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Abstract

The e�ects of pH and of the nature and concentration of the electrolyte on the electrochemical behaviour of the
Fe(CN)

3ÿ=4ÿ
6 charge-transfer reaction at a poly(2-vinylpyridine)-coated electrode formed by electropolymerization

have been studied. Cyclic voltammetry during the Fe(CN)3ÿ6 incorporation process was combined with
measurement of the saturated concentration of the Fe(CN)3ÿ6 con®ned in the ®lms to investigate the electrochemical
behaviour and the fundamental nature of the ion-exchange polymers. The poly(2-vinylpyridine) ®lms formed by
electropolymerization were found to have better properties (i.e., larger amount of Fe(CN)3ÿ6 can be incorporated at
various pH values and ®lms are more chemically stable under acidic conditions) as polymer-modi®ed electrodes
than those formed by solvent evaporation. Of the various anions studied, ClOÿ4 was found to be distinct from the
others (Cl), NOÿ3 , Br

) and SO2ÿ
4 ). On the one hand, the polymer ®lms exposed to ClOÿ4 are more dense and rigid

than those exposed to other anions and show relatively little electroactivity. On the other hand, when the ®lms are
exposed to increasing concentrations of Cl), the ®lms become more swollen, thereby reducing the resistance within
the ®lm and enhancing the rate of charge-transfer from the outer ®lm surface to the electrode surface.

1. Introduction

Polymer-modi®ed electrodes have been of great interest
for the last two decades. In general, polymer-modi®ed
electrodes are composed of redox-active centres con-
®ned in thin polymer ®lms and can be classi®ed into two
main categories. Fixed-site redox polymers comprising
the ®rst category contain redox-active sites covalently
attached to an inactive polymeric matrix. Charge
transfer in such a polymer ®lm occurs via electron
hopping between neighbouring redox-active sites. In the
second category are ion-exchange polymers in which
redox-active groups are electrostatically bound to the
polymer matrix. Since these redox-active species are
mobile in the polymer ®lm, the charge transfer across
the polymer matrix can occur via physical di�usion of
the incorporated redox-active species [1, 2] or via a
combination of short-length di�usion and electron
hopping of incorporated redox-active species [3].
Usually ion-exchange polymers are formed by solvent

evaporation to produce a ®lm followed by incorporation
of metal complexes by ion exchange with exchangeable
ions. Furthermore, poly(4-vinylpyridine) and its copoly-
mer ®lms rather than poly(2-vinylpyridine) have report-
edly been used as polymer-modi®ed electrodes and most
have been formed by solvent evaporation, although
recently Li and Wang [4] used an electropolymerized

poly(4-vinylpyridine)-modi®ed electrode for the electro-
catalyzed oxidation of hydrazine.However, several recent
studies have shown that poly(2-vinylpyridine) coatings
formed by electropolymerization have some di�erent and
advantageous properties (excellent adhesion, hardness,
chemical stability and corrosion resistance) over poly(2-
vinylpyridine) coatings formed by nonelectrochemical
methods [5±7]. This appears to be linked to the fact that
electropolymerization leads to a di�erent polymer struc-
ture, one with a high degree of crosslinking and branch-
ing. Based on these results, it would be important to
determine whether such a di�erence in structure would
enable these coatings to be useful for other applications.
In the current study, we examine the use of electropoly-
merization to produce a polymer-modi®ed electrode of
poly(2-vinylpyridine) on a graphite substrate and com-
pare this to the use of solvent evaporation. Particular
attention will be focused on the in¯uence the method of
®lm formation has on electroactivity and chemical
stability of the resulting polymer-modi®ed electrode.
One of the disadvantages of ion-exchange polymer-
modi®ed electrodes is the potential leakage of redox-
active species from the ®lm, leading to a permanent loss of
electroactivity. An important objective of this study will
therefore be to determine whether the crosslinked and
branched nature of the electropolymerized poly(2-vinyl-
pyridine) will help minimize this leakage.
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More speci®cally, the objectives of this research are to
electrostatically incorporate a redox-active species,
Fe(CN)3ÿ6 , into electropolymerized poly(2-vinylpyri-
dine) ®lms to produce polymer-modi®ed electrodes
and to investigate the factors a�ecting the electrochem-
ical behaviour of these polymer-modi®ed electrodes.
This paper will focus on the e�ects of pH and electrolyte
on electropolymerized poly(2-vinylpyridine) ®lms during
Fe(CN)3ÿ6 incorporation by monitoring the cyclic vol-
tammograms obtained during this process and the
amount of Fe(CN)3ÿ6 electrostatically bound in the
polymer ®lms. An important factor in the choice of
using the Fe(CN)3ÿ6 /Fe(CN)4ÿ6 redox couple in the
polymer-modi®ed electrode is that it has been widely
studied in other systems. This should facilitate our
ability to distinguish the e�ects of the nature of the
polymer and the method of polymer ®lm formation.
It is expected that pH would have a signi®cant e�ect

on the electroactivity of poly(2-vinylpyridine). Poly(4-
vinylpyridine) reportedly can electrostatically bind an-
ionic metal complexes at pH below its pKa value (around
pH 3) [8] or when it is quaternized by methyl or benzyl
halide [9], thereby making it electroactive. Oyama and
coworkers [10±12] formed electropolymerized coatings
of N,N-dialkyl substituted aniline derivatives that could
incorporate the same amount of Fe(CN)3ÿ6 regardless of
pH from 1 to 12 and so remain electroactive due to the
presence of the strongly basic quaternary ammonium
sites. Since no information has been reported on the use
of electropolymerized poly(2-vinylpyridine) ®lms as ion-
exchange polymers, the dependence of electrochemical
behaviour for poly(2-vinylpyridine) ®lms formed by
electropolymerization on solution pH will be studied.
Comparisons will be made with poly(2-vinylpyridine)
®lms formed by solvent evaporation.
The dependence of the electrochemical behaviour of

electropolymerized poly(2-vinylpyridine) on both the
nature and concentration of the ionic species comprising
the electrolyte is also investigated. Although there have
been studies on the e�ect of the nature of the electrolyte

on ion-exchange polymers [3, 13], very little has been
reported on the e�ect of the electrolyte concentration.

2. Experimental details

2.1. Materials and experimental set-up

2-Vinylpyridine (Sigma-Aldrich Chemical Company)
was puri®ed by distillation at 70 °C under vacuum
(97.8 kPa) to remove the inhibitor (0.1 wt % p-tert-
butylcatechol) [5]. All other materials were analytical
grade and used as received. Potassium ferricyanide
(K3Fe(CN)6) was purchased from Fisher Scienti®c.
Distilled water was used to prepare solutions in all
experiments. Graphite rods (Speer Canada) with diam-
eters of 0.47 cm were used as the working electrodes.
They were washed with deionized water and dried in an
oven before weighing and beginning the electropoly-
merization process.
The electrochemical processes to form the poly(2-

vinylpyridine) coating and then incorporate Fe(CN)3ÿ6
were controlled by a potentiostat/galvanostat (EG&G
Princeton Applied Research, model 273) using a three-
electrode electrochemical cell with a platinum counter
electrode and a standard calomel reference electrode
(SCE, Fisher Scienti®c). The working electrode (poly(2-
vinylpyridine)-coated graphite) was placed in the middle
of the electrolytic cell surrounded by a platinum coil
along the internal wall of the cell, as shown in Figure 1.
The current data were recorded as a function of time with
a personal computer. All reported potentials refer to the
SCE scale. The electrolytic solution was well agitated by
a magnetic stirrer throughout the experiments.

2.2. Film formation

The electropolymerization procedure to form poly(2-
vinylpyridine) ®lms followed the method reported by
Ling et al. [5]. The aqueous electrolytic solution was

Fig. 1. Equipment set-up for incorporation of the metal complex into the electropolymerized poly(2-vinylpyridine) coated electrode.
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prepared to contain 0.25 M 2-vinylpyridine, 0.05 M

NH4ClO4 and 20 vol % methanol. The pH of the
solution was then adjusted from about 7.4 to 4.85 with
concentrated HClO4. The exposed area of the graphite
rod in the solution was 4.66 cm2 (0.476 cm in diameter
and 3.0 cm in length). Electropolymerization of the
poly(2-vinylpyridine) was carried out by applying three
consecutive cyclic voltammetric scans between )0.7 and
)2.5 V at 30 mV s)1. The mass of the polymer coating
controlled by the number of cycles or the electropoly-
merization time, was obtained from the weight increase
of the graphite rod after electropolymerization. The
typical mass of the polymer ®lm obtained after three
cycles of voltammetry was found to be approximately
4.7 mg. Using a density of the swollen polymer ®lm to
be 0.9 g cm)3 based on the average values of the bulk
density of polyvinylpyridine (1.1 g cm)3) [14] and the
approximated density of swollen poly(4-vinylpyridine)
®lm formed by solvent evaporation (0.65 g cm)3) [15],
this corresponds to a thickness of about 11.1 lm.
Poly(2-vinylpyridine) ®lms were also formed on the

graphite electrode by solvent evaporation for compar-
ison purposes. This involved ®rst forming a bulk poly(2-
vinylpyridine) solution by free radical polymerization
initiated by 1.0 wt % benzoyl peroxide (Sigma-Aldrich)
at room temperature (20 °C). The polymer was isolated
by hexane. A graphite rod was then dipped in the
solution of poly(2-vinylpyridine)/methanol to form
the polymer coating on the surface. More details of
the procedure are given by Ling et al. [6].

2.3. Incorporation of Fe(CN)3ÿ6

Under typical conditions, Fe(CN)3ÿ6 was incorporated
into the poly(2-vinylpyridine) ®lm by cyclic voltammet-
ric electrolysis in an 0.002 M K3Fe(CN)6 and 0.5 M KCl
aqueous solution at pH 3 adjusted with HCl. The
potential of a poly(2-vinylpyridine)-coated electrode
was cyclically scanned between +0.5 and )0.2 V at
50 mV s)1 for 30 min to incorporate Fe(CN)3ÿ6 into the
®lm. This technique not only enables the incorporation
of Fe(CN)3ÿ6 into the polymer ®lms to take place but
also provides dynamic information concerning the
process itself.

2.4. Measurement of Fe(CN)3ÿ6 and Fe(CN)4ÿ6
incorporated in ®lms

Although cyclic voltammetry was used to incorporate
Fe(CN)3ÿ6 in the ®lms, determination of the area under
the voltammetric curves tended to underestimate the
amount incorporated into the coating. Thus, in this
study, the method originally presented by Oyama and
Anson [16] was used to estimate the amount of
Fe(CN)3ÿ6 incorporated into the coating. After the
incorporation process, the polymer-coated electrode
was transferred to a solution containing 0.5 M KCl,
but no ferri- or ferrocyanide, at the same pH as during
the incorporation process to determine the amount

(G; in mol cm)2) of Fe(CN)3ÿ6 incorporated into the
coating. The potential of the polymer-coated electrode
was then adjusted from its open-circuit value (�0.22 V)
to +0.50 V, then scanned at 50 mV s)1 from +0.5 to
)0.2 V and then held at )0.2 V until the current
decreased to the background level to ensure that all
Fe(CN)3ÿ6 is converted to Fe(CN)4ÿ6 . The amount of
Fe(CN)3ÿ6 in the ®lm was estimated by measuring the
area under the reduction current curve obtained while
the electrode potential was scanned from +0.5 to
)0.2 V and then held at )0.2 V. The concentration
(c0f ; in mol cm)3) of Fe(CN)3ÿ6 incorporated in the
polymer ®lm was determined from the C value by using
the estimated thickness (/) of the swollen ®lm, that is,
c0f � C=/.
The amount of Fe(CN)4ÿ6 incorporated in the ®lm was

measured in a similar way to that described above. Once
the incorporation process was complete, the electrode
was transferred to a solution containing 0.5 M KCl, but
no ferri- or ferrocyanide, at the same pH as during
incorporation. The electrode potential was stepped to
)0.2 V, then scanned at 50 mV s)1 from )0.2 to 0.5 V
and then held at 0.5 V until the current decreased to the
background level. The amount of Fe(CN)4ÿ6 in the ®lm
was estimated by measuring the area under the oxida-
tion current curve as the potential was scanned from
)0.2 to 0.5 V and then held at 0.5 V.

3. Experimental results and discussion

3.1. E�ect of solution pH on the incorporation
of Fe(CN)3ÿ6 into electropolymerized ®lms

A series of cyclic voltammograms obtained during the
incorporation of Fe(CN)3ÿ6 into the electropolymerized
poly(2-vinylpyridine) ®lms in a solution containing
0.002 M K3Fe(CN)6 and 0.5 M KCl at various pH is
shown in Figure 2. From the voltammograms at pH 3
(Figure 2(a)), it is observed that the peak current (Ip) on
electropolymerized poly(2-vinylpyridine)-coated elec-
trode during the ®rst cycle is somewhat higher than
that on an uncoated electrode (Figure 2(e)). Oyama and
coworkers [8, 17] obtained similar results with proto-
nated poly(4-vinylpyridine) ®lms formed by solvent
evaporation, but their initial peak current on the coated
electrode was smaller than that on the uncoated
electrode. The voltammograms show a gradual increase
in the peak current with successive cycles until it reaches
a constant level after 15±20 min at a signi®cantly higher
value than that on an uncoated electrode. The leveling
o� of the current indicates that the polymer ®lm has
become saturated with Fe(CN)3ÿ6 .
Using the technique described in Section 2.4, we

found the maximum amount of Fe(CN)3ÿ6 incorporated
in the polymer ®lm to be 4.31 ´ 10)7 mol cm)2 corre-
sponding to a concentration of 0.389 mol L)1 (based on
an assumed coating density of 0.9 g cm)3). However,
analysis showed that the maximum amount of
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Fe(CN)4ÿ6 incorporated was 2.2 ´ 10)7 mol cm)2. On
the basis of electroneutrality, one would expect
3.23 ´ 10)7 mol cm)2 to be present if every protonated
site bound to an Fe(CN)3ÿ6 ion became bound to an
Fe(CN)4ÿ6 upon reduction. The considerably lower
amount of Fe(CN)4ÿ6 incorporated in the polymer ®lm
indicates that the a�nity of Fe(CN)4ÿ6 in the polymer
matrix is lower than that of Fe(CN)3ÿ6 , consistent with
what has been previously found [13]. This is also
consistent with previous ®ndings that electroneutrality
requirements tend to drive Fe(CN)4ÿ6 from the ®lm as
reduction of Fe(CN)3ÿ6 to Fe(CN)4ÿ6 occurs. This will
likely lead to some permanent loss of electroactivity

of the polymer ®lm upon repeated potential cycling
unless the bulk solution always contains Fe(CN)3ÿ6 to
replenish the leakage from the ®lm. In this regard, the
use of electropolymerization to form the poly(2-vinyl-
pyridine) coatings does not eliminate the problem of
leakage of the redox-active species that has also been
observed with solvent-evaporated ®lms.
A series of voltammetry experiments were carried out

to determine the e�ect of sweep rate (m) in solutions
containing 0.002 M K3Fe(CN)6 and 0.5 M KCl at
pH 3.0. The peak current for Fe(CN)3ÿ6 reduction was
found to be proportional to the square root of sweep
rate suggesting that the charge transfer is controlled by

Fig. 2. (a)±(d) Cyclic voltammograms of Fe(CN)
3ÿ=4ÿ
6 on electropolymerized poly(2-vinylpyridine) coated graphite in a solution containing

0.002 M K3Fe(CN)6 and 0.5 M KCl, with pH adjusted with HCl or KOH. (e) Cyclic voltammograms of Fe(CN)
3ÿ=4ÿ
6 on an uncoated electrode in

a solution containing 0.002 M K3Fe(CN)6 and 0.5 M KCl. The voltammograms show the response at the end of scanning at 50 mV s)1 for

30 min.
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diffusion through the polymer ®lm [18]. The linear
relationship Ip/v

1/2 enabled the di�usion coe�cient
(Dapp) for charge transfer through the protonated
electropolymerized poly(2-vinylpyridine) ®lm to be esti-
mated as 5.8 ´ 10)8 cm2 s)1. The polymer ®lm was still
stable at this pH of 3.0 after 30 min of electrolysis. This
di�ers from some results in the literature reported on
poly(4-vinylpyridine) showing that ®lms formed by sol-
vent evaporation are unstable in KCl/HCl solutions [9].
When the solution pH is further decreased to more

acidic conditions (pH 1.5), the ®nal cathodic peak
current (Figure 2(b)) remains the same since the pyri-
dine sites in the poly(2-vinylpyridine) ®lm are saturated
with H+. However, the amount of Fe(CN)3ÿ6 incorpo-
rated (3.7 ´ 10)7 mol cm)2) was found to be less than
that at pH 3 because some of the polymer ®lm became
unstable and dissolved at the lower pH. This was
re¯ected in a weight loss of the coating and the
observation of a slight cloudiness in the solution during
electrolysis. Although the peak currents do not change
when the solution pH changes from pH 3 to 1.5, a
positive shift in the cathodic wave and half-wave
potential occurs with the development of a more
di�usion-like tail. It is expected that the poly(2-vinyl-
pyridine) structure is swollen more at pH 1.5 than at
pH 3.0 and Fe(CN)3ÿ6 can more easily reach the
electrode surface leading to a shift in the reduction
peak position toward where it is observed on the
uncoated graphite electrode. These observations suggest
that physical di�usion of Fe(CN)3ÿ6 is a signi®cant mode
of charge transfer within the polymer ®lm.
When no HCl is added to the solution and the pH is at

its natural value (pH 5.5), the cathodic peak current
(Figure 2(c)) and the amount of Fe(CN)3ÿ6 incorporated
in the polymer ®lm (1 ´ 10)7 mol cm)2) not surprisingly
are lower than at lower pH, but still higher than that
obtained on the bare graphite in the same solution. This

indicates that the electropolymerized poly(2-vinylpyri-
dine) ®lm apparently contains enough protonated sites
at pH 5.5 to bind some Fe(CN)3ÿ6 leading to moderate
electroactivity. One possible explanation is that the
formation of the coating itself via electropolymerization
is conducted in NH4ClO4 solution under acidic condi-
tion and so H+, NH�4 and ClOÿ4 are incorporated in the
®lm. This argument is supported by evidence from
FTIR spectra of electropolymerized poly(2-vinylpyri-
dine) obtained by Ling et al. [6] which show the
absorption peak of ClOÿ4 . Thus, when this ®lm is
contacted with a Fe(CN)3ÿ6 solution at pH 5.5, exchange
with ClOÿ4 may allow enough Fe(CN)3ÿ6 to be incorpo-
rated into the coating to lead to a larger reduction
current than that observed on a bare electrode.
When the solution pH is basic (pH 8.5), the cathodic

peak current (Figure 2(d)) is suppressed and lower than
that on the bare electrode, as expected, due to the
scarcity of positively charged species in the ®lm (i.e., no
protonation, instability of NH�4 ) to retain Fe(CN)3ÿ6 . In
this state, the polymer ®lm is electroinactive and serves
as a barrier to inhibit the transport of Fe(CN)3ÿ6 through
the polymer ®lm.
The e�ect of pH on the amount of Fe(CN)3ÿ6

incorporated in the ®lms is shown in Figure 3. As the
solution pH decreases from the natural solution pH of
5.5, the amount of Fe(CN)3ÿ6 bound in the poly(2-
vinylpyridine) ®lms increases steeply and reaches a
maximum at pH between 3.3 and 2.8 before starting to
drop o� at still lower pH. The amount of Fe(CN)3ÿ6
con®ned in the polymer ®lms is found to decrease at pH
below 2.75 presumably because the polymer ®lm be-
comes unstable, as mentioned above. The results suggest
that the optimum pH in order to incorporate Fe(CN)3ÿ6
in the poly(2-vinylpyridine) ®lm is in the range between
pH 3.3 and 2.8. A higher pH in this range is preferable
since the solution conditions are less severe and the

Fig. 3. The amount of Fe(CN)3ÿ6 incorporated in the electropolymerized poly(2-vinylpyridine) coating on the graphite electrode as a function of

pH after scanning the potential between 0.5 and )0.2 V at 50 mV s)1 for 30 min in a solution containing 0.002 M K3Fe(CN)6 and 0.5 M KCl.
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poly(2-vinylpyridine) ®lms are more stable. No previous
work on the e�ect of pH on the loading capacity of
poly(2-vinylpyridine) has been reported and only very
little has been reported with regard to poly(4-vinylpyri-
dine). Oyama and Anson [8] showed that poly(4-
vinylpyridine) is highly protonated at pH below 3 and
essentially neutral at higher pH so that these electrodes
have to be exposed to acidic electrolyte in order for
metal complexes to be incorporated into these ®lms. The
dependence on pH of an electropolymerized poly(2-
vinylpyridine)-coated electrode studied here is di�erent
from that of electropolymerized N,N-dialkyl substituted
aniline derivative polymer ®lms [10±12] that can incor-
porate the same amount of Fe(CN)3ÿ6 independent of
pH from 1 to 12 due to the presence of strongly basic
quaternary ammonium sites.

3.2. E�ect of solution pH on the incorporation of
Fe(CN)3ÿ6 into ®lms formed by solvent evaporation

For comparison, experiments were conducted on poly(2-
vinylpyridine) ®lms formed by solvent evaporation
under natural (pH 5.5) and acidic (pH 3) conditions to
produce the cyclic voltammograms shown in Figures 4
and 5, respectively. Unlike the current response of the
electropolymerized-coated electrode (Figure 4(a)), the
response of poly(2-vinylpyridine)-coated electrode at
pH 5.5 formed by solvent evaporation (Figure 4(b)) is
entirely suppressed and even lower than that on an
uncoated electrode (Figure 4c). This indicates that the
polymer ®lms formed by solvent evaporation are not as
electroactive as those formed by electropolymerization
at pH 5.5. Previous reports in the literature [9, 14]
implied that poly(4-vinylpyridine) coatings formed by
solvent evaporation cannot electrostatically bind the
metal complexes and thereby signi®cantly inhibit redox
reactions unless the ®lms are protonated or quaternized.
This behaviour represents a potential advantage for the

use of electropolymerization over solvent evaporation
since acidic conditions might be too aggressive for the
polymer ®lms. It may be preferable to operate under
milder conditions provided the polymer ®lms formed by
electropolymerization have su�cient electroactivity.
At pH 3, the observed current through the polymer

®lms formed by solvent evaporation (Figure 5(b)) in-
creases considerably from what is observed at pH 5.5,
but is still lower than that through the polymer ®lms
formed by electropolymerization. Furthermore, the
polymer ®lms formed by solvent evaporation are very
unstable at this pH and some actually partially peeled
o� the electrode surface. The electrolyte changed from
clear to very cloudy with fragments of the peeled poly(2-
vinylpyridine) ®lm suspended throughout the solution.
It is important to note that no such e�ects were observed
with the electropolymerized coatings at this pH. The
instability of the poly(vinylpyridine)-modi®ed electrodes
in KCl solutions with HCl used to adjust the solution
pH has been reported by other researchers [9]. Thus, an
electrolytic solution of CF3COONa/CF3COOH has
been widely used instead. Figure 6 shows cyclic voltam-
mograms of Fe(CN)

3ÿ=4ÿ
6 on electropolymerized poly(2-

vinylpyridine)-coated and solvent evaporation-coated
electrodes in CF3COONa/CF3COOH solution at pH 3.
Both types of polymer ®lms are stable under this
condition. The results again indicate a larger reduction
current when the electropolymerized coating is used.
Also, the separation between the reduction and oxida-
tion peaks for Fe(CN)

3ÿ=4ÿ
6 on ®lms formed by solvent

evaporation is much wider (DE � 0.495 V) than that of
poly(2-vinylpyridine) ®lms formed by electropolymer-
ization (DE � 0.231 V). The peak positions for
Fe(CN)3ÿ6 reduction and Fe(CN)4ÿ6 oxidation shift to
more negative and to more positive potentials, respec-
tively. These trends indicate more resistance to the

Fig. 4. Cyclic voltammograms of Fe(CN)
3ÿ=4ÿ
6 on various electrodes

in a solution containing 0.002 M K3Fe(CN)6 and 0.5 M KCl at natural

pH (5.5): (a) electropolymerized poly(2-vinylpyridine)-coated graphite;

(b) graphite coated with poly(2-vinylpyridine) by solvent evaporation;

(c) bare graphite. The voltammograms correspond to the responses at

the end of scanning between 0.5 and )0.2 V at 50 mV s)1 for 30 min.

Fig. 5. Cyclic voltammograms of Fe(CN)
3ÿ=4ÿ
6 on various electrodes

in a solution containing 0.002 M K3Fe(CN)6 and 0.5 M KCl at pH 3:

(a) electropolymerized poly(2-vinylpyridine)-coated graphite; (b)

graphite coated with poly(2-vinylpyridine) by solvent evaporation;

(c) bare graphite. The voltammograms correspond to the responses at

the end of scanning between 0.5 and )0.2 V at 50 mV s)1 for 30 min.
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reaction of Fe(CN)
3ÿ=4ÿ
6 on the solvent evaporation-

coated electrode in this electrolyte, similar to what is
observed in chloride solutions.
These experimental results indicate that the poly(2-

vinylpyridine) ®lms formed by electropolymerization
may be more suitable for use in polymer-modi®ed
electrodes than those formed by solvent evaporation
from several perspectives, for example, better electroac-
tive properties (i.e., higher voltammetric current and less
®lm resistance) at both natural and acidic conditions as
well as forming more stable coatings under aggressive
conditions (i.e., solutions containing KCl and HCl).

3.3. E�ect of electrolyte on the incorporation
of Fe(CN)3ÿ6 into the polymer ®lms

In this study, the e�ects of both the nature and concen-
tration of the electrolyte on the voltammetric current
responses and on the amount of Fe(CN)3ÿ6 con®ned in the
electropolymerized poly(2-vinylpyridine) ®lms have also

Fig. 6. Cyclic voltammograms of Fe(CN)
3ÿ=4ÿ
6 on various electrodes

in solutions containing 0.002 M K3Fe(CN)6 and 0.2 M CF3COONa at

pH 3: (a) electropolymerized poly(2-vinylpyridine)-coated graphite; (b)

graphite coated with poly(2-vinylpyridine) by solvent evaporation. The

voltammograms correspond to the responses at the end of scanning

between 0.8 and )0.7 V at 50 mV s)1 for 30 min.

Fig. 7. Cyclic voltammograms of Fe(CN)
3ÿ=4ÿ
6 on electropolymerized poly(2-vinylpyridine) coated graphite in solutions containing 0.002 M

K3Fe(CN)6 and 0.5 M of different electrolytes: (a) KCl; (b) LiCl; (c) NaCl; (d) NH4Cl; (e) KNO3; (f) NH4NO3; (g) KBr; (h) (NH4)2SO4; (i)

NaClO4, at pH 3 adjusted with their corresponding acids. All voltammograms correspond to the responses after scanning between 0.5 and )0.2 V

at 50 mV s)1 for 30 min.
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been investigated. Figure 7 presents the voltammograms
of Fe(CN)

3ÿ=4ÿ
6 on electropolymerized poly(2-vinylpyri-

dine)-coated electrodes in 0.5 M of different electrolytes
KCl, LiCl, NaCl, NH4Cl, KNO3, NH4NO3, (NH4)2SO4,
KBr and NaClO4 at pH 3 after 30 min of scanning. The
corresponding amount of Fe(CN)3ÿ6 incorporated in the
polymer ®lms is listed in Table 1. The voltammograms in
Figure 7(a) to (d) indicate that the nature of the cation in a
chloride electrolyte has some e�ect on the amount of
charge transfer within the polymer ®lms. The currents for
Fe(CN)3ÿ6 reduction and consequently for Fe(CN)4ÿ6
oxidation on the reverse scan are lower in the presence
of Na+ and Li+ than K+ and NH�4 .

The nature of the anion is found to have an even
larger e�ect on the electrode responses than that of the
cation. Comparison of Figure 7(d), (f) and (h) indicates
that the presence of SO2ÿ

4 causes a larger separation
between the reduction and oxidation peaks. However,
the most signi®cant e�ect is observed upon the addition
of ClOÿ4 (Figure 7(i)). This leads to a dramatic suppres-
sion in the current response by an order of magnitude to
a level lower than that observed on bare graphite in
0.5 M KCl solution. This indicates that the polymer ®lm
in ClOÿ4 solutions behaves as an electroinactive barrier
preventing the incorporation of Fe(CN)3ÿ6 in the poly-
mer ®lm and inhibiting the transport of Fe(CN)3ÿ6 to the

Fig. 7. (Continued)
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graphite surface. The maximum amount of Fe(CN)3ÿ6
con®ned in the poly(2-vinylpyridine) ®lms in NaClO4

solution is found to be only 2.5 ´ 10)8 mol cm)2, only
6% of that observed in KCl solutions, while the
di�usion coe�cient of Fe(CN)3ÿ6 in the ®lm is found
to be smaller than that for other electrolytes by two
orders of magnitude.
These di�erences are more re¯ective of the e�ect of

the anions on the polymer structure than on di�erences
in the rates of anion transfer through the polymer ®lm.
The polymer matrix interacts especially strongly with
ClOÿ4 with the result that crosslinking occurs [19±21],
whereas the interactions between the polymer matrix
and other anions are much weaker. Thus, the polymer
®lm has a much more rigid and compact internal
structure in a ClOÿ4 electrolyte, while the polymer ®lms
in other electrolytes have a more swollen and open
structure. Infrared spectra results by Oh and Faulkner
[3] for polymer ®lms in di�erent anionic electrolytes
along with Raman spectroscopy results previously
reported by Walrafen [22] have shown that the hydro-
gen-bonded water in polymer ®lms is destroyed in the
presence of ClOÿ4 causing the polymer ®lms to dehydrate
and become more compact.
These results also re¯ect the relative a�nities of the

various anions for the protonated polymer matrix.
Clearly, Fe(CN)3ÿ6 has a much higher a�nity than Cl),
NOÿ3 , Br

) and SO2ÿ
4 considering that its bulk concen-

tration is two orders of magnitude lower than that of the
other anions, but still can be incorporated into the ®lm.
On the other hand, it is di�cult to conclude whether
Fe(CN)3ÿ6 or ClOÿ4 has higher a�nity on the basis of
these results since the ClOÿ4 concentration is so much
higher than that of Fe(CN)3ÿ6 . It should be noted that
Niwa and Doblhofer [13] concluded that ClOÿ4 has a
higher a�nity than Fe(CN)3ÿ6 for poly(4-vinylpyridine)
®lms on the basis of infrared re¯ection-absorption
spectroscopy results.
The e�ect of ClOÿ4 on the poly(vinylpyridine) struc-

ture, as discussed above, is consistent with its e�ect on
the electropolymerization process to form poly(2-vinyl-
pyridine) ®lms on the electrode surface in the ®rst place.
As reported in a previous study [5, 21], good quality

coatings (i.e., thick and uniform ®lms with excellent
adhesion to the substrate) were obtained only when
electropolymerization was conducted in the electrolytes
containing ClOÿ4 as anions (NH4ClO4, KClO4 and
HClO4). However, polymer ®lms formed in electrolytes
containing other anions (KCl, NH4Cl, (NH4)2SO4,
NH4NO3, (NH4)3PO4 and H3PO4) were very thin,
relatively loose and powdery. These observations are
consistent with the present observation regarding ion-
exchange polymers since one would expect better
coatings in an electrolyte that promotes dehydration
and crosslinking of the polymer segments, leading to a
compact, rigid and stable coating. The other anions do
not promote signi®cant crosslinking between the poly-
mer segments, thereby yielding only thinner, looser and
powdery coatings.
The concentration of KCl was found to a�ect the

structure of polymer ®lms, as shown by cyclic voltam-
mograms in Figure 8. The peak positions are a�ected by
the KCl concentration. The peak separations are wider
and the half-wave potentials shift to more negative
values as the KCl concentration decreases. These e�ects
suggest that the polymer structure changes with electro-
lyte concentration. When the concentration of KCl is
higher, the polymer structure is more swollen. Thus, the
®lms of poly(2-vinylpyridine) are more open leading to a
decrease in the ®lm resistance. As a result, cathodic and
anodic peak positions shift closer to the potentials where
the reaction of Fe(CN)

3ÿ=4ÿ
6 proceeds on bare graphite

and the separation between the peaks for reduction and
oxidation diminishes.
Analysis of the cyclic voltammograms in Figure 8

using the technique described in Section 2.4 shows that a
KCl concentration of 0.5 M produces the highest load-
ing of Fe(CN)3ÿ6 (Table 2). The amount of Fe(CN)3ÿ6
con®ned in the poly(2-vinylpyridine) ®lm and the peak
current are found to be lowest at the highest KCl

Table 1. The amount of Fe(CN)3ÿ6 incorporated in the electropoly-

merized poly(2-vinylpyridine) ®lms in di�erent solutions, as deter-

mined after 30 min of cyclic potential scanning in the experiments in

Figure 7

Electrolyte

(0.5 M)

Amounts of Fe(CN)3ÿ6 in polymer ®lms

/mol cm)2

KCl 4.31 ´ 10)7

LiCl 3.81 ´ 10)7

NaCl 3.33 ´ 10)7

NH4Cl 4.39 ´ 10)7

KNO3 2.65 ´ 10)7

NH4NO3 3.82 ´ 10)7

KBr 3.56 ´ 10)7

(NH4)2SO4 2.87 ´ 10)7

NaClO4 2.50 ´ 10)8

Fig. 8. Cyclic voltammograms of Fe(CN)
3ÿ=4ÿ
6 on electropolymerized

poly(2-vinylpyridine) coated graphite in solutions containing 0.002 M

K3Fe(CN)6 and di�erent KCl concentrations: (a) 0.2 M KCl; (b) 0.5 M

KCl; (c) 1 M KCl, at pH 3 adjusted with HCl. The voltammograms

correspond to the responses at the end of scanning between 0.5 and

)0.2 V at 50 mV s)1 for 30 min.
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concentration (1 M). This effect may be explained by the
breakdown of Donnan exclusion of Cl) ions [13]. At
high enough Cl) concentration in the solution (i.e., 1 M),
Cl) can compete with Fe(CN)3ÿ6 for the binding sites in
the polymer leading to a lowering of the amount of
Fe(CN)3ÿ6 incorporated in the ®lm. The polymer ®lm
treated in 0.2 M KCl appears to be more stable than
those treated at higher KCl concentrations, although the
amount of Fe(CN)3ÿ6 in the polymer ®lm at this
concentration is slightly less than that in 0.5 M KCl.
The less swollen polymer structure at 0.2 M KCl allows
less Fe(CN)3ÿ6 to penetrate through the ®lm.
The importance of ®lm stability is demonstrated by

the cyclic voltammograms in Figure 9 obtained by
immersing poly(2-vinylpyridine)-coated electrodes pre-
loaded with Fe(CN)3ÿ6 in 0.5 M (Figure 9(a)) and 0.2 M

(Figure 9(b)) KCl solutions. No Fe(CN)3ÿ6 is added to
the KCl solutions. A signi®cant and rapid decrease in
the current response in 0.5 M KCl is observed. After
2 h of electrolysis, the reduction peak current has
decreased by 67% of the initial value. In the presence
of 0.2 M KCl, on the other hand, the peak current
retains its initial value for 30 min and decreases by
about 25% after 2 h of electrolysis. This loss in
electroactivity is consistent with the conclusion made
in Section 3.1 that the conversion of Fe(CN)3ÿ6 to
Fe(CN)4ÿ6 results in leakage of Fe(CN)4ÿ6 from the ®lm.
With no Fe(CN)3ÿ6 present in the bulk solution during
the experiments presented in Figure 9, this leads to a
steady decline in electroactivity as cycling continues.
Comparison of the results in Figure 9(a) and (b)
indicates that the polymer ®lm is more stable at the
lower concentration, but not at the higher concentra-
tion in the 2 h electrolysis. With no Fe(CN)3ÿ6 in the
solution to compete with Cl), some Cl) can enter the
polymer ®lm and displace Fe(CN)3ÿ6 . The replacement
of Fe(CN)3ÿ6 by Cl) leads to a more swollen polymer
structure, facilitating further di�usion of Fe(CN)3ÿ6 out
of the polymer ®lm. Lower voltammetric currents and
ultimate ®lm instability are, therefore, observed. Taken
together, these results show that the use of 0.2 M KCl
gives the best compromise between incorporating
Fe(CN)3ÿ6 and affording the coating adequate stability.
Another contributing factor is that Fe(CN)4ÿ6 produced
during the reduction phase of the cycle that remains in
the ®lm has a lower af®nity for the polymer matrix
than Fe(CN)3ÿ6 [13] and so can be displaced by Cl)

ions.

4. Conclusions

The poly(2-vinylpyridine) ®lms formed by electropoly-
merization have been found to have better properties for
polymer-modi®ed electrode applications than those
formed by solvent evaporation. They have been shown
to incorporate more Fe(CN)3ÿ6 at various values of pH
and to be more chemically stable under acidic condi-
tions. This is likely due to the di�erences in the polymer
structure and adhesion to the graphite substrate de-
pending on the method of formation. The variation of
the peak potential and peak current with pH and the
nature of the anion present in the electrolyte indicate
di�erences in structure resulting from interaction
between polymer matrix, ionic species and solvent
molecules. As shown previously, ClOÿ4 has a distinctive
e�ect on the polymer structure and its presence leads to

Table 2. E�ect of KCl concentration on cyclic voltammograms and the incorporation of Fe(CN)3ÿ6 in electropolymerized poly(2-vinylpyridine)

polymer coating on graphite after cyclic potential scanning for 30 min

KCl

concentration

/M

Peak

current, Ip
/mA

Half-wave

potential

/V

Peak

separation, DE
/V

Amount of Fe(CN)3ÿ6 con®ned

in the coatings

/mol cm)2

0.2 21 +0.167 0.267 3.90 ´ 10)7

0.5 23 +0.175 0.238 4.31 ´ 10)7

1 18 +0.185 0.13 1.87 ´ 10)7

Fig. 9. Cyclic voltammograms of electropolymerized poly(2-vinylpyri-

dine) ®lms previously loaded with Fe(CN)3ÿ6 in solutions containing (a)

0.5 M KCl, (b) 0.2 M KCl at pH 3. The voltammograms were obtained

by scanning between 0.5 and )0.2 V at 50 mV s)1.
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the coating becoming electroinactive. Whereas this has
been previously found to be useful for purposes of
corrosion protection, it is obviously not so for applica-
tions of polymer-modi®ed electrodes. In the presence of
KCl or other chloride, nitrate, bromide, and sulphate
salts and Fe(CN)3ÿ6 , the coating becomes electroactive
due to the incorporation of Fe(CN)3ÿ6 into its structure
and the subsequent reduction and oxidation reactions.
The amount of salt added is critical in order for the
coating to have the optimum properties for charge
transfer. If too little salt is present, the polymer structure
remains too closed for incorporation and transport of
Fe(CN)3ÿ6 ; if too much is added, then the structure
swells so much that it becomes unstable.
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