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ABSTRACT: A composite based on organic copolymer
and inorganic oxide, polyaniline/poly o-toluidine/silica
(PANI/POT/SiO,), has been synthesized successfully by a
simple electrochemical method. The composite film was
found to be deposited on a Pt substrate by sweeping the
potential between —0.2 and +1.0 V versus a saturated cal-
omel electrode with a scan rate of 100 mV/s. The poly-
meric composite film thus obtained was characterized by
scanning electron microscopy, infrared spectroscopy, con-
ductance measurement, and cyclic voltammetry techni-
ques. Incorporation of silica in the copolymer results a
clear difference in surface morphology compared with the
bulk homo- and copolymers. Further evidence of silica in
the composite was achieved by infrared spectral analysis.

Indeed, a chemical analysis of the composite matrix
showed a content of as high as 25% SiO, in the composite
thus prepared. Based on the results of cyclic voltammetric
analysis, the composite electrode as prepared was found
to show good electrochemical stability even at high posi-
tive potentials. It also exhibited excellent electroactivity
even after incorporation of silica in the matrix. The electro-
active composite film was thus examined as electrode
modifier to study the redox behavior of ferrous/ferric
(Fe** /Fe®*) and  hydroquinone/benzoquinone (H,Q/Q)
couples. © 2008 Wiley Periodicals, Inc. J Appl Polym Sci 110:
808-816, 2008
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INTRODUCTION

The application area of polymers is already wide,
and it has a visible tendency to grow wider. As an
outcome of the developments in polymer technol-
ogy, conductive polymers can form substitutes for
naturally conductive materials. Conductive poly-
mers are being used commonly for various purposes
including rechargeable batteries, electronic devices,
functional electrodes, electrochromic devices, optical
switching devices, sensors, and so on.! Polyamhne
(PANI) is one of the conducting polymers that have
been preferably used in many practical applications
as indicated earlier. The large-scale application of
PANI is sometimes limited by the difficulty of its
processing by conventional methods, less stability,
and electroactivity in the ambient and extreme envi-
ronmental and electrochemical conditions. These
shortcomings have usually been overcome by the
synthesis of new conjugated polymers whose struc-
tures have been suitably modified to introduce proc-
essibility and better material properties without com-
promising the electrical conductivity of the system.®>™"!
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Besides, multicomponent matrices, such as copoly-
mer, bilayer, and composites, are also known to be
synthesized to achieve desired properties of a mate-
rial. In view of this, copolymer of aniline and o-tolui-
dine seems to be interesting to be studied as the indi-
vidual homo polymers have already been addressed
for their wide technological application. Moreover, in
a copolymer of aniline and o-toluidine, it is expected
to combine and modify the electrical, chemical, and
physical properties of the poly o-toluidine (POT) and
PANI and thus combine the advantages of POT with
PANI'* in the single copolymer matrix.

Indeed, preparation of composites of conducting
polymers has already been considered to provide a
potential solution to the processibility problem as
well as to enhance the material properties with
desirable physical and mechanical characteristics.’
Composite made of PANI and silica (SiO,) is worth
mentioning and previously prepared by both chemi-
cal and electrochemical methods."” ! It is expected
that the presence of 5iO, in the polymer composite
could develop surface property (e.g., luminescence,
effective surface area, surface hardness, etc.) of that
composite.”*** To our knowledge, no attempt has
yet been made to prepare copolymer/silica compos-
ite either by chemical or electrochemical means.

In this article, we report synthesis of a copolymer/
silica composite, i.e., PANI/POT/SiO, by anodic
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oxidation of monomers onto a Pt electrode in an
aqueous solution containing colloidal SiO, and its
characterization by cyclic voltammetry (CV), scan-
ning electron microscopy (SEM), infrared (IR)
spectroscopy, and conductivity measurements. In ad-
dition, stability, i.e., the extent of degradation on
overoxidation, and the redox response of Fe**/Fe’*
and H,Q/Q systems on this copolymer/silica com-
posite are also examined.

EXPERIMENTAL

Aniline and o-toluidine were supplied from E. Merk
(Darmstadt, Germany) and were distilled twice
under nitrogen atmosphere before use. SiO, was
acquired from BDH (Poole, UK). Sulfuric acid
(HySO,), also from E. Merk (Darmstadt, Germany),
was of A. R. grade and used as received. Thin films
of PANI, POT, copolymer PANI-POT, and copoly-
mer/composite PANI/POT/SiO, were synthesized
electrochemically on the platinum (Pt) substrates
under cyclic voltammetric conditions in a single
compartment glass cell. A three electrode cell geom-
etry was employed during the electrochemical poly-
merization in which Pt foil as working (0.25 cm?)
and counter electrode (1 cm?), and a saturated calo-
mel electrode (SCE) as the reference electrode were
used. The films were electrodeposited from a solu-
tion containing monomers (0.5M each) and 0.8M
supporting electrolyte (H,SO4) by applying sequen-
tial linear potential at a scan rate of 100 mV/s
between —0.2 and +1.0 V versus SCE. Aqueous col-
loidal suspension of SiO, used for the copolymer/
silica composite synthesis was prepared as described
elsewhere.' In this study, aqueous colloidal suspen-
sion of SiO, was prepared by adding 2.0 g of SiO,
powder (mesh size = 100) to water followed by
beating the mixture for 2 h. The resulted dispersion
was then allowed to settle for 2 h. During this span
of time, relatively bigger SiO, particles were found
to sediment at the bottom of the container. The
smaller SiO, particles remain in the supernatant
water as colloidal particles. The colloidal solution
was then decanted and used for PANI/POT/SiO,
composite preparation. After deposition, the films
were washed with distilled water to remove any
unbounded supporting electrolyte and SiO,. The sur-
face morphologies of the solids were examined using
a scanning electron microscope (Philips XL 30, Eind-
hoven, Holland). An IR spectrophotometer (IR-470,
Shimadzu, Tokyo, Japan) was used for IR measure-
ments in the region 4000-400 cm™'. A conventional
two point-probe method was employed to measure
the compressed pellet d.c. conductivity of the solids
at room temperature. Chemical analysis of the com-
posite was done by the Hydrofluorization method.*
For this purpose, 1 g of the composite sample was
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treated with 10 mL of HF and 1.0 mL of H,SO,. The
cyclic voltammetric measurements were performed
using a potentiostat/galvanostat (HABF 151, Hokuto
Denko, Tokyo, Japan) coupled with an X-Y recorder
(Riken Denshi, Tokyo, Japan). Throughout the elec-
trochemical studies, anaerobic conditions were main-
tained with nitrogen gas atmosphere.

RESULTS AND DISCUSSION

Typical CVs of electrochemical preparations of (a)
PANI/POT copolymer and (b) PANI/POT/SiO,
composite films are given in Figure 1. The copoly-
mer PANI/POT was deposited by sweeping the

-0.2 0.0 0.2 0.4 06 08 1.0
Electrode Potential (V vs. SCE)

10.5 mA am” ®

| | | | | | J

-0.2 0.0 0.2 0.4 0.6 0.3 1.0
Electrode Potential (V vs. SCE)

Figure 1 CV during electrochemical synthesis of (a)
PANI/POT and (b) PANI/POT/SiO, composite on a Pt
electrode.
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Figure 2 SEM Micrographs of (a) PANI, (b) POT, (c) PANI/POT, and (d) PANI/POT/SiO,.

potential between —0.2 to +1.0 V versus SCE with
scan rate of 100 mV s ! from the 0.8M H,SO, elec-
trolytic solution containing 0.5M of each monomer
whereas the PANI/POT/SiO, composite film was
deposited in the same way from the colloidal SiO,
suspension containing 0.8M H,50, and 0.5M of each
monomer. The CV (a) shows a sharp rise in current
at a potential ca. +0.75 V versus SCE where a deep
blue deposits were observed to be formed on the Pt
substrate. As the sweeping repeated, i.e., in the sec-
ond and subsequent cycles, the formation of more
deposits on the substrate took placed. Similar obser-
vation can also be seen in the CV for the PANI/
POT/SiO, composite (b) and also during electropoly-
merization of aniline and o-toluidine in the absence
of silica reported earlier.”**® The anodic peak at ca.
+0.75 V may indicate the oxidation of aniline and o-
toluidine monomers to yield the polymers as blue
deposit. The other anodic peak at ca. +0.40 V can be
assigned to the oxidation of the polymeric segment
as deposited on the electrode whereas the cathodic
peak at ca. +0.35 V may be due to the reduction of
the polymer matrix. The deep blue color of the
deposits turned to greenish-yellow when potential
sweeping approached to the cathodic direction at ca.
+0.35 V or below. It is expected that during poly-
merization of the monomers from the electrolytic
medium containing SiO, suspension, SiO, particles
could be incorporated to the polymer matrix and
thus formed the composite PANI/POT/SiO,. As

Journal of Applied Polymer Science DOI 10.1002/app

SiO, particles have negative surface charge® and
both the PANI and POT chains are polycations,®*!
so it is reasonable to expect that the electrostatic
force of attraction may play dominant role in
anchoring the SiO, particles in the polymer matrices
to form the PANI/POT/SiO, composite.

Although, the CVs for the synthesis of PANI/POT
[Fig. 1(a)] and PANI/POT/SiO, [Fig. 1(b)] seem to
be identical, experimentally it has been evidenced
that the composite contains fairly good amount of
silica in it, indicating the formation of PANI/POT/
5i0, composite under the experimental condition
employed. The composite thus synthesized was ana-
lyzed for its silica content. The result indicated a
silica content of approximately 25% in the sample.
SEM observations clearly revealed differences
between the surface morphologies of the matrices
with and without SiO,. Figure 2 shows the SEM
microphotographs of the polymers and the compos-
ite matrices. It can be seen that a grain-like morphol-
ogy appears when PANI is prepared electrochemi-
cally from the electrolytic solution containing H,SO,
and the surface looks to be uniformly covered with
the PANI grains (a). Similar morphology for PANI
synthesized electrochemically was also reported pre-
viously.* In case of POT (b), the surface morphology
seems to be composed of fibrils having short-length
and aggregated compactly over the substrate. The
surface uniformity and homogeneity of POT seem to
be different than that observed for PANIL On the
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Figure 3 IR spectra of (a) PANI, (b) POT, (c) PANI/POT, and (d) PANI/POT/SiO,.

other hand, when copolymer PANI/POT (c), as com-
posed of PANI and POT segments, was synthesized,
its surface morphology found to be completely dif-
ferent than that of PANI or POT. The morphology of
the copolymer seems to be composed of rigid solid
particles having irregular shape and size. The result-
ing surface seems to be rather nonuniform and the
particles are randomly dispersed on the substrate.
The composite, PANI/POT/SiO, (d), on the other
hand, formed flake like morphology, packed to-
gether, and made the whole surface fully covered
with flakes. The SEM observations, thus, predicted
quite a dissimilar surface morphologies of the sam-
ples studied. The observed dissimilar morphological
features of PANI/POT and PANI/POT/SiO, may
result from the presence of SiO, in the composite
matrix. However, the observed dissimilar morpho-
logical features of the PANI, POT, PANI/POT, and
PANI/POT/SiO, may also suggest that their elec-
trode behavior for electrochemical processes could
be different. The presence of SiO, particle in PANI/
POT/SiO, was further evidenced by the IR study.
Figure 3 shows the IR spectra of the PANI (a), POT
(b), PANI/POT (c), and PANI/POT/SiO, (d) sam-
ples. The principal absorptions for PANI and POT
are 3438, 2856, 2360, 1655, 1544, 1303, 1218, 1109,

and 850 cm™'. These values are consistent with that
of the bulk PANI and POT samples reported else-
where.*>* The peak appeared in case of bulk POT
[Fig. 3(b)] at 2856 cm ' (C—H stretching) was also
present in the spectra of the copolymer without [Fig.
3(c)] and with [Fig. 3(d)] silica and absent in case of
bulk PANI [Fig. 3(a)]. A new peak was observed at
1109 cm ™' along with the peaks observed for bulk
PANI and POT in the spectrum of PANI/POT/SiO,
composite [Fig. 3(d)], corresponds to the SiO, en-
tity'” in the sample and thus gives further evidence
for the presence of SiO, in the PANI/POT/SiO,
composite. Attempt was also made to evidence SiO,
further by analyzing the PANI, POT, and PANI/
POT/SiO, samples by XRD. The XRD patterns of all
the samples were found to be identical to each other
and thus made it impossible to distinguish between
the samples studied by XRD. Typical X-ray diffrac-
tion patterns as function of the Bragg angle, 26
at A = 1.54 A° for the samples are presented in
Figure 4. The result shows that the patterns consist
of only diffuse X-ray scattering; the diffuse signals
appear in the patterns should correspond amor-
phous nature of the samples. This observation may
suggest that silica particles that incorporated into the
matrix have no influence on its structure. Therefore,

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Typical XRD pattern of (a) PANI, (b) POT, and (c) PANI/POT/SiO,.

the diffraction patterns of the PANI/POT/SiO, and
the other samples studied are likely to be dominated
by the response made by the polymer component.
The direct-current conductivities of the PANI,
POT, PANI/POT, and PANI/POT/SiO, samples in
the compressed pellet geometries measured at room
temperature by a conventional two-point probe tech-
nique were 4.21 X 107, 544 x 1073, 4.72 x 1077,
and 2.19 X 107> S ecm ™!, respectively. The observed
conductivity of the present PANI pellet was found
to be consistent with previous work.*® However, the
magnitude of conductivities for the homo- and
copolymers were reported to be higher in their film
geometry measured by four point-probe tech-
nique.”**® Although, the incorporation of SiO, low-
ers the conductivity of the present composite, its
conductance exists still in the range of the conductiv-
ities of the conventional inorganic semiconductors.
The lower conductance of the PANI/POT/SiO, com-
posite is presumably due to the interparticle resist-
ance arising from the incorporation of insulating
SiO, particles in the PANI matrix.'*?” As the electri-
cal behavior of the composite is so far controlled by
the polymer components, the mechanism of conduc-

Journal of Applied Polymer Science DOI 10.1002/app

tion is expected to be similar to those of the bulk
polymer.

Figure 5 shows the CVs of (a) PANI/POT and (b)
PANI/POT/SiO, composite film coated Pt electrodes
in a monomer free aqueous solution containing 0.8M
H,SO,. Under the similar condition, the CV of PANI
and POT taken separately were found to be identical
to that of the PANI/POT film [Fig. 5(a)] indicating
that the copolymer film can be oxidized and reduced
electrochemically with concomitant color change.
The redox peaks as observed in the CV correspond
to copolymer oxidation (doping) and reduction
(dedoping). Alike the PANI/POT copolymer film,
the CV of PANI/POT/SiO; film [Fig. 5(b)] also indi-
cates that the composite matrix can also be switched
between its oxidized and reduced states. Color of
the PANI/POT/SiO, film changed from deep blue
to greenish-yellow during electrochemical switching
from oxidized to reduced state, respectively. These
observations for the composite seem to be identical
with the characteristics features of PANI, POT, and
PANI/POT and thus may suggest that anodic oxida-
tion and cathodic reduction of the PANI/POT/SiO,
film lead it to be doped and dedoped, respectively.
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Figure 5 CV of (a) PANI/POT and (b) PANI/POT/SiO,
films on a Pt electrode in 0.8M H,SO,.

Again, since the CV is composed of two redox cou-
ples, it indicates the presence of variable electroac-
tive regions in the PANI/POT/SiO, composite film.
Further, the result also suggests that even after
incorporating insulating SiO, particles in the com-
posite matrix, it can perform electrode activity as
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high as PANI, POT and PANI/POT showing normal
oxidation (doping) and reduction (dedoping) of the
polymer component.

The stability of PANI/POT/SiO, composite film
electrode in an electrochemical system at the very
high positive potentials was examined. This was
done by biasing the electrode potential at +1.0 and
+2.0 V, and potential was then immediately allowed
to sweep toward the negative potential at —0.2 V.
The result is shown in Figure 6. On biasing the com-
posite electrode at +1.0 V for 60 s, the CV (curve 1)
shows normal redox characteristics as expected for a
conducting polymer. Further, when the electrode
was biased for the same duration at positive poten-
tial of as high as +2.0 V (curve 2), the electrode
gives an identical redox response as that observed in
curve 1 though a small shift of the reduction peak at
ca. +0.45 V toward negative direction of potential is
observed. It is interesting to note that the calculated
charges of the reduction and oxidation peaks are
comparable (integrated charge ratio for reduction
peaks is 1.008 : 1.000 while that for oxidation peaks
is 1.01 : 1.00) when the electrodes were biased at
+1.0 and +2.0 V, indicating the normal oxidation

IZ.[ImAcm"

| I I I J
-02 0.0 0.5 1.0 1.5 2.0

Electrode Potential (V vs. SCE)
Figure 6 CV of PANI/POT/SiO, in 0.8M H,SO, solution.
Switching potentials: 1.0 V (curve 1) and 2.0 V (curve 2).
Biasing time: 60 s.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 CV of (a) PANI/POT and (b) PANI/POT/SiO, film electrodes (solid lines) in an aqueous solution containing
0.1M K4[Fe(CN)¢]. The dotted line shows the CV of bare Pt electrode in the same solution. (The magnitude of current for
the CV of PANI/POT is twice than that shown in the vertical axis).

and reduction processes of the PANI/POT/SiO, film
electrode even after biasing it at +2.0 V. The bulk
polymer electrodes, viz. PANI, POT were reported
not to be stable under the similar electrochemical
condition at +2.0 V' and were found to be lost or
reduced the electroactivity of the electrodes to show
normal redox process after biasing at high positive
potentials. Thus, the present PANI/POT/SiO, elec-
trode system indicates a superior electrochemical sta-
bility over the bulk PANI or POT electrodes at high
positive potential.

The superior electrochemical stability and electro-
activity of the polymer matrices studied in this work
prompted us to examine their performance as elec-
trode modifier. For this purpose, the films of PANI,
POT, PANI/POT, and PANI/POT/SiO, coated on

— (¥

Current (mh cm")
(=]

0 04 038
Electrode Potential (V vs. SCE)

the Pt electrodes were employed for investigating
the redox activity of Fe?" /Fe®" and H,Q/Q couples.
Figure 7 shows the CVs of PANI/POT and PANI/
POT/SiO, electrodes in the Ky[Fe(CN)g] solution. The
oxidation and reduction peaks as observed in both
the CVs indicate the one electron redox reaction of
Fe?" and Fe®* : Fe*" — e~ = Fe®". From the results,
it can also be seen that oxidation potential of the
Fe" /Fe’" system is slightly lower at the PANI/
POT/SIO, electrode compared with that at the
PANI/POT electrode. It indicates that the oxidation
of ferrous to ferric on the PANI/POT/SiO, is more
favorable than that on the PANI/POT one. The poly-
meric modifier was also used in investigating the
redox behavior of H,Q/Q redox system. The result
is presented in Figure 8. The oxidation and reduction

(=1

Current (mAcm®)
(=]

-1

0 0.3
Electrode Potential (V vs. SCE)

Figure 8 CV of (a) PANI/POT and (b) PANI/POT/SIO, film electrodes (solid lines) in an aqueous solution containing
0.01M Hydroquinone + 0.1M Na,SO,. The dotted line shows the CV of bare Pt electrode in the same solution.
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TABLE I
Redox Behavior of Modified Electrodes in Different Electrolytic Media
Oxidation potential (V) Reduction potential (V)

PANI/POT/ PANI/
Electrolyte solution Bare Pt PANI POT PANI/POT SiO, Bare Pt PANI POT PANI/POT POT/SiO,
0.1 M[K4Fe(CN)¢] +0.40 +048 +0.47 +0.50 +0.35 +0.09 +0.09 +0.09 +0.02 +0.03
0.01 M H,Q+ +055 +0.72 +0.73 +0.75 +0.51 +0.00 +0.13 +0.12 +0.10 +0.09

0.1 M Nast4

processes for this two electron redox reaction: Q +
2H" + 2¢~ = QH,, are well exhibited in the CV.
However, the oxidation potential is seen to be
slightly lower when PANI/POT/SiO, film electrode
was used and thus indicates that the oxidation pro-
cess of the system is comparatively favorable at this
electrode. The results of redox behavior for Fe?2/
Fe*® and H,Q/Q systems at different electrodes are
summarized further in Table I. From the data, it
seems that redox reactivity of the electrode matrices
varies considerably. Peak separation, i.e., the differ-
ence between the potentials of anodic and corre-
sponding cathodic peak, is considered to measure
the reversibility of a redox process. For the Fe'?/
Fe™> process, peak separation with the Pt electrode
seems to be lower than that each of the PANI, POT,
and PANI/POT matrices while it is comparable with
that of PANI/POT/SiO, electrode. This means that
the reversibility of the process with Pt is comparable
with the PANI/POT/SiO, electrodes, whereas the
process proceeds with less reversibility with the
PANI, POT, and PANI/POT electrodes. Such dissim-
ilar redox reactivity can also be realized for the
H,Q/Q process. In this case, the PANI/POT/SiO,
electrode seems to show relatively better reversibility
than the Pt one while the process becomes less re-
versible when PANI, POT, and PANI/POT electro-
des are employed. The reason for the superior redox
activity of PANI/POT/SiO, electrode has not been
investigated further in this work; however, the incor-
poration of SiO, particles into the matrix may
influence the surface properties of the composite
electrode and thus modify the electrode activity for
reactions.

CONCLUSIONS

PANI/POT/SiO, composite film can be prepared by
a simple electrochemical route from an aqueous
acidic solution containing colloidal dispersion of
silica, aniline and o-toluidine. The polymeric com-
posite thus obtained is electronically conductive and
corresponds to the range of conventional semicon-
ductors. The PANI/POT/SiO, film is electroactive
and can be used as an electrode modifier for

performing Fe*?/Fe*3 and H,Q/Q redox processes
on its surface. The anodic and cathodic processes
involved in these redox reactions were comparable
to that performed on the noble Pt metal surface.
Thus, the use of PANI/POT/SiO, composite film as
the electrode modifier could be interesting to be
examined for other electrochemical processes too.
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