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A conducting polymer was used for the immobilization of various transition metal ion-substituted
Dawson-type polyoxometal ates (POMs) onto glassy carbon electrodes. V oltammetric responses of films
of different thicknesses were stable within the pH domain 2-7 and reveal redox processes associated with
the conducting polymer, the entrapped POMs and incorporated metal ions. The resulting POM doped
polypyrrole films were found to be extremely stable towards redox switching between the various redox
states associated with the incorporated POM. An amperometric sensor for hydrogen peroxide detection
based upon the POM doped polymer films was investigated. The detection limits were 0.3 and 0.6 uM,
for the Cu?*- and Fe**-substituted POM-doped polypyrrole films respectively, with alinear region from
0.1 up to 2mM H,0,. Surface characterization of the polymer films was carried out using atomic force
microscopy, X-ray photoelectron spectroscopy and scanning el ectron microscopy.

[P,W;506,]® into polypyrrole and did not observe any leaching
Introduction effect during redox switching with charge compensation during
polymer reduction being comprised of cation injection from
s solution.?! Poly(3-methylthiophene) was used as a polymer
matrix for the incorporation of Keggin-type POMs such as
PW1,040%, SiW1,04", PM0;,O4 by G. Bidan et al.% Liu and
Dong entrapped a molibdosilic heteropoly complex with
dysprosium into a polypyrrole matrix.22 McCormac et al. have
ss immobilized a series of Dawson-type POMs into
polyvinylpyridine, polypyrrole and poly(N-methylpyrrole).2*
They obtained stable parent Dawson POM-doped polypyrrole
films by restricting the cycled potentia limits to the first two
tungsten-oxo based redox processes. They aso reported stable
s Cu'""-substituted POM-doped polypyrrole films for the first time
and showed that poly(N-methylpyrrole) is the most suitable
conducting polymer for the immobilization of Fe*-substituted
POM. Dong et al. aso incorporated Dawson-type POMs into a
polypyrrole  matrix.®®  Remarkable  enhancement  of
es electrocatalytic oxygen reduction was obtained with certain
POM-doped polypyrrole films.

Reliable, simple and low-cost systems for hydrogen peroxide
detection are attractive for biomedical and environmental
applications as well as for industrial control. Alternatively, blood

70 glucose monitoring devices often include the hydrogen peroxide
sensors as transducers for glucose measurements.® Methods of
hydrogen peroxide detection include chemiluminiscence?”
fibre optics devices,? fluorimetry,*® and electrochemical tools.*"
® Different examples of electrode modifiers that possess the

Polyoxometalates (POMs) are a widely increasing class of
inorganic early transition metal-oxide clusters. The structural and
compositional diversity among this class of compounds have
enabled them to be promising candidates for a wide range of
applications across material science, medicine, biotechnology,
nanotechnology and catalysis.¥*? The general structure of POMs
consists of MOg units joined together by edge or corner sharing
and connected tetrahedrally to a centrally bonded heteroatom
(usually phosphorus or silicon). One of the MOg units can be
removed from the structure at higher pH and substituted with
different metal ions alowing for controllable molecular design.
Various strategies have been used for immobilization of POMs
onto different surfaces, safeguarding their inherent properties.
These include sol-gel  technique®®  adsorption* %°
electrodeposition,’® ¥ monolayers,'® layer-by-layer self assembly
19 and entrapment into conducting polymers.?® 2* Among several
properties of polyoxometalates, the most interesting one is their
ability to accept multiple electrons reversibly during their various
redox processes.'® This ability allows them to behave as excellent
dectrocatalysts. Consegquently, immobilization of these
compounds onto different electrode surfaces is very important to
explore their electrocatalytic abilities towards analytes of interest.
The most suitable approach for electrode surface confinement
of POMs is an incorporation of them into a conducting polymer
matrix, which can be done by two methods. The first approach
involves _the covalent mOd'f'Cat'On_ of alreadyzzs/nthazed 75 advantages of electrochemical detection for hydrogen peroxide,
polymer film at the electrode surface with the POM. The second gy a5 [ow-cogt, reliability and simplicity, include Prussian
method is basgd Qn the usage of .POMs as dopqnts durlnﬁj the blue® ¥ Fe,0,® vanadium-doped zirconias ¥ and
electropolymerization. Sung et al. incorporated [SiW1,049] ™ and
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polyoxometal ates.® *° Despite the high selectivity and sensitivity
of enzyme-modified electrodes,® #! the limitation of usage of
these systems is related to the difficulty in obtaining the optimal
conditions and the lack of the enzymatic activity over a period of
time,* which makes them less attractive. Owing to their inherent
characteristics, POMs are presented as excellent candidates for
electrocatalytic reduction of hydrogen peroxide.®** In order to
prepare chemically modified electrodes for electrocatalytic
reduction of H,O,, POMs have been immobilized onto modified
silica gel,® multilayer assemblies “* “® or ordered mesoporous
carbon.*

In this work, transition metal-substituted Dawson-type POMs
were immobilized via doping ion insertion during the
electropolymerization of polypyrrole. Redox processes associated
with the W-O redox sites and the transition metal centres of the
POMs inside the polymer matrix were accessible for
voltammetric studies in acidic medium. The films exhibited
stable redox responses in the pH range of 2-7. Surface
characterization was carried out using the AFM, XPS and SEM.
Electrocatalytic activity of the films containing iron and copper-
substituted POMs towards the reduction of hydrogen peroxide
was studied by amperometry at physiological conditions (pH 6.5)
and compared with the performance of the same POMSs in
solution *° and immobilized onto an electrode surface via
multilayer assemblies.’® Conducting polymer-based POM-doped
polypyrrole films revea the best analytical characteristics for
hydrogen peroxide reduction in comparison with some other
approaches.

Experimental
Materials

The potassum sats of al the substituted Dawson type
polyoxometalates  investigated were  synthesized and
characterised by both electrochemica and spectroscopic
techniques as described previously.>* All other chemicals were of
reagent grade, purchased from Aldrich and were used as received
unless otherwise stated. Sulphuric acid (95-97%) was received
from Riedel-de-Haen. Pyrrole (99%) was received from ACROS
Organics and purified before use by passing through a neutral
Al>,O3 column to obtain a colourless liquid. Alumina powders of
sizes 0.05, 0.3 and 1.0 um were received from CHI Instruments.
Water was purified using Milli-Q water purification system.
Stock solutions of H,O, (0.25M) were freshly prepared before
use from a 30% solution. Buffer solutions were prepared from the
following solutions, which were either adjusted with 0.1M NaOH
or 0.1M H,S0,, 0.1M N&SO, (pH 2to 3) , 0.1M N&SO,, 0.02M
CH3;COOH (pH 3.5 to 5) and 0.1M N&,SO,, 0.02M NaH,PO, (pH
55t07).

Apparatus and Procedures

All electrochemical experiments were performed with the
CHI660 electrochemical work station in a conventional three-
electrode electrochemical cell using a glassy carbon electrode
(GCE, 3mm diameter and Area 0.0707 cm?) as the working
electrode, a platinum wire as the auxiliary electrode, and an
Ag/AgCI as the reference electrode in aqueous media. The GCE
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was polished with 1.0, 0.3 and 0.05 um Al,O; powders,
successively, and sonicated in water for about 10 min after each
polishing step. Finaly, the electrode was sonicated and washed
with ethanol, then dried with a high purity argon stream
immediately before use. Solutions were degassed for at least 20
min with high-purity argon and kept under a blanket of argon
during all electrochemical experiments.

POM-doped polymer films deposited on ITO dlides were
characterised using X — ray photoelectron spectroscopy (XPS).
Anaysis was performed in a Kratos AXIS 165 spectrometer
using monochromatic Al Ko radiation of energy 1486.6 eV. High
resolution spectra were taken at fixed pass energy of 20 eV. In
the near-surface region the atomic concentrations of the chemical
elements were evauated after subtraction of a Shirley type
background by considering the corresponding Scofield atomic
sensitivity factors. Surface charge was efficiently neutralised by
flooding the sample surface with low energy electrons. Core level
binding energies were determined using C 1s peak at 284.8 €V as
the charge reference.

Atomic force microscopy was conducted in AC (‘tapping’)
mode on an Agilent 5500 controleld using PicoView 1.10.1
software. Micromasch NSC15 or Olympus AC 160 TS
cantilevers having tetrahedral tips of radius < 10 nm with a
resonant frequency of 325 kHz or 300 kHz, respectively, were
used.

The areas of interest examined and image sizes used for each
sample were chosen based on the expected dimensions of the
features of interest identified from SEM anadysis. Multiple areas
were imaged on each sample to ensure that the high resolution
images presented here were representative of the entire sample.
Scan speeds were optimized to suit the features observed for each
sample.

All images presented were obtained at 512 pixel resolution.
Image analysis was undertaken using Picolmage Advanced 5.1.1
software. The raw topography and amplitude data was leveled,
noise was removed by applying a spatia filter, and line noise
arising from artefacts were removed where necessary. Height
Parameters for each sample were determined according to 1SO
25178. The resulting topography and amplitude profiles are
presented as pseudo-colour images below.

Scanning Electron Microscopy (SEM) of the polymer films
was performed on a Hitachi SU-70 FESEM using accelerating
voltages of 3 kV and 20 kV. Films were deposited onto 1TO
coated glass dlides for recording the SEM images. Films were
uncoated as a low voltage (3kV) was employed to avoid charging
effects during imaging. Energy Dispersive Spectroscopy (EDS)
used an Oxford Instruments SDD X-max detector with 50 mm?
window and operated at accelerating voltage of 20 kV.

Polymer | mmobilization

A previousy reported procedure was employed after
modifications for the electrochemical surface immobilization of
polypyrrole on the GCE using potassium salts of transition metal
(Fe*, Cu®, Co?") substituted Dawson polyoxometalates as the
polymer’s dopant anion.?* The films were grown at a constant
potential of +0.65V in a solution containing 0.1M pyrrole and
5mM POM. The deposition process has been controlled by
chronocoulometry of different charges (10, 20 and 30 mC). Prior
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to further studies, the polymer modified electrodes were washed
with a buffer solution prior to use.

Results and Discussions
Solution electrochemistry of POMs

In base solution, Dawson-type POMs lose one tungsten-oxo
group and leave a lacuna in the cage structure. Transition metal
ions can enter the defect and combine with five bridging oxide
anions. Figure 1 represents the cyclic voltammograms of different
POMs at different stages of transition metal ion insertion. It can
be observed at Figure 1A that cyclic voltammogram of the parent
Dawson possesses both single and multiple electron redox waves
which correspond to the redox activity of the tungsten-oxo
centers within the heteropolyanion. The Dawson structure can
possess a charge of -8 without protonation in acidic solutions and
that the reduction of the Dawson anion involves the addition of
up to six electrons.® Redox pesk couples | and Il represent two
single-electron pH-independent processes, whereas couples |11
and 1V represent bielectronic pH-dependent redox transfers. The
Lacunary Dawson-type anion (Fig. 1B) reveals the set of three,
bielectronic redox processes.® The anodic peak of redox process |
splits into two peak couples depending on the voltammetry limits.
This likely corresponds to the presence of some impurities or the
instability of the anion. Peaks of couples Il and Ill are less-
defined and more-separated with respect to the parent Dawson.
All these observations show instability of the lacunary Dawson-
type anion in solution. The insertion of an Fe** ion into the defect
of the lacunary POM shows the appearence of a well-defined
redox peak couple corresponding to the Fe'™'' single-electron
redox process with an Ey, of +0.045 V (vs Ag/AgCl).®

Surface |mmobilization of POMs

The conducting polymer polypyrrole was chosen as the
supporting conductive matrix for the surface immobilization of
the transition metal ions-substituted Dawson-type POMs. Figures
2(A, B and C) represent the resulting electrochemical behaviour
of polypyrrole films doped with the Fe*-, Cu*- and Co®*-
substituted Dawson POMs  respectively. All  cyclic
voltammograms show three typical bielectronic redox couples
W1, W2 and W3 corresponding to the W-O centers within the
POM. It is seen from the increase of capacitive currents between
two nearby peaks, that only the W1 redox process appears in the
conducting region of the polypyrrole backbone, whilst the
processes W2 and W3 are in the polymer’s insulating region. The
metal redox sites appear in the conducting region of the polymer.
The anodic and cathodic peak currents of the stable W2 couple
are linear with scan rates up to 75mV/s, this being indicative of a
surface-confined species. The electrode processes became
controlled by proton diffusion into the polymer film at higher
scan rates. The peaks are well-defined and less-separated with
respect to the lacunary Dawson and Fe**-substituted Dawson in
solution. Continious cycling of the polymer-modified electrode
through the various redox processes results in a small decrease in
the associated currents. This being indicating the inherent
stability of the POM anions within the polypyrrole matrix.

Figure 2A shows the redox couple (Ey, of 0.07 V (vs
Ag/AgCl)) associated with the POM’s Fe'"' redox centre. In
Figure 2B, only the anodic pesk of the Cu® to Cu*" process is
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seen ((E, of 0.15 V (vs Ag/AgCl))) while the reduction of the
Cu*" is seen to overlap with the first W-O based reduction peak,
which results in a higher reduction peak current for the W1
process of the Cu?*-POM-doped film, with respect to the Co?*-
POM-doped film.® This behaviour is also observed in solution for
the Cu?*-substituted POM. The Co®* redox centre is not seen in
Figure 2C, as it is present in the region where the polymer is
overoxidized and is not accessible.®

The Eyj, values of al these metal centres, and associated redox
W-O sites, are in close agreement with solution behaviour of
these POMs. The values of AE, obtained for the redox metal
centres and the W-O frameworks at film-modified electrodes are
typical for surface confined species. The vaues of the full width
half maxima of the peaks corresponding to metal centres and W-
O frameworks deviate from the deal value of 45.3 mV for the W-
O bidectronic redox processes and 90.6 mV for the
monoelectronoic metal based redox processes. This has been
observed previously for other POM-based surface films *? and is
due to repulsive interactions between the surface confined redox
sites.

The quantities of the immobilized POMs in the polymer films
was calculated by W2 peak current integration at a slow scan rate.
The various POM-doped film-modified electrodes exhibited
similar coverages of 2.8 nmol cm® for Fe**-substituted, 2.7 nmol
cm? for the Cu®*-substituted and 1.4 nmol cm for the Co*-
substituted Dawson-doped polymer film.

Effect of Solution pH

It is well known that POMs exhibit pH dependant
electrochemical redox processes both in the solution and surface
states. 5% McCormac et al. have previously shown that the metal
ion-substituted Dawson POMs possess pH dependant single and
multiple electron redox processes® Figure 3 shows the pH
dependencies of voltammetric response of electrodes modified
with polypyrrole doped with the Fe**-substituted POM. The
number of protons associated with each redox process can be
obtained from the slope of the pH dependencies of the formal
potentials. The values of dopes for the W2 (70 mV/pH unit) and
W3 (63 mV/pH unit) redox couples clearly show that 2 protons
are involved in these processes. However the slope for the W1
couple (31 mV/pH unit), which is located in the polymer's
conducting region, is smaller than expected possibly due to the
repulsive interactions between the polymer backbone and the
incoming protons.>

Surface analysis of POM doped polypyrrolefilms

XPS studies of POM doped polymer films
Surface composition of the deposited films was determined by
performing X-ray photoelectron spectroscopy (XPS) on POM-
doped polypyrrole coated I TO glass dides. The high resolution C
1s and N 1s spectra confirm the presence of polypyrrole. The C
1s spectra can be decomposed into two major peaks to represent
C-C/C=C at 284.8 eV and C-N of the polypyrrolic chains at 286
eV, and two minor peaks at 287.5 and 289 €V to represent
oxidised carbon. The N 1s spectra can be decomposed mainly
into 2 component peaks. The lower binding energy peak at 399.9
eV is attributed to neutra nitrogen in polypyrrole and the peak at

This journal is © The Royal Society of Chemistry [year]
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binding energy greater than 401 eV is attributed to protonated
nitrogen. The ratio of N*/N(total) for Fe**-, Cu?*- and Co®*-doped
polymer are 0.22, 0.41 and 0.66 respectively and could give an
estimate of the doping levels. The presence of the dopant is
evident from the presence of W, O and P and in the case of Cu-
POM doped polypyrrole films, presence of Cu. As far as metas
are concerned only Cu is observed, but no Fe or Co were
detected. The metal species are in most cases present in very low
atomic concentrations considering that they are present as part of
a huge complex made of many atoms. In samples, where the
metal species could not be identified, it may be that they are
present in concentrations below the detection limit of the
instrument (~ < 0.1 atomic %).

AFM imaging of the polymer films

AFM imaging of POM-doped polypyrrole coated ITO glass dides
was performed to find out the topography of the films. Figure 4A
presents the AFM image of the Co?*-POM -doped polymer film.
Root mean sguare surface roughness parameters were 29.4 nm,
16.8 nm and 13.5 nm for Fe**-, Cu?"- and Co*"-doped polymer
films respectively, which are in aggreement with data reported
previously.®**8 Consistent with the SEM results, globular features
were observed within the AFM topography images of al polymer
films with different sizes. The diameter of these globules varied
significantly both within the same film and between the films.
Similarly, significant variation was seen in the apparent film
thickness. These structures had an overall hemispherical shape,
which may be most readily seen in the amplitude (height) images.
Little phase contrast was seen for al the films analysed; this
suggests that the samples consisted of a homogenous polymer
film within the areas of interest imaged.

SEM imaging of the POM doped polymer
films

Figure 4B shows the SEM image of a Co?*-doped polypyrrole
film with a charge deposition 10mC. Due to deposition charge the
film was not very thick and appeared like a thin layer on the ITO
coated glass dlide. The SEM image reveas large 400-500 nm
particles that were seen as part of a film with low separation
between particles. Small particles, < 50 nm, could also be seen
decorating the surface of the larger particles. Fe*-, Cu?*-POM
doped polypyrrole films reved the same surface morphology.
Some micron sized circular islands of the films can still be seen
formed by similar sized particles. EDX results of the same films
also confirmed the elements present and showed the presence of
W, C, N and O, which isin good agreement with the XPS results.
No metals in the POMs were again not seen, and is possibly due
to the high accelerating voltage used on the thin film and the
relatively low concentration of the metals. The presence of
tungsten, which is more concentrated than the Fe, Co and Cu,
does indicate that the POM is present.

Catalytic properties of the POM doped polypyrrole
films

Cyclic Voltammetry
Polyoxometalates have previousdy been employed for the
reduction of hydrogen peroxide “**. Here both the Fe**- and
Cu?*-substituted Dawson-doped polypyrrole films were studied

for the electrocatalytic reduction of hydrogen peroxide. All

e0 investigations were conducted in pH 6.5 in order to use the
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sensors in physiological conditions. Figure 5 shows the cyclic
voltammograms of stable redox process obtained for the Fe-
POM-doped polypyrrole film-modified electrode in the absence
and presence of successive amounts of H,O,. The reduction peak
currents increase with the increase in H,O, concentration. The
same experiments have been carried out with chloride-doped
polypyrrole film-modified electrode and with bare electrode (data
not shown). The minor effect of cathodic current increase was
observed. Parent Dawson POMs have been fund to not possess
electrocatalytic activity to H,0O, reduction.”® Therefore Fe**-
substituted POM appears to be an exclusive electrocatalyst for
H,0, reduction. Similar catalytic results were also obtained for
the Cu?*-substituted POM-doped polypyrrole.

No increase of cathodic currents was observed at the Fe*-
substituted POM-doped film-modified electrode in the presence
of dissolved oxygen. Thus the film reveals a sufficient selectivity
towards peroxide electrochemical reduction.

The possible mechanism of the reduction of H,0, by Fe*-
POM-PPy film can be represented by the reactions in Scheme 1.
In this inner sphere electron transfer reaction, the Fe'""" centre is
actually responsible for the electron transfer pathway %:

(Scheme 1)

Amperometry

The sensor performance of both the Fe*- and Cu?*-POM doped
polypyrrole films towards hydrogen peroxide was studied
through amperometric experimentsin stirred solution at -0.3V (vs
Ag/AQCI) being choosen as the optimal applied potential. In
contrast to the bare electrode and chloride-doped film-modified
electrode, the increases in cathodic currents to 0.1 mM H,O,
additions have been observed (Fig. 6) at both Fe**- and Cu?-
POM doped film-modified electrodes.

The Fe**-POM film-modified electrodes (surface coverages
10.8-11.3 nmol cm®) showed a sensitivity of 0.5 A/(M*cm?) with
a limit of detection (LOD) of 0.56 uM based on a S/N ratio
multiplied by 3. Steady state currents were obtained within 8
seconds from each injection. A linear range was observed
between 0.1mM and 2 mM (r=0.999; n=20). Thinner films
(surface coverages 3.0-4.2 nmol cm) revealed a sensitivity of
0.4 A/(M*cm?), LOD 2.2 uM and linear ranges between 0.1 mM
to 1 mM (r=0.999; n=10). Similar results were obtained with the
Cu**-POM film-modified electrodes. These POM-doped
polypyrrole modified electrodes showed here exhibit LODs lower
than the LODs of modified electrodes reported previously.
Biosensor based on horseradish peroxidase entrapped within
electrodeposited polypyrrole membrane showed the LOD 0.5uM
with a linear range of 0.2mM %°. Polypyrrole film doped with
Keggin-type phosphomolybdate showed the LOD 0.5 uM with a
sensitivity of 1.1 pA mM ' % Chemically synthesized
polypyrrole modified with platinum nanoparticles revealed LOD
12 pM ®. Silver nanoparticle-decorated polypyrrole colloids
showed LOD 1.05 uM ®,

us Conclusions

4 | Journal Name, [year], [vol], 00—-00

This journal is © The Royal Society of Chemistry [year]



Electrochemical polymerization of pyrrole and Fe**-, Cu?*- and
Co?*-substituted Dawson-type polyoxometalates as dopants has
been carried out. Fe'""" redox process and Cu oxidation as well as
three W-O redox processes associated with the incorporated
s POMs were observed against polymer backbone processes. The
stabilization effect of the electrochemical response of the POMs
due to immobilization into polypyrrole matrix has been observed.
All electrode systems based on POMs immobilized into
polypyrrole revea sufficient pH dependencies. Different surface
10 anaysis techniques were used to characterize the surface
morphologies of the obtained polymer membranes.
Electrocatalytic activity to hydrogen peroxide reduction
observed at pH 6.5 for both Fe**- and Cu®*-substituted Dawson
POMs in polypyrrole matrix was employed for the development
15 of an electrochemical peroxide sensor. Metal ion-substituted
POM-doped polymer-modified electrodes reveal limits of
detection lower than other previosuly reported modified electrode
systems.
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Fig. 5 Electrocatalytic reduction of hydrogen peroxide at Fe*-substituted
POM -doped polypyrrole film immobilized into electrode surface: a- 0
mM,b—1mM, c—2mM, d—3 mM and d—4 mM hydrogen peroxide.
0.1M N&SOs, 20mM NaH,PO,, pH 6.5, 5mV/s.

[POM (Fe"H,0)] " +1e< [POM (Fe"H,0)]
[POM (Fe"'H,0)]® + H,0, < [POM (Fe"H,0,)] ® + H,0
[POM (Fe"H,0)]® + HOe = [POM (Fe"H,0)] 7 + OH -
[POM (Fe"H,0,)]® = [POM (Fe"HO)] ® + HO «

[POM (Fe"HO)] ® + H* = [POM (Fe" H,0)]”

Scheme 1 Possible mechanism of H,O, reduction by Fe''-POM, where
POM — P,W170g;.
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