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IMPEDANCE ANALYSIS OF THE KINETICS OF ELECTROCHEMICAL
PROCESSES MEDIATED BY POLYMER LAYERS

CLAUDE DESLOUIS, BERNARD TRIBOLLET
UPR 15 CNRS, "Physique des Liquides et Electrochimie”, Paris, France.

MARCO M. MUSIANI
Istituto di Polarografia ed Elettrochimica Preparativa, CNR, Padova, ltaly.

Abstract. A kinetic model for the interpretation of the impedance of
reactions occurring on polymer modified electrodes is presented, which
is based on the description of the electron exchange process by a
chemical reaction. The limiting case of a surface reaction is examined in
detail.

INTRODUCTION

Redox and conductive polymer films have been extensively studied as
electrocatalytic thin-layer materials with the aim of improving electrode
performance for possible synthesis or analytical purposes.

Several factors complicate the kinetic analysis of electrochemical
reactions occurring at polymer modified electrodes :
- the presence of two interfaces (metal/polymer, polymer/electrolyte),
- the occurrence of the electron exchange reaction over a variable depth of the
polymer film,
- the yet unclear nature of charge transport in polymer films.

We have earlier presented a calculation of the ac and EHD impedance of
a mediated reaction occurring exclusively at the polymer-electrolyte interface,
based on the assumption that the electron exchange reaction could be split in
two electrochemical half reactions 1 . We examine here the possibility of
calculating the ac impedance of the same system by describing electron
exchange by a chemical reaction and charge transport by electron hopping.
Such an approach has, in principle, the advantage that it may be extended to
situations in which electron exchange occurs over any depth from 0 lo the
whole film thickness ¢ (including direct reaction on the metal).

In this paper, the calculation for a very fast electron exchange is
presented, i.e. the limiting case of surface reaction already examined in ref.1.
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MODEL

The polymer contains fixed redox centres, either reduced (P) or oxidized (Q),
and is permeated by the electrolyte so that, in the absence of any currrent the
substrate Ox/Red is present at all x at its bulk concentration.

At the metal-polymer _interface both couples may undergo

electrochemical reaction following Butler-Volmer kinetics :

\ atF 1-o4)F
ipra = Cp(0) ki1 exp 77 M - Calo) kot exp-( RT)

(1)
. oofF 1-cp)F
iRed/Ox = CRed(0) ki2 exp 77 M - Cox(0) kb2 eXp-( RT) n (2

where 1 is the electrode potential measured with respect to the equilibrium

potential of Ox/Red.

Gradients of both polymer and substrate redox centres are given by :

. . oC dCR
i = iPQ + iReaox = F (DE 511 + D *—axidlo) (3)

where Dg is the so-called diffusion coefficient of electrons, and Dy the diffusion
coefficient of Red/Ox in the film.
In the polymer film, electron transport by hopping and chemical reaction

between P/Q and Red/Ox occur, so that :

ace 22Cp

= -KrCpCox + KBCqCRed + DE (4)

ot ox2
aCo 92Co
~ = “KrCpCox + KaCaCre + Dr — > (5)

STEADY-STATE

In the most general case both ip;q and ipeg/ox are not zero. However, effective
mediation is only obtained when all Red/Ox reacts with P/Q, not with the
underlying metal, i.e. for igeg/ox = 0

In the other extreme situation, Red/Ox reacts without mediation :
i = iRedsOx- This behaviour may be observed either because the polymer is
not electroactive (ki1 and kp1 — 0) or the exchange reaction is infinitely slow
(Kr and Kg — 0).

For ired/ox = 0, one may calculate the steady-state current, using the

following boundary conditions :

-forx=0: a—Cﬂ=0
ox
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i oC
-forx=4¢: {E:'Df—a;ol ; %CXE=O

The stationary concentration profile of Cox becomes :

KeCp - KgCq
__Cw KrCp + KgCq X 2C.KgCq
Coxlx) = - ¢ D5 o COSh 3, * KeCp + KeCq O
cosh X 1 + —ers tanh ;(;
here : = \/ Dt is the depth hich t
where : x; = KeCr + KaCa is the depth over which a ne

exchange reaction occurs, Dg the diffusion coefficient of Red/Ox in solution
and J the diffusion layer thickness..

By integrating Eq. (3) and substituting the Cox expression, one obtains
Cp(x). The Cox and Cp profiles are given in Fig. 1 which shows that current is
mainly transported by P/Q (i.e. electrons) for x < ¢ - x, and by Red/Ox for
x> ¢ - Xy . For athin reaction layer one obtains (x; << ¢} :

Conlo) = paBa— )
I !
P—_—__—_‘_—-—"H I
% || |
o o |
z | |
= k- o |
: K pgeom
= _ 2KpCqC.
Z| ol | |
O l |
Z I ,
o
O | l
| |
[ 1 l
0] D-xp < O+d X
DISTANCE TO THE METAL

FIGURE 1 : Schematic representation of the stationary concentration profiles of Ox and P.
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and:  Cox(d) = Coxlo) + %% (Ceo- Cox (0)) (8)

The faster is the mediation reaction, the thinner is x; and the smaller the
difference between Cox (¢} and Cox(0o).
The steady-state i-E curve becomes :

F
1 - expmwrn
- - FDscw R;_ + FD§ (Cw’Cox(O)) %s)(r (9)
5 1+ exp Ry ™ 8 i

For x; — 0, the i-E curves approach that typical of an infinitely fast
process, whatever is the value of kj2 and kpp , i.e. irrespective of the fact that
the direct reaction of Red/Ox on a bare electrode is fast or slow. Instead, when
Xr is not negligible, the absolute value of i is somewhat lower at all E.

IMPEDANCE

Of the two situations leading to no-mediated reaction the one involving
electrochemical processes-occurring at electrodes coated with inert polymer
layers has been previously treated 2. On the other hand, for an electroactive
polymer unable to exchange electrons with Red/Ox (Kr and Kg = 0), the
transient current is the sum of the currents due to Red/Ox reaction ( Tged/o,( )

and the charge-discharge of the film ( Tp/o ). Thus the overall impedance is the
parallel combination of the impedance of the Red/Ox reaction occurring at a
coated electrode 2 and that of the film in an inert electrolyte 3.

Much more interesting is the case of effective mediation for which

TRed/Ox = 0. ltis worth noting that TReg/ox = 0 does not mean iNRed/OX =0.
However, in the present paper x, is assumed to be vanishingly small ; for
C" >> C., thisleads to Tged/ox << iNP/Q .

The ac impedances are calculated by assuming that i and E undergo
sinusoidal variations, so that, e.g. :

E=E + Re(éexpjwt) (10)
By differentiating Eq. (1) :

~
l

= ipq = A1 Cp(o) + Re! (E-Rei) (11)

aqF 1-aq)F
where : At = ki exp-R—1T- N +kptexp - ( FﬂI) n (12)
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Ryl = ﬁl-:f[mknCp(o)exp(alF E/RT) + (1-a1)kn1Cq(0)exp - (1-a1)F E/RT]

(13)
RE is the uncompensated electrolyte resistance.
Under the assumption that the exchange reaction is at quasi-equilibrium
for0 < x<é-x; :

~

C . KeCe +KBCa g (14)

Cp(x) =

KeCox + KBCRed
and from Eq. (4) transient charge transport in the film is described by :

jwCp = D 22Ce 15)
as in ref.1.

This leads to :

Cp(x) = Mexp (jux2/Dg)12 + N exp - ((jox2/Dg)1/2 (16)

One of the two boundary conditions needed to compute M and N is the
same as in ref.1 :

~ ac

| = FDg —PI (17)

The other one is obtained from the definition of a dimensionless
convective diffusion impedance 4 :

9Cox _ Coxld)

ax ¢ ]

Considering that the transient currents of electroactive species are due to

P/Qinx = q) xr and to Red/Ox in x = ¢, one has :

acp 3Cox
I¢ x o |

(This assumptlon is the more valid as x; is smaller).
By combining Egs (14), (18) and (19), one obtains :

O (18)

aC c Co C
De P| KeCp + KgCaq P(9)

F FDs 0'(0) (20)

o-xr T _ _
KrCox + KBCRed

which may be used as a boundary condition in x = ¢, since x; << ¢.

By computing M and N and substituting ép(o) =M + Nin Eqg. (11), the ac
impedance becomes :
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1 2 tanh s41/2

Zp + & De 172
= Rg +R; + LF De o1 (21)

D
1+ ZpCLF 8—5311/2 tanh s41/2

-2 |mz

where CLr = F§/ARy is the polymer redox capacitance, s1 = jo$p2/Dg, and Zp
is the convective diffusion impedance for an infinitely fast reaction.

Eq. (1) has the same form as the ac impedance expression given in
ref. [1], except that charge transfer resistances relative to the
polymer/electrolyte interface cannot appear here.

Examples of simulated impedance diagrams are shown in Fig. 2. They
reproduce the diagrams experimentally observed for some redox and
conducting polymers 5.6.7
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EIGURE 2 : Ac impedance calculated according to Eq. (21) with Zp(w=0) = 100 Q,
CLF =102F, R{=0Q, ¢2/Dg = 1065 (A), 1s (B).
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