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Abstract Electrosynthesis of poly(brilliant cresyl blue) in
aqueous solution in the presence of Keggin-type polyoxo-
tungstates, [SiW,Fe(H,0)O30]> or [SiW;Co(H,0)030]%",
was used to prepare modified glassy carbon electrodes.
The deposited hybrid organic/inorganic films were
studied and characterised by cyclic voltammetry and
electrochemical impedance spectroscopy. Cyclic vol-
tammetry showed that the electrochemical features of
the polyoxoanions were maintained after immobilisa-
tion, with the first tungsten reduction peak involving
the uptake of protons from the solution. The chemically
modified electrodes were stable, and their preparation
was easy to perform. The results provide valuable
information for exploring future applications of these
films in electrochemical sensors or electrocatalysis.
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Introduction

Polyoxometalates (POMs) represent a unique class of inor-
ganic compounds with applications in catalysis, medicine,
electrochemistry, analytical chemistry, materials science,
energy storage and optics [1-20]. Keggin-type POM anions
are known for their ability to accept a large number of
electrons, giving rise to mixed-valence species, which
makes them very attractive for chemically modified electro-
des and electrocatalysis [1, 11].

Immobilising redox-active POMs onto electrodes simpli-
fies the study of their electrochemistry and facilitates their
application. Several strategies have been developed to pre-
pare chemically modified electrodes with a variety of POMs
[1, 21-26]. The layer-by-layer (LbL) method is one of the
most common, and many examples of its application in the
preparation of POM materials have been reported [1, 21,
25-32]. Another strategy is based on POM entrapment into
polymer matrices prepared by the electrochemical polymer-
isation (in the presence of the POM) of the corresponding
monomer on the electrode surface, for example, by cyclic
voltammetry. This leads to the formation of modified elec-
trodes containing a hybrid organic—inorganic film in which
the POM and the polymer may interact electrostatically.
Most reported studies use Keggin-type polyoxometalates,
[XM;,040]" anions (X = P, Si; M = Mo, W) with conduct-
ing polymers, such as polypyrrole [33, 34], polyaniline [35,
36] or polythiophene and their derivatives [8, 22, 37-39].

Azine dyes can also be used to prepare modified electro-
des by electrochemical polymerisation: polyphenazine and
polyphenoxazine redox polymers can be conducting poly-
mers as well as redox mediators [40, 41]. Brilliant cresyl
blue (BCB) is a cationic quinone—imine dye with a planar
and rigid structure, and poly(brilliant cresyl blue) (PBCB)
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has been used in the production of electrochemical biosen-
sors [41, 42]. The insertion of POMs in this type of cationic
polymer can lead to hybrids whose properties may be ex-
plored in modified electrodes. BCB—polyoxometalate films
have been prepared by the LbL method and their thermal
and photochemical properties have been studied [43]. To our
knowledge, films of PBCB and polyoxometalates have not
been previously described.

The present work concemns the preparation and electro-
chemical characterisation of PBCB-modified electrodes
doped with [SiW,;Fe™(H,0)050]° (SiW,;Fe) and [SiW,,.
Co"(H,0)035]°” (SiW;;Co). The two polyoxotungstates dif-
fer in that they contain substituting metals with different redox
activities. The electrochemical behaviour of the immobilised
POMs was examined by cyclic voltammetry. The modified
electrodes were also characterised by electrochemical imped-
ance spectroscopy. This work follows our interest in electrode
modification with first-row transition metal-substituted
Keggin-type phosphotungstates and silicotungstates [23-26,
44, 45], probing possible electrocatalytic effects, and in the
preparation of sensors with PBCB [42].

Experimental section
Reagents and solutions

Acetic acid (Pronalab), sodium acetate (Carlo Erba) and
brilliant cresyl blue (Fluka) were used as received. The
potassium salts of the a-Keggin silicotungstates K5[SiW;.
Fe'(H,0)010]- 13H,0 and K¢[SiW;Co"(H,0)O16]- 12H,0
were prepared by previously published procedures [46, 47]
and characterised by thermal and elemental analysis, as well
as by infrared spectroscopy. The results were in agreement
with previously published values [47].

Electrolyte solutions for voltammetry were prepared
using ultrapure water (resistivity, 18.2 MQ cm at 25 °C;
Direct-Q 3 UV system, Millipore). Buffer solutions in
the pH range of 3.0-4.5 were prepared by mixing
appropriate amounts of CH;COOH (0.1 M) and NaCHj;_
COO (0.1 M) solutions; buffer solution H,SO4/Na,SO,4
pH 3.0 was prepared by mixing H,SO4 (0.1 M) and
Na,S04 (0.1 M).

Freshly prepared solutions, deoxygenated with pure ni-
trogen for at least 10 min, were used for film preparation.
Solutions used for electrochemical characterisation were
also deoxygenated with nitrogen for 10 min.

Instrumentation and methods
Cyclic voltammetry experiments were carried out using

a computer-controlled potentiostat (PGSTAT-12/GPES
software from Autolab/Ecochemie, Netherlands). A
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conventional three-clectrode compartment cell was used.
The auxiliary and reference electrodes were platinum wire
(7.5 cm; BAS, MW-1032) and Ag/AgCl (sat. KCl) (BAS,
MF-2052), respectively. The working electrode was a glassy
carbon electrode (GCE) (3-mm diameter; BAS, MF-2012).

Electrochemical impedance measurements were carried
out using a Solartron 1250 frequency response analyser,
coupled to a Solartron 1286 electrochemical interface
(UK) controlled by ZPlot 2.4 software. The voltage pertur-
bation was 10 mV rms over a frequency range from 65 kHz to
0.1 Hz with 10 frequencies per decade and 60 s integration
time. Impedance spectra were analysed by fitting equivalent
electrical circuits using ZView 3.2 software (Scribner Associ-
ates, NC, USA). A combined glass electrode (Hanna Instru-
ments HI 1230) connected to an Inolab pH level 1 pH meter
was used for the pH measurements.

Preparation of POM-doped PBCB films

Prior to coating, the GCE was conditioned by a polishing/
cleaning procedure. The GCE was successively polished
with 1.0 um diamond polishing compound (Metadi II,
Buehler) and aluminium oxide of particle size 0.3 pum
(Buehler-Masterprep) on a microcloth polishing pad (BAS
Bioanalytical Systems Inc.), then the electrode was rinsed
with ultrapure water and finally sonicated for 5 min in an
ultrasonic bath (Branson 2510). Electrochemical pretreat-
ment of the electrode was performed by performing 20
consecutive potential scans, between —0.8 and 0.8 V, at a
scan rate of 100 mV s ' in NH,Ac/HCI (pH 3.4; 1.0 M
NH4Ac/0.5 M HCI) buffer solution.

Unless otherwise stated, POM-doped PBCB films were
prepared by potential cycling (5 cycles) at 50 mV s be-
tween —0.98 and +1.00 V vs Ag/AgCl in 0.25 mM SiW,Fe
or SiW;;Co0/0.1 mM BCB/pH=4.0 acetate buffer solutions
containing 0.1 M KNOs. Before each use, the electrode was
rinsed with ultrapure water. All measurements were made at
room temperature (~25 °C).

Results and discussion
Film formation and stability

The electrodeposition of PBCB films doped with Keggin-
type polyoxotungstates on glassy carbon electrodes was
carried out by potential cycling in aqueous solutions con-
taining the chosen POM (SiW;;Fe or SiW;;Co) and BCB.
All film formation experiments were done in acidic aqueous
solutions since the silicotungstates used in this work are
unstable in neutral and basic aqueous solution. The potential
cycling electropolymerisation leads to polyphenazine film
thicknesses of the order of 1 um depending on the polymer
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film structure and morphology and on the counterion iden-
tity [48]. According to previously published studies
[40-42], polymerisation begins by the irreversible oxidation
of the monomer and the formation of radical cations. Bind-
ing may occur through the amino group or by ring-to-ring
coupling [40-42].

In order to optimise the electropolymerisation conditions,
the influence of various parameters was studied: monomer
and polyoxometalate concentration, pH and supporting
electrolyte and possible catalysis from nitrate ions in the
supporting electrolyte. Solution compositions used for film
preparation are summarised in Table 1.

It has been demonstrated that the buffer solution pH has a
significant influence on polymer film formation and that
nitrate ions in the supporting electrolyte accelerate the poly-
mer growth rate [42]. To evaluate the influence of pH, the
formation of SiW;;Fe POM-doped PBCB films was carried
out in 0.1 M acetate buffer solutions at pH 3.0 and 4.0
(Table 1). Increasing the pH by 1 unit led to an increase of
25% in the height of the tungsten reduction peaks in the
absence of nitrate (solution compositions 1 and 4, Table 1)
and of 72% when nitrate (0.1 M) is present (2 and 6,
Table 1). At pH 3.0, no significant difference resulted from
using H,SO4/Na,SO, or acetate buffer solutions (1 and 3,
Table 1). Addition of KNOj3 to pH 4.0 acetate buffer (4 and
6, Table 1) led to a 43% increase in the height of the
tungsten reduction peaks, while in similar experiments at
pH 3.0 (1 and 2, Table 1), this change was only 4.2%.

Increasing the BCB monomer concentration in pH 4
buffer solution from 0.10 to 0.25 mM, for each of the three
SiWFe POM concentrations used (6 and 9, 7 and 10 and
8 and 11, Table 1), led to an increase in the /. values for the
first tungsten reduction peak of 14%, 43% and 24%, respec-
tively. This can be explained by the fact that the rate of
polymerisation initiation is faster at higher concentrations of
monomer which leads to thicker and more porous polymer
films that incorporate a larger quantity of POM. However,

these films were not very stable, and on the day after film
preparation, the /. values were 21-28% lower. For the same
concentration of BCB and different POM concentrations (9,
10 and 11, Table 1), the highest peak currents were found for
0.25 mM. This implies that a high concentration of POM
does not facilitate its incorporation into the polymer film.

A similar study performed with the SiW;;Co anion
showed no significant differences compared with that of
the SiW,;Fe. Consequently, the conditions chosen for the
preparation of POM-doped PBCB films were 0.10 mM
BCB, 0.25 mM POM, pH 4.0 0.1 M acetate buffer and
0.1 M KNO;.

Cyclic voltammetry characterisation of the POM-doped
PBCB films

Previous voltammetric studies of SiW;;Fe and SiW;;Co in
aqueous solution (pH range, 2.0—4.5) indicated that both
compounds originate two reversible or quasi-reversible
two-electron consecutive waves at negative potentials,
corresponding to the reduction of WY'. Another wave at a
less negative potential, for SiW; Fe, is due to the redox
process of Fe™ [23]. Both give Ep, and E,. values
independent of scan rate, thus showing reversible elec-
trode reactions; peak currents are proportional to the
square root of scan rate (linear plots with 0.999>r>0.992),
corresponding to diffusion-controlled redox processes
[23, 49].

The cyclic voltammograms shown in Figs. 1 and 2 were
obtained for GCEs modified with PBCB films doped with
SiW, Fe and SiW,Co at different scan rates and at pH 3.5
and 4.0, respectively. Two close-to-reversible waves are
observed at potentials more negative than —0.5 V, due to
the reduction of W"', and the values of E,~E,, between 27
and 36 mV for the two W waves each correspond to two-
electron processes. Thus, the electrochemical properties of
the two POMs studied are maintained in the films. The pair

Table 1 Composition of the
solutions used for the prepara-

Solution composition BCB (mM) POM (mM) Buffer electrolyte

KNO3 (M) e (RA cm?)

tion of the iron silicotungstate-
doped PBCB-modified electro-
des, and values of ji,. for the first
tungsten reduction peak

. 0.10
measured from the cyclic
voltammogram of SiW,,Fe at 0.10

1 0.10
2
3
4
100 mV s ' in pH 4.0, 0.1 M 5 0.10
6
7
8
9

0.10

acetate buffer 0.10

0.10
0.10
0.25
10 0.25
11 0.25

0.10 Acetic acid/acetate, pH 3.0 0 -33
0.10 Acetic acid/acetate, pH 3.0 0.10 -34
0.10 H,S04/Na,SOy4, pH 3.0 0 -3.3
0.10 Acetic acid/acetate, pH 4.0 0 —4.1
0.25 Acetic acid/acetate, pH 4.0 0 —4.7
0.10 Acetic acid/acetate, pH 4.0 0.10 -5.9
0.25 Acetic acid/acetate, pH 4.0 0.10 —6.8
0.50 Acetic acid/acetate, pH 4.0 0.10 -6.2
0.10 Acetic acid/acetate, pH 4.0 0.10 —6.8
0.25 Acetic acid/acetate, pH 4.0 0.10 -9.7
0.50 Acetic acid/acetate, pH 4.0 0.10 -7.9
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Fig. 1 Cyclic voltammograms of SiW,Fe-doped PBCB-modified
electrodes in pH 3.5 acetate buffer solution at scan rates of 20, 30,
40, 50, 60, 70, 80, 90, 100, 120, 150, 200, 250, 300 and 350 mV s '

of peaks for the one-electron reduction/oxidation of Fe'™"!

was not visible because PBCB exhibits oxidation/reduction
peaks at almost the same potential [42].

In the experimental timescale employed (scan rates in the
range of 20-350 mV s '), the values of peak potential
changed only slightly with scan rate, and the ratio of the
magnitude of oxidation to reduction peak currents is in the
range of 0.97-1.00. The cathodic and anodic peak currents
are directly proportional to scan rate (linear plots with
0.997>r>0.994), which indicate surface-confined process-
es. Similar behaviour was observed for these metal-
substituted POMs immobilised by electropolymerisation
with poly(3,4-ethylenedioxythiophene) (PEDOT) and by

T T T T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
E/V vs. Ag/AgCI
Fig. 2 Cyclic voltammograms of SiW;;Co-doped PBCB-modified

electrodes in pH 4.0 acetate buffer solution at scan rates of 20, 30,
40, 50, 60, 70, 80, 90, 100, 150, 180, 200, 250, 300 and 350 mV s '
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the layer-by-layer methodology using poly(ethylenimine)
[25, 26, 44].

Surface coverage () can be estimated approximately
from cyclic voltammetry according to the equation for re-
versible surface-confined species I = (41,,RT) / (n*F*vA)
where I,, is the anodic peak current (amperes), n is the
number of electrons transferred (two in this case), v is the
scan rate (V s '), 4 is the geometric area of the electrode
(0.0725 cm?®), R is the gas constant, 7 is the temperature
(298 K) and F is the Faraday constant [25, 26]. Peak
currents for the first tungsten reduction were plotted against
scan rate (20-350 mV s '), and the value of I,,/v obtained
was used to calculate the surface coverage. This led to a
surface coverage of 2.9+0.4 x 107" mol em™? for SiW,,Fe
and 3.7+0.3x 10" mol ecm 2 for SiW,;Co. These values
are somewhat lower than 1.0x107'° mol cm 2 obtained for
(PMo,,/PDDA), by Wang et al. [50] which they attributed
to monolayer coverage, ours corresponding to sub-
monolayer coverage. In fact, surface coverage values are
highly influenced both by the method and/or polymer used
since for the same POMSs, depending on these two factors,
completely different values were obtained. For example, for
SiW,;Co, they range from sub-monolayer coverage to more
than one monolayer [25, 26, 44].

The pH of the electrolyte solution has a clear effect on the
voltammetric behaviour. On increasing the pH, from 3.0 to
4.5, the tungsten peak potentials shift to more negative
values, giving straight lines with slopes between —63 and
=71 mV/pH unit for SiW;Fe (0.999>r>0.993) and be-
tween —55 and —61 mV/pH unit for SiW;Co (0.997>r>
0.995). The dependence on pH shows that the reductions
involve an equal number of electrons and protons so that the
tungsten redox processes in both metal-substituted anions
are two-electron/two-proton global processes.

The stability of POM-doped PBCB-modified electrodes was
studied by cycling 100 times in pH 4.0 acetate buffer solution
between —1.0 and 0.6 V at 50 mV s '. The peak currents for
SiW;;Fe decreased by 0.19% after 50 cycles and by 8.4% after
100 cycles. The corresponding values for SiW;;Co were 0.14%
and 1.4%, respectively. The slight decrease after 50 cycles may
be due to the partial depletion of POM in the film on the
electrode surface with continuous cycling.

The electrochemical behaviour of polyoxometalates in
polymer matrices is, in many cases, similar to that of the
same anions in solution [1], as found in this work. Previous
reports on SiW;Fe or PW;Fe polymer-doped electrodes
are in agreement with this observation. The former has been
incorporated into polypyrrole films [51], whereas studies
with the latter used polypyrrole, polyaniline, polythiophene
and derivatives [52-55]. Cyclic voltammograms show two
tungsten and one iron redox peak, which in most cases are
surface-confined processes [53, 54], but electrocatalytic
properties and stability vary with the system studied.
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As mentioned above, the redox activity of the Fe'"/Fe" pair
could not be studied due to the polymer peaks in the same
region of potential. For the cobalt-substituted species, no
cobalt reduction/oxidation peaks were expected within the
potential range employed, common to what is usually found
in aqueous solutions. The reduction of Co" was seen in a
previous study with SiW;;Co anion incorporated into
PEDOT-modified electrodes [44], attributed to the possible
interaction between cobalt and the thiophene rings which
could stabilise cobalt in a low oxidation state. The different
chemical structure of PBCB does not permit this possibility.

Electrochemical impedance spectroscopy of the POM-doped
PBCB films

Electrochemical impedance spectroscopy (EIS) was used to
examine the interfacial properties of the POM-doped PBCB-
modified electrodes. Spectra were recorded at potentials in
the range of +0.2 to —0.9 V vs Ag/AgCl in acetate buffer pH
4.0, chosen to encompass the redox reaction of the polymer
and polyoxometalate. Figure 3a, b shows complex plane
impedance spectra for PBCB/SiW,;Fe- and PBCB/
SiW,;Co-modified electrodes, respectively. For both POMs
studied, the behaviour was similar.

The spectra were fitted to two equivalent circuits. For
potentials from 0.2 to —0.2 V and at —0.8 V, the spectra are
straight lines and the fitting circuit (Fig. 3¢) comprises a
cell resistance, R, in series with constant phase element (CPE),
modelled as a non-ideal capacitor, given by CPE=—1/ (Ciw)",
where C is the capacitance, which describes the charge sepa-
ration at the double layer interface, w is the frequency in
rad s and the n exponent is due to surface heterogeneity.
The other circuit is the first one plus an additional resistance,
R, in parallel with the constant phase element, the charge-
transfer resistance at the film/solution interface. These
two circuits have been used for PBCB-modified electrodes
[42], and the first was also used for POM-doped PEDOT films
at —0.3 V [44].

The cell resistance was ~77Q cm? in acetate buffer
electrolyte solution for the two POMs studied. Table 2
shows the values of the parameters obtained; in all cases,
the error in the fitted values was less than 5%. For both
SiW,,Fe and SiW,;Co, the values of capacitance increased
from +0.2 to —0.1 V, more so for SiW,,Fe, then became
smaller again until —0.6 V and larger at —0.8 V. The higher
values of capacitance correspond to the potentials at which
the oxidation/reduction reactions of the polymer and poly-
oxometalate occur. R can be related directly to access to the
substrate in the modified electrode and is only manifested in
the potential range where there is no redox reaction, with
highest values around —0.3 V, indicating that at the poten-
tials where the redox processes of PBCB and POMs take
place, charge transfer occurs freely.

(a)

-2/ kQ cm?

40o0ptrxelLm
[=}
3
<

15 20 25 30
Z’/ kQ cm?

T
o 5 10

02V
-0.3V
-04V
-0.5V
-0.6V
-0.7V
-09V

T T T T
10 15 20 25 30 35 40
Z'/ kQ cm?

-2/ kQ cm?

4o0prtelLm

(0

CPE

Fig. 3 Complex plane impedance spectra in acetate buffer solution pH
4.0 at different applied potentials of a PBCB/SiW;,Fe- and b PBCB/
SiW;;Co-modified electrodes; /ines show equivalent circuit fitting. ¢
Equivalent circuits used to fit the spectra

To our knowledge, only one EIS study has been per-
formed using polyoxotungstates incorporated in conducting
polymers [44]. The comparison of the impedance spectra of
the electrodes described here with those for the same POMs
with PEDOT [44] shows that at similar potentials, the spec-
tra for the two types of POM/polymer-modified electrode
are different. Those with PEDOT include a linear part at
lower frequencies attributed to a diffusion process that is
absent in the POM-doped PBCB-modified electrodes since
PBCB is a redox polymer where charge has to move
between redox centres within the film, whereas PEDOT is
a conjugated polymer. However, for POM-doped PEDOT-
modified electrodes, charge transfer does not occur freely at
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Table 2 Parameters obtained from the impedance spectra of the POM-
doped PBCB-modified electrode in pH 4.0 acetate buffer solution by
fitting to the equivalent circuit in Fig. 3¢

POM Potential C/uF em™2s™" CPE R /KQ cm?
(V vs Ag/AgCl) exponent n
SiW Fe 0.2 63+2 0.82+0.01 -2
0.1 911 0.77+0.02 -2
0.0 121+£2 0.78+0.01 -2
—0.1 161+3 0.75+0.01 -8
-0.2 44+1 0.82+0.005 -2
0.3 39+0.5 0.83+0.01  274+2
-0.4 34+1 0.85+0.01 124+1
-0.5 32+1 0.84+0.02 69+1
-0.6 38+0.4 0.85+0.01 59+1
-0.7 79+1 0.78+0.02 48+1
-0.8 248+2 0.81+0.01 -8
-0.9 49+1 0.85+0.005 21+0.4
SiW,,Co 02 59+1 0.80+0.005 -
0.1 79+2 0.75+0.02 -8
0.0 80+1 0.78+0.01 -2
—0.1 81+2 0.76+0.02 -2
-0.2 41+1 0.81+0.005 -2
-0.3 29+0.4 0.83+0.01 149+2
-0.4 29+1 0.84+0.01 621
-0.5 26+0.4 0.85+0.01 53+0.5
-0.6 40+1 0.85+0.01 671
-0.7 118+2 0.78+0.02 66+1
-0.8 25242 0.80+0.02 -8
-0.9 33+0.5 0.80+0.01 16+0.3

?Element not included

the potentials where the POM peaks appear. This can ex-
plain the fact that PBCB appears to facilitate charge transfer
in relation to PEDOT.

Conclusions

Hybrid films of [SiW; Fe"(H,0)03]°" or [SiW;,.
Co"(H,0)0135]°" with poly(brilliant cresyl blue) have
been prepared in aqueous solution by the electropoly-
merisation of brilliant cresyl blue monomer with the
incorporation of the POM anion, on the surface of
glassy carbon, with a view to forming a stable matrix
for the immobilisation of the POM. This type of poly-
mer has not previously been used for the preparation of
POM-modified electrodes. Cyclic voltammograms of the
films showed, for both anions, two well-resolved two-
electron waves attributable to tungsten redox processes
and an additional pair of peaks corresponding to the
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polymer and that the tungsten reduction processes are
surface-confined and proton-dependent. Electrochemical
impedance studies showed that PBCB appears to facil-
itate charge transfer. The modified electrodes are stable,
attributed to the electrostatic interaction between the
anionic polyoxometalate and the cationic quinone—imine
dye brilliant cresyl blue. These results give important
information for future studies concerning the possible
application of these films in the preparation of electro-
chemical devices and sensors.
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