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Abstract

Preparation and electrochemical behaviour of bilayer films consisting of iron(III) hexacyanoferrate, well known as Prussian Blue,

and of poly[4,40-bis(butylsulphanyl)-2,20-bithiophene], on a platinum electrode, are reported. The electrochemical features of the

Prussian Blue/conducting polymer bilayer system are examined in aqueous and acetonitrile solutions. Cyclic voltammetric studies

show that, in acetonitrile solvent, the inner layer Prussian Blue is electroactive to some extent, though the electrochemical response

of the system is mainly accounted for by poly[4,40-bis(butylsulphanyl)-2,20-bithiophene] outer layer. On the other hand, in aqueous
solution Prussian Blue exhibits good electroactivity. Under specific experimental conditions, the individual redox behaviour of each

constituent of the bilayer is evidenced in the two solvents separately, i.e., that of PB and that of poly[4,40-bis(butylsulphanyl)-2,20-
bithiophene] in aqueous and in organic solvent, respectively. However, interesting reciprocal influences are evident in the current/

potential curves recorded under conditions which are discussed. � 2002 Published by Elsevier Science B.V.
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1. Introduction

During the last decade, there has been a great deal of
interest in electrically conducting polymers (CPs), due to
their applications in electrochemical displays, in sensors,
in secondary batteries, and in catalysis [1–3]. CPs can be
deposited under the form of dense modifying layers on
usual electrode substrates to work as electrochemical,
mainly amperomeric, sensors [4–6].
On the other hand, during the last 15 years the use of

metal hexacyanoferrates for the modification of electrode
surfaces has attracted much interest as well [7]. Among
metal hexacyanoferrates, Prussian Blue (PB), i.e., ir-
on(III) hexacyanoferrate, is one of the most extensively
studied, due to the electrochromic properties and the

electrocatalytic activity and stability in aqueous solutions
[8,9]. PB has been used in the electrocatalytic reduction of
CO2 [10], H2O2 [11], hydrazine [12], and in the oxidation
of ascorbic acid and dopamine [13,14]. The presence of
two well distinct redox couples ascribes it selectivity with
respect to the redox processes that can or cannot be elec-
trocatalysed by an electrode modified by PB. However,
the stability of PB is only satisfactory in acidic aqueous
solutions, while at alkaline or neutral pH decomposition
occurs [15,16]. The thermodynamics of redox systems in
which PB is involved is of great interest when considering
bilayer electrode coatings, for which it has been proposed
both as the inner and as the outer phase.
The bilayer electrode coatings have been proposed

since the early 1980s by Murray et al. [17] who devel-
oped a ’double redox couple system’ that exhibited the
interesting property of rectifying the current flow, acting
similarly to a diode electronic device. Since that time, a
lot of bilayer systems have been proposed, based on
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many different inorganic and organic materials [18],
aimed at pursuing the original scopes, as well as at
realising a variety of novel devices with various prop-
erties. In particular, bilayer systems consisting of PB
films and different organic polymers have been realised.
The organic polymer layer was a CP [19–22], such as
polyaniline or polypyrrole, or an ion-exchange polymer,
such as Nafion� [18]. It is evident that in the case that
one layer is a CP and the other is PB, the system as a
whole will be affected by the conductive or insulating
state of both components. This means that the response
of the system will not only depend on the nature of the
two layers, but also on the potential of the underlying
electrode. In principle, by properly combining a suitable
hexacyanoferrate, i.e., not necessarily iron hexacyano-
ferrate, with a suitable CP, a wide choice of possible
selectivity in the correspondence to different potentials
can be realised. It is, however, very important to test
carefully the experimental conditions, since formation of
mixed-valence states could vanish any project based on
strict thermodynamic arguments [23,24].
In the recent past, we worked extensively on S-alkyl

substituted polythiophenes, in particular on the poly[4,40-
bis(butylsulphanyl)-2,20-bithiophene] (PBSBT) [25–31],
i.e., aCP that proved to posses unique stability properties,
fromboth amechanical and a chemical point of view.This
allowed us to perform time-consuming measurements
[28,29] devoted to the electrochemical characterisation of
the CP coating. In two recent papers, we reported the
capabilities of PBSBT modified conventional-size and
microelectrodes in analyses performed in aqueous media
at neutral pH, by linear sweep (LSV) and differential pulse
voltammetry (DPV) [30,31].
Aiming at obtaining stable bilayer PB-CPfilms, in view

of the advantages offered by PBSBT, we have studied
preparation and electrochemical features of a PB/PBSBT
bilayer coating deposited on a platinum electrode. The
PB/PBSBT coverage is prepared electrochemically by a
two-step method. We first electrodeposited a PB layer
onto a platinum electrode in aqueous solution. In the
second step, the electrochemical depositionofPBSBTfilm
over the Pt/PB modified electrode was carried out in an
organic medium. Hereafter, the electrochemical behav-
iour and the stability of the bilayer coating are studied in
both organic and aqueous solutions. The very good ad-
herence of PBSBT to PB, in addition to the well known
stability of thePBfilmonmetal electrodes, allowedquite a
stable bilayer coating system to be realised.

2. Experimental

2.1. Chemicals

All chemicals: FeCl3 (Merck), K3½FeðCNÞ6� (Feinbio-
chemica),HCl (Aristar), andKCl (CarloErba,RPE)were

used as received. 4,40-bis(butylsulphanyl)-2,20-bithioph-
ene (BSBT) was synthesised as described previously [32].
Tetrabutylammonium hexafluorophosphate supporting
electrolyte ðTBAPF6Þ from Fluka, puriss., acetonitrile
(AN) solvent from Aldrich, 99.8%+ pure, anhydrous,
packaged under nitrogen were used as received. Doubly
distilled water was always used to prepare aqueous solu-
tions for electrochemical use. In order to de-aerate the
solutions for electrochemical tests, nitrogen (99.99%+
purity) was bubbled through, for 20 min before the ex-
periments; nitrogen flowed continuously over the sample
solution during the measurements.

2.2. Apparatus and electrodes

The electrochemical experiments were carried out
with an Autolab PGSTAT12 potentiostat-function
generator electrochemical instrument (Ecochemie, Utr-
echt, The Netherlands), using a single-compartment,
three-electrode cell. A 3-mm diameter Pt disk electrode
(Metrohm, Herisau, Switzerland) was the working
electrode, a saturated calomel electrode (SCE, Amel,
Milan, Italy) was the reference electrode, and a glassy
carbon rod (Metrohm) was the auxiliary electrode. All
potential values, both in organic and in aqueous media,
are referred to SCE. Before each electrochemical test the
surface of the working electrode was polished subse-
quently with 1 and 0:3 lm alumina powder to a mirror
finish, dipped into an ultrasonic bath for 5 min, and then
rinsed with doubly distilled water.
Optical and electron microscopy were used in order

to ascertain the occurrence of complete electrode cov-
erage both by the inner and by the other layer and to
check their uniform structure.

3. Results and discussion

3.1. Pt/PB modified electrode

PB was deposited onto the electrode by potentiostatic
method at a potential value of +0.40 V, from an aque-
ous solution containing 2� 10�3 M K3½FeðCNÞ6� and
2� 10�3 M FeCl3 in 0.1 M KCl+ 0.01 M HCl. The
electrolysis was prolonged for 60 s. After deposition, the
modified electrodes were rinsed with doubly distilled
water and immersed into a solution containing 0.1 M
KCl and 0.01 M HCl, where the electrode potential was
cycled between 0.00 and +1.00 V at a scan rate of
0:05 V s�1, until a stable voltammetric response was
obtained.

3.1.1. Electrochemical behaviour of Pt/PB modified
electrode in aqueous medium
A typical cyclic voltammogram recorded on a Pt/

PB modified electrode, obtained as described above, is
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shown in Fig. 1(a). The Everitt’s Salt (ES) is obtained
by reduction of PB, while oxidation gives Berlin
Green (BG) [33]. As it is well known [15], the signals
in Fig. 1(a) are ascribed to the following processes:
• peak system at ca. +0.2 V:

KFeIII½FeIIðCNÞ6�
PB

þ e� þKþ () K2Fe
II½FeIIðCNÞ6�

ES

ð1Þ

• peak system at ca. +0.9 V:

KFeIII½FeIIðCNÞ6�
PB

() FeIII½FeIIIðCNÞ6�
BG

þ e� þKþ

ð2Þ

The linear dependence on the potential scan rate of
the forward cathodic peak current intensities of the
peak system at ca. +0.20 V up to 0:10 V s�1 and the
shape of the cathodic–anodic response supports
the surface nature of the electrode process expressed by
Eq. (1); accordingly, the peak potential separation for
the system at ca. +0.20 V is equal to ca. 20 mV at the
scan rate of 0:05 V s�1 and progressively increases at
increasing the scan rate, no ohmic drop compensation
being applied. The value of the peak potential separa-
tion indicates that PB adheres strongly to the electrode
surface, that the PB layer is thin, and that its conduc-
tivity is high.
The excellent stability of the modified electrode over

100 repetitive scans between 0.00 and +1.00 V in 0.1 M
KCl and 0.01 M HCl solution should be emphasised.
Only a slight decrease of ca. 5% of both anodic and
cathodic peak currents of the system at less positive
potential is observed. The stability of the peak system
at more positive potentials is even higher, and only a
decrease of the peak currents of 2% is correspondingly
observed.

3.1.2. Electrochemical behaviour of Pt/PB modified
electrode in organic media
When the PB modified electrode is transferred into

AN solution only containing 0.1 M TBAPF6, the PB/ES
redox process is prevented from occurring significantly,
while the signal corresponding to the PB/BG redox
couple is well detectable. This is evident from the dotted
line voltammetric curve in Fig. 1(b). On the other hand,
when the same solution is added with 0.01 M KClO4,
the PB film exhibits an interesting change in the redox
behaviour: the PB/ES peak system is well developed,
though lower than in aqueous medium, showing a peak
potential separation ðDEpÞ of 60 mV at 0:02 V s�1 po-
tential scan rate, and the PB/BG peak system is com-
parable in height with that recorded in aqueous medium,
exhibiting a DEp value of 70 mV at 0:02 V s�1 potential
scan rate (solid line in Fig. 1(b)). However, the low
solubility of KClO4 salt in AN prevents from making
reference to comparable experimental conditions. An
explanation to the different behaviour can be found in a
lower exchange rate of Kþ ions between the PB film and
the solution, also due to their lower concentration,
which affects both the reversibility degree of the redox
processes and the height of the relevant responses.
Therefore, the highly reversible behaviour of the PB/

ES system in aqueous solution turns into a quasi-
reversible, however well detectable response in AN
solution containing KClO4, despite a 10-fold lower
concentration. The reversibility degree of the PB/BG
system is comparable in the two quite different media.

3.2. Pt/PB/PBSBT modified electrode

The outer polymer electrode coating was prepared by
direct electrochemical polymerisation–deposition on the
Pt/PB electrode, carried out in a solution containing
5� 10�3 M BSBT monomer and 0.1 M TBAPF6

Fig. 1. Cyclic voltammogram of Pt/PB electrode in (a) aqueous solution containing 0.1 M KCl, 0.01 M HCl; (b) dotted line: 0.1 M TBAPF6,

AN solution; solid line: 0.1 M TBAPF6, 0.01 M KClO4, AN solution. 0:05 V s�1 potential scan rate.
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supporting electrolyte in AN solvent. The PBSBT
polymer film was grown by cycling the electrode po-
tential in the range from 0.00 to +1.05 V, at a scan rate
of 0:05 V s�1 (see Fig. 2). The occurrence of monomer
oxidation, which consists of a reversible charge transfer
and is necessary in order to start polymerisation as well
as to sustain chain propagation, occurs at potentials at
which the thermodynamically stable form is BG, i.e., a
species capable to induce electrocatalytic oxidation.
The voltammograms recorded during the polymer

growth are similar to those observed in the case of the
BSBT directly polymerised on bear Pt electrode. How-
ever, the peak current values are smaller, due to the low
electroactivity of PB films in acetonitrile solution. By
addition of 0.01 M KClO4, the polaron and bipolaron
formation peaks are better defined and the peak current
values are higher.
It is noteworthy that the PB coating allows for de-

position of the PBSBT film over, despite the fact that PB
exhibits a very much depressed electroactivity in organic
media.

3.2.1. Electrochemical behaviour of Pt/PB/PBSBT in
aqueous media
In order to analyse the effect of the presence of one

layer on the other one under different experimental
conditions, the electrochemical behaviour of the Pt/PB/
PBSBT electrode has been studied in both organic and
aqueous solutions, using different supporting electro-
lytes. Fig. 3 – solid line – shows the cyclic voltammetric
response of the bilayer modified electrode in 0.1 M KCl,
0.01 M HCl aqueous solution; comparison with the re-
sponse of Pt/PB in a similar solution is possible by
looking at Fig. 1(a). With an outer layer consisting of
PBSBT, the redox activity of the PB film is partially
hindered, but the peak system corresponding to the PB/
ES redox couple is still well detectable: the difference
between anodic and cathodic peak potentials is ca. 180
mV at a scan rate of 0:05 V s�1, i.e., the charge transfer
is quasi-reversible. The formal potential for the redox

couple PB/ES, evaluated approximately as the half-sum
of the anodic and cathodic peak potential values, is
equal to +0.13 V. Significantly, this value is fairly similar
to that of the PB/ES system computed on a Pt/PB
electrode, in aqueous solution, which is +0.14 V. This
result indicates that the thermodynamics of the PB/ES
redox system is unaffected by the presence of the outer
PBSBT layer. Furthermore, the current peaks relative to
the redox switching from PB to BG and vice versa are
hardly detectable, possibly due to the proximity to the
solvent oxidation. The different character of the redox
process involving PB to BG oxidation could be due to
the fact that, at those potentials, the PBSBT polymer is
positively charged and opposes the exchange of Kþ ions
between the electrolyte solution and the PB layer, which
is a necessary requirement in order that reaction (2)
occurs. Finally, the response due to polaron formation
on the outer PBSBT layer is well detectable at ca. +0.5
V. It is difficult, in this case, to conclude if the detection
of the signal ascribed to polaron formation is due to the
formation of significant quantities of BG form at that
potential, which induces electrocatalytic p-doping or,
rather, to the conductive character of PB due to a
mixed-valence ES/PB phase [22,23]. The formation of
such a phase can be ascribed to the necessarily slow
charge propagation through the inorganic layer. The
formation of mixed-valence states is plausible when
working under potentiodynamic conditions with a rel-
atively high value of the potential scan rate, i.e., quite
far from equilibrium.
The stability of the PB/PBSBT bilayer coating in

aqueous solution has also been tested. Fig. 3 – broken
line – reports a cyclic voltammogram recorded on the
Pt/PB/PBSBT system in aqueous solution after 60 min
immersion under ‘open circuit’ conditions. Only a barely
appreciable decrease of the cathodic peak current rela-
tive to PB to ES reduction can be observed. On the other

Fig. 2. Polymerisation of 5 mM BSBT on Pt/PB modified electrode in

0.1 M TBAPF6, AN solution. 0:05 V s�1 potential scan rate.

Fig. 3. Cyclic voltammograms of Pt/PB/PBSBT in aqueous solution

containing 0.1 M KCl, 0.01 M HCl (solid line) and after 60 min dip-

ping (dashed line). 0:05 V s�1 potential scan rate.
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hand, the response due to polaron formation on the
outer PBSBT layer is not detectable anymore. This is,
however, a problem already observed for the same
polymer in aqueous solution, preventing us from spec-
ulating about the actual conductivity of the inner PB
layer under such experimental conditions.

3.2.2. Electrochemical behaviour of Pt/PB/PBSBT in
organic media
When the bilayer coated electrode is transferred into

an AN solution containing 0.1 M TBAPF6 immediately
after preparation, the typical cyclic voltammetric re-
sponse of the PBSBT film alone is observed (solid line in
Fig. 4). Two sets of peaks are present at ca. +0.50 V and
+0.90 V, corresponding to polaron and bipolaron for-
mation and relevant neutralisation, respectively. These
values of the peak potentials are fairly coincident with
those observed for the PBSBT film alone in AN solution
containing 0.1 M TBAPF6 [27].
A similar behaviour of the Pt/PB/PBSBT modified

electrode is observed in AN solution containing 0.1 M
TBAPF6 and 0.01 M KClO4 (dotted line in Fig. 4). The
sets of peaks corresponding to the polaron formation
are observed also in this case; however, they are both
significantly higher, in agreement with the supply of Kþ

ions from the solution to the underlying PB layer.
Furthermore, the peaks corresponding to the bipolaron
formation and neutralisation are better defined and lo-
cated at less positive potential values. This constitutes
the most remarkable change in the voltammogram re-
corded after addition of Kþ ions to the solution. It is
reasonable to suggest that the BG species that forms at
slightly less positive potentials acts as a catalyst with
respect to the polaron to bipolaron conversion, which is
affected by charge transfer overvoltage. As to the inner
layer, only when Kþ ions are added to the solution,
though at a very low concentration, a small signal

attributable to the PB/ES system may be identified, sug-
gesting that PB undergoes redox conversion according
to (1) under these conditions.

4. Conclusions

The work described in this paper has been planned in
order to check the possibility of preparing and working
with a novel bilayer system consisting of an inner inor-
ganic phase that attracted so many interest as a redox
mediator and that includes two distinct redox couples,
and of an outer phase consisting of a CP that proved us
to posses lot of interesting properties. The system is
studied under the potentiodynamic conditions that are
usually proper of electroanalytical tests. Studies devoted
to better define the physico-chemical properties of the
system and of the PB – CP interface will deserve further
attention, requiring potentiostatic and faradic imped-
ance measurements, in order to analyse the system under
steady-state and equilibrium conditions. Furthermore,
our tests have been carried out by using layer formed
under reproducible conditions; however, we did not care
of fixing either the single thickness or the ratio between
them. Precious information can be drawn out from
systematic tests at varying systematically the thickness
parameters.
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