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Abstract. This research presents a mathematical model analyzing of electrochemical processes occurring
at electrodes covered with a thin film of a conducting polymer. The model takes into account the diffusion
of solution species into a polymer film, diffusion of charge carriers within the film, and a chemical redox
reaction within the film. The aim of this work was to find the location of a mean reaction zone that is of

a great practical interest related to optimizationted parameters of electrocatalytic system for its best
performance. It has been shown that electrocaislgf solute species at conducting polymer modified
electrodes proceeds within the polymer film ratthen at he outer polymer/solution interface.
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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]. The abil-
ity to catalyze some electrochemical oxidation and/or reduction processes of solution
species is potentially useful in important fields of applied electrochemistry like elec-
trosynthesis and electroanalysis [4]. Cunducting polymers can be simply obtained in
appropriate form like thin films covering electrodes, by using chemical or electrochem-
ical polymerization performed in a simple agueous solution containing appropriate
monomers.

The problem of the location of the reaction zone during electrochemical redox pro-
cess should be solved for thecsessful application of conducting polymers in elec-
trocatalytic systems. Any electrocatalytic convention of solute species at a conducting
polymer covered electrode should be considered as consisting of a few simple pro-
cesses [4] (Fig. 1). 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 underlying elec-
trode surface through the polymer layer &action zone (or catalytically active
centers).

4. The diffusion of reaction products out of polymer layer into the bulk of solution.
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Fig. 1. Processes of electrocatalytic convemtibsolute species at a conducting polymer covered
electrode.

Actually, except for the diffusion of charge carriers within polymer film, all re-
maining processes are characteristic for any electrocatalytic process, occurring at elec-
trode/solution interface. A limited electrionductivity of conducting polymers, the
kinetics of charge carrier transfer within these materials could not be neglected, and
should be taken intaccount by considering the net kinetics of electrocatalytic pro-
cesses at conducting polymer modified electrodes. The mean depth aattteomn
zone in this case should depend greatly on the conductivity of the film, anelagn r
tion variables like the concentration of diffusing species, the rate of a chemical redox
interaction, etc.

The present study has been aimed to mathematical modeling of electrochemical
processes accruing at electrodes covered with a thin film ohdwcting polymer.

2. Themodel and approximations

All four simple processes outlined in Section 1 have been taken intmatéor mod-
eling of electrocatalysis at conducting polymer coated electrode. It assumed that a flat
surface of electrode is covered with a uniform layer of a conducting polymer of a def-
inite thicknessd. This modified electrode is supposed to be immersed iedotant
solution of unlimited volume. It is supposed that processgedaunder ideal stirring
conditions.

The Fick law describes the diffusion of reactant into a polymer layer:

IR 3R

ar b 9x2’ (@)
where R means the concentration of reactan a time,x is a space coordinate, and
D is the diffusion coefficient for reactant.

The present model could be well applied for electrochemical conversion of sim-
ple metal ions, where no accompanying processes occur except for electron exchange
between the electrode and reactant, like, e.gz.,+45é redox couple. However, the
model should be well applicable also to a wider rangeeaictant/ppduct couples,
where other accompanying processes do not limit an overall kinetics of the electrode
process. The electrochemical charge transfer process is described by a single equation:

R+n=P"P (2
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whereR and P are reactant and reactiongaluct, respectively, and n is charge carrier,
i.e., an electron for cathodic reduction, or a hole for anodic oxidation processes.
The rate of this reaction is described by simple equation of chemical kinetics:
dp dr
— =——=kRn, 3
dr dr ®)
wherek is second-order rate constant for the chemieattion, andk andn 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, andn could be expressed as follows [5]:

OR 32R
—=D—— — kR 4
ot 9x2 " ()
dP 92p
—=D——+kR 5
ot dx2 +Rn, )
on 92n
EZDnﬁ—kRn, XE]O,d[, t > 0. (6)

Let x = O represents the electrode/polymer film boundary whited is the thick-
ness of a polymer layer. The electrocatalytic processes starts when the reactant appears
over the surface of a polymer layer. This is used initial conditiors Q)

__ | Ro, x=d,
R(O’x)—{o, x e [0.dI, (7)

P0,x)=0, n(0,x)=ng, x €[0,d].
Consequently, the boundary conditions are @)

IRLO —0, R(t,d)=Ro,
P =0, P(t,d)=0, (8)
n(t,0) = ng, —Hngi’o =0.

The problems (4)—(8) were solved numerically using the finite difference technique

For simplicity, the diffusion coefficients fak and P have been chosen to be equal
and a value oh=10"2m?/s, typical for small molecules, has been taken for calcula-
tion. 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 model-
ing, three values for the diffusion coefficient of charge carrierob10-?, 1078 and
10~’ m?/s, have been used.

3. Resultsand discusion

Combining of all possible values gives a huge amount of combinations, thus, only
most characteristic cases are considered.
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The concentration profile for reactant is one of the most prominent characteristics
for the efficiency of electrocatalytic reaction. In an ideal case, at a very high-electric
conductivity of a conducting polymer layer, theactant concentratiork] drops to a
zero level in a very thin layer of conducting polymer at the polymer/solution exterf
In reality, however, the electric conductivity of nearly all know conducting polymers is
not high enough, thus, theactant concentration does not drop to a zero level in a thin
layer. In this model, it was calculated the thickness of polymer layer when reactant
concentration equals half of the reactant concentration in solukiea (1/2) x Rp) at
the beginning of the process. The results show, where at the polymer layer the chemical
redox reaction between reactant and charge carriers proceeds.

Fig. 3 presents some characteristic simulated thickness of a modifying layer and re-
action rate constant for reactant mean concentration. The results obtained by changing
reaction rate constant and calculating thickness of a modifying layer when reactant
concentration isk = (1/2) x Rg. In case of a fast chemical redox reaction between
reactant and charge carrieksshifts from 1 to 10 Mx mol/s), the mean oR remains
within the polymer film near polymer/solution interface (Fig. 3, top left). Significant
changes occur by lowering the reaction rate constaki¢hen thickness of a reaction
layerd and reactant concentration in solutiBgare constants, the decreasé @¢$hifts
from 0.01 to 0.1rx mol/s) results the mean of reactant concentraiiea (1/2) x Ro
drops within the polymer film te~ 2 x 10’ m, thus, the reaction proceeds near the
electrode/polymer interface.

Fig. 3, top left and right, compares two cases, as obtained for the highest and lowest
range of values ot taken for simulation, respectively. It is seen that, for the lowest
range ofk values (from 0.01 to 0.1 Ax mol/s), the half of the reactant concentration
is ~ 2 x10’m and it is appear near electrode/polymer interface. In terms of efficiency
of electrocatalytic conversion, the results obtained show that, at a given reactant con-
centration in a solutio®g (10! mol/m?), and at a constant thickness of polymer layer
d (10-%m), an efficient conversion proceeds at the highest rangevalues.

Thickening of a polymer layer results in drastic changes of profiles studied (cf. top,
middle and bottom rows in Fig. 3, where the thickness differs by an order of magni-
tude). Again, a half conversion of reactaRtoccurs in a thin polymer layer near the
polymer/solution boundary. In practice-oriented terms, the results obtained show that,
at a high reaction rate, an increase of polymer layer thickness ovéni@oes not
increase the efficiency of electrocatalytic conversion very much. As expected, lower
values ofk taken for simulation result in lower efficiency (Fig. 3). For the lowest val-
ues ofk, half conversion of reactarit occurs in a 10°m polymer layer near (polymer
thickness~8x 10~°) the polymer/solution interface, whereas almost full conversion of
reactant occur with the thickest film of 16m (cf. right column of Fig. 2). The simu-
lation results obtained show that, for practical purpose, a slow chemical redox reaction
between the reactant and reaction centers within a polymer film could be compen-
sated by an increase of the film thickness to get maximum conversion of reactant into
reaction product.



Modeling of reactant concentrationin electrocatal ytic processes 93

o AN s T .
001 002 003 0,04 005 0,06 0,07 008 009 0,1

k m® - molis
%108

10
9,5 1
9 4

85 1
. T S . T
(AR SO

x,m

44
6,5 1 i
¢ : R ' : ; j : 6 :
1 2 3 4 5 & 7 8 9 10 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08 0,09 0,1
5 k m® - molfs k m® - mol/s
=10 -5
]n lo H . N ' H " . ' lu xlu . ' ' H . H '
9,95 Y130 SR S S G S S S
99 1 99 1
9,85 4 9,85
B £
* 98 . 984
9,75 975 1-f et
9,7 9.7 4 :
L S S S e S 9,65 §-ecpeenni
9,6 - gL
1 2 3 4 5 & 7 8 9 10 001 0,02 0,03 0,04 0,05 0,06 007 0,08 0,09 0,1

k, m? - mol/s k, m? - molfs

Fig. 2. 2D-profiles for reactant mean concentratiBn{(1/2) x Ro) within the conducting polymer film.
The vertical axes represent the thickness of a modifying layer and horizontal axes — second—order reaction
rate constant. Other conditions are as follows: reactant concentration in satgtrof0 mol/n?,
diffusion coefficient for charge carridd, = 10-8 m?/s, reaction rate constant change frbm 1 to 10
m3 xmol/s (left column), or fromk = 0.01 to 0.1 Mxmol/s (right column), thickness of a polymer lager
=10"%m (top row), 10->m (middle row), or 16*m (bottom row).

4, Conclusions

In conclusion, the presented results show that, even at a relatively fast diffusion of
charge carriers within the conducting polymer filmcegding the diffusion rate of
reactant by two orders of magnitude, electrocatalysis of solute specieaduating
polymer modified electrodes proceeds within the polymer film rather than at the outer
polymer/solution interface. Based on theoposed model, optimization otaction
system parameters could be made for any particular case to get an optimum efficiency
or reaction to product conversion.
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REZIUME

V. Jasaitis, A. Malinauskas, F. Ivanauskas. Elektrokatatig proces (reagento koncentracijos) elektrai
laidZiuose polimeruose kompiuterinis modeliavimas

Siame straipsnyje pristatomas elektrokatsizroces (reagento koncentracijos) elektrai laidZiuose
polimeruose kompiuterinis modeliavimas. Modéiiaukia tirpalo junginii difuzija polimeru, kavininky
difuzija polimeru nuo elektrodo pavirSiaus ir elektrochegnmedukcijos/oksidacijos reakaijpolimero
viduje. Tyrimo tikslas — rasti reakcijos vigpolimere, kai reagento koncentracija pasiekisequsdires
koncentracijos keiant modelio parametrus. Straipsnyje parodoma, kad tirpalo jungiektrokatalizs
reakcija vyksta polimero plokStes$ viduje, o ne iSoriniame polimero/tirpalo pavirSiuje kaip metal
katalizés atveju.



