickest film of 100 wm (c¢f. right column of
figure 1). The simulation results obtained show that, for practical purposes, a
slow chemical redox reaction between the reactant and reaction centers within
a polymer film could be compensated by an increase of the film thickness
to get a maximum conversion of reactant into reaction product. A close-
related set of simulation data has been also obtained for varying concen-
tration of reactant between 0.001 and 0.1 mol/l (not shown). As it could
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be expected, a slower drop of reactant concentration occurs at a higher R
in solution, and vice versa. Thus, thicker films should be used for higher
reactant concentration to get a sufficiently high efficiency of electrocatalytic
process.

3.2. Space- and time-resolved concentration profiles for charge carriers

Similarly, like for reactant, the concentration profiles for reaction product
and for charge carriers have been calculated. From these, profiles for charge car-
riers are considered below. Within the frame of the present model, charge carri-
ers are supposed to be reactive centers within the polymer structure, which are
capable to donate/accept electrons or holes to/from reactant according equation
(2). After this chemical redox reaction, the reactive centers gain the electrons or
holes from electrode, whereas the transport of charge carriers is supposed to pro-
ceed at a finite rate characterized by appropriate diffusion coefficient as given in
table 1.

Figure 2 presents selected time- and space-resolved profiles for concentra-
tion of charge carriers. In all cases, the initial concentration of charge carriers
drops at the polymer/solution boundary to a definite level, which depends on
D, D,, k and R, whereas no drop occurs at the electrode/polymer boundary.
Figure 2 presents the profiles depending on the most interesting parameters — k
and d, whereas other variables (D and D,,) are kept constant. For thin polymer
layer, a negligible drop of n occurs for low reactant concentration, reaching ca.
0.3% from its initial value for R = 0.0l mol/l. An increase of R by one order
of magnitude causes a proportional increase of n drop up to 3% (cf. top raw of
Figure 2). Increase of a polymer layer thickness, again, causes increase of n drop.
At a constant R = 0.01 mol/l, increase of d from 1 to 10 and 100 um results in an
increase of n drop from 0.3 to 4.5 and 18%, respectively (as presented in the left
column of figure 2). For each d value, again, the drop of n depends on the thick-
ness of a polymer layer, being higher for thicker films. For some selected com-
binations of parameters like a high-reactant concentration and a thick polymer
film, a drop of n almost to zero value occurs (right column of figure 2).

3.3. Dependence of electric current on system variables

The most prominent characteristic for efficiency of any electrocatalytic pro-
cess is electric current that yields electrons or holes to reactant. Below, some
of the most characteristic dependencies of current on variables taken for sim-
ulation are considered. Figure 3 presents the dependence of a relative current
(Ite1) on the concentration of reactant. For the fast charge carrier transport
(D, =10""m?/s), a linear dependence between I, and R has been obtained
in double logarithmic coordinates, irrespective of reaction rate constant. This
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Figure 2. 3D-profiles for charge carrier concentration (n) within the conducting polymer film. The
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vertical axes represent charge carrier concentration, horizontal axes
ic process. For slower charge transfer, however, a deviation from the linearity is

means that charge transfer rate does not limit the overall rate of electrocatalyt-
observed at higher concentrations of reactant. For the highest R of 0.1 mol/l

conditions: diffusion coefficient for charge carrier D,

103 I/mol/s, thickness of a polymer layer d

reactant concentr
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n of 1079 m?/s,
at a high concentration of reactant,

the lowest D

however, the devi-

appears to be less evident (c¢f. representative

b

dependencies of figure 3). The relative current grows with increasing chemical

tor of an overall rate of the process. For lower reaction rate

ation from linearity at lower D,
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Figure 3. Simulated dependence of relative current on reactant concentration in double logarithmic
coordinates, as obtained for d =100 um, and varying D, and k (as indicated).

reaction rate constant. However, no linear dependence of I on k is observed.
Indeed, an increase of k by three orders of magnitude, from 10! to 10* I/mol/s,
causes only a 5.4-fold increase of relative current. Some practice-oriented gen-
eralization could be made from the dependences obtained. First, at a low con-
centration of reactant, no attempts should be paid to increase the conductance
of a conducting polymer layer, since an efficient redox reaction proceeds even at
a relatively low conductance. In addition, there is a little or almost no need to
enhance the rate of chemical redox interaction between reactant and conducting
polymer. At a high reactant concentration, however, the conductivity of a poly-
mer layer becomes more important.

Figure 4 shows the dependence of a relative current on the reaction rate
constant. In all cases studied, no direct proportionality between I and k is
observed. In addition, for the low k values, a higher slope of I on k is
observed, as compared to high k values. Again, nearly coinciding (indepen-
dent on the conductivity of polymer layer) dependencies of I,y on k have been
obtained for low reactant concentration, whereas higher slopes are observed
for higher D, at high-reactant concentration. For example, an increase of k
value from 10! to 10* I/mol/s results in 5.41-fold increase of I for D, =107
m?/s, and in 2.73-fold increase for D, =10"2 m?/s at the highest reactant con-
centration studied (0.1 mol/l). The data presented in Figure 4 again show a
relatively little dependence of an overall efficiency of electrocatalytic process on
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Figure 4. Simulated dependence of relative current on reaction rate constant in double logarithmic
coordinates, as obtained for d =100 um, and varying D, and R (as indicated).

the conductivity of polymer layer within its limits taken into consideration, espe-
cially for low-reactant concentration.

Somewhat unexpected dependencies of I, on the thickness of a polymer
layer have been obtained (figure 5). For slow chemical reaction (with k£ values
ranging from 10! to 102 1/mol/s), an increase of I, by thickening of a polymer
film from 1 to 10 wm is followed by a decrease of I by thickening of polymer
layer to 100 wm (Figure 5). For the fast chemical reaction (with & values of 103
and 10* 1/mol/s), a decrease of I is observed, e.g., a drop of I, by the fac-
tor of ca. 6.3 has been obtained for the highest reaction rate constant taken into
account. Similar dependencies have been obtained for other combinations of R
and D, as well (different from those presenteed in Figure 5).

3.4. Current-time profiles

From practical point of view, the time required to establish steady-state
conditions of electrocatalysis, is of a great importance. The kinetics of current
growth depends on many variables, and ranges within a broad window. Some
typical current-time dependencies are shown in figure 6.

For a combination of thick polymer films (d =100 um) and slow diffusion
of charge carriers (D, = 102 m?/s), a slow rise of current is observed: it takes
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Figure 5. Simulated dependence of relative current on thickness of a polymer layer, as obtained for
D, = 1073 m?/s and R = 0.01 mol/l, and varying k (as indicated).

ca. 20s to reach the steady-state current (figure 6, top). A characteristic fea-
ture in this case is a sigmoid shape of the current-time transients. This feature
manifests itself more strongly for thickest polymer film, and lowest electric con-
ductivity of a modifier layer. Much more faster growth of current is observed for
thin polymer films, especially in a combination with a fast diffusion of charge
carriers (figure 6, bottom). In some cases, the rise time (up to steady state) of
1 ms has been obtained. For the latter combination of parameters, almost no sig-
moid shape of current-time transients has been obtained.

In order to compare the kinetics of current growth for different combi-
nations of variables, the current rise time up to 99% of its maximum value
(t99) has been calculated. Some characteristic results thus obtained are displayed
in figure 7. It is seen that, for thin polymer films (d =1um) and slow diffu-
sion of charge carriers (D, = 10~ m?/s), 199 of ca. 2ms has been obtained,
which almost does not depend on the rate of a chemical reaction (whereas
k has been varied within four orders of magnitude), and the reactant concentra-
tion (whereas R has been varied within three orders of magnitude). For the slow
reaction (k = 10' 1/mol/s, an increase of film thickness by an order of magni-
tude causes an increase of 199 by two orders (figure 7, top), reaching ca. 20 s.
For thicker polymer films, again, 99 does not depend on reaction rate constant
at lower reactant concentration (0.001 or 0.01 mol/l), whereas lower values of 799
have been obtained for the high concentration at a high reaction rate constant.
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Figure 6. Simulated time profiles of relative current, as obtained for D, = 10~ m2/s, R =

0.01 mol/l and, d =100 wm (top), or D, = 10~ m2/s, R = 0.01 mol/l, and d = 1 pm (bottom), and
varying k.

An increase of D, by one or two orders of magnitude results in a decrease of
799 by one or two orders, respectively. For the combination of the highest values
of D, = 1077 m?/s and k = 10* /mol/s, taken into consideration, the shortest cur-
rent rise time 799 of less than 0.1 ms has been obtained for the thinnest polymer
film of 1 um. In contrast to the case of a slow charge carriers diffusion, Tggappears
to depend on reaction rate constant for high values of D,, especially for the thin
films. So, for d =1pum and D, = 10~ m?2/s, 199 drops from ca. 1.7 to 0.09 ms by
increasing of k from 10! to 10* I/mol/s. At the same time, t99 do not depend on k
for thick polymer films (figure 7, bottom). Noteworthy, t99 do not depend on the
reactant concentration within the range studied at D, = 10’ m?/s, in contrast to
lower values of D,, (¢f. figure 7, top and bottom).
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Figure 7. Simulated dependence of current rise time on reaction rate constant in double logarith-
mic coordinates, as obtained for D, = 10~ m%/s (top) or D, = 1077 m?/s (bottom), and varying
other parameters (as indicated).

4. Conclusions

In general, the data obtained show that, even at a relatively fast diffusion
of charge carriers within the conducting polymer film, exceeding the diffusion
rate of reactant by two orders of magnitude, electrocatalysis of solute species at
conducting polymer modified electrodes proceeds within the polymer film rather
than at the outer polymer/solution interface, i.e., electrocatalytic conversion fol-
lows a redox-mechanism rather than metal-like one. Time- and space-resolved
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concentration profiles for reactant and charge carrier obtained show that the
depth of a reaction zone varies within a broad range depending on the thickness
of a polymer layer, reactant concentration, and chemical redox reaction rate con-
stant. Based on the simulations made, optimization of reaction system parame-
ters could be made for any particular case to get an optimum efficiency or reac-
tant to product conversion.
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