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ABSTRACT: Polyaniline/nano-TiO, composites with the
content of nano-TiO, varying from 6.2 wt % to 24.1 wt %
were prepared by using solid-state synthesis method at
room temperature. The structure and morphology of the
composites were characterized by the Fourier transform
infrared (FTIR) spectra, ultraviolet-visible (UV—-vis) absorp-
tion spectra, X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM), and transmission electron microscopy
(TEM). The electrochemical performances of the compo-
sites were investigated by galvanostatic charge-discharge
measurement, cyclic voltammetry (CV), and electrochemi-
cal impedance spectroscopy (EIS). The results from FTIR
and UV-vis spectra showed that the composites displayed
higher oxidation and doping degree than pure PANI The
XRD and morphological studies revealed that the inclusion

of nano-TiO, particles hampered the crystallization of
PANI chains in composites, and the composites exhibited
mixed particles from free PANI particles and the nano-
TiO, entrapped PANI particles. The galvanostatic charge—
discharge measurements indicated that the PANI/nano-
TiO, composites had higher specific capacitances than
PANI. The composite with 6.2 wt % TiO, had the highest
specific capacitance among the composites. The further
electrochemical tests on the composite electrode with 6.2
wt % TiO, showed that the composite displayed an ideal
capacitive behavior and good rate ability. © 2012 Wiley
Periodicals, Inc. ] Appl Polym Sci 000: 000-000, 2012
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INTRODUCTION

Recently, a great attention has been focused on
studying the synthesis and electrochemical proper-
ties of electrically conducting polymers, which repre-
sent promising electrode materials for the applica-
tions of supercapacitors due to their high specific
capacitance."” Among conducting polymers, polya-
niline (PANI) has been studied extensively as one of
the most promising class of active materials for its
applications in electrochromic displays, electrocataly-
sis, rechargeable batteries, and sensors.® Recently,
many nanocomposites consisting of PANI with vari-
ous inorganic nanomaterials have been investigated
more and more because their properties are quite
different from PANI and corresponding inorganic
nanoparticles owing to interfacial interactions
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between PANI and inorganic nanoparticles. One of
the most prevalent type of these composites is com-
posed of materials containing PANI and nano-TiO,,
which have potential applications in supercapaci-
tors,” solar sells,® microwave absorption,9 hotoelec-
trochemical devices,'”!" photocatalysis,'>"> and cor-
rosion resistant coatings.'*'®

At the present time, many reports have been pub-
lished on the preparation of PANI/nano-TiO, com-
posites, including chemical oxidative 1polymeriza—
tion,'*"” electrochemical polymerization,' ultrasonic
irradiation," sol-gel methods,* physical mixing,*'
and so on. However, there is no information con-
cerning the fabrication of PANI/nano-TiO, compos-
ite by solid-state synthesis method and application
as supercapacitor. The previous studies showed that
the solid-state synthesis method can be used for
preparation of polyaniline/nanoparticles composites,
but these composites were just the mechanonochem-
ical mixing of nanoparticles and polyaniline pre-
pared without presence of nanoparticles.”** Fur-
thermore, in this method, polyaniline should be
prepared before the mechanochemical mixing and it
is not the in situ polymerization of aniline with the
presence of nanoparticles.

As an extension of the traditional synthesis
method, solid-state synthesis method has many
advantages: reduced pollution, low costs, and



simplicity in process and handling. Now, it is widely
used for synthesizing the polyaniline type conduct-
ing polymers.*** In solid-state synthesis method,
the reaction ha}zaé)ens on the surface of solid-sate
reactant mainly,” and by the milling process react-
ing solids are contacted together to react with each
other. Therefore, interdiffusion rate of the reactants
is significantly slower than that of traditional solu-
tion method. This means by carefully controlling the
experimental conditions to adjust the nucleation and
growth of the polymer, solid-state polymerization
method could be used to fabricate the nanostruc-
tured polymer/inorganic nanoparticles composites.

In this article, we developed a novel solid-state
synthesis method for preparation of PANI/nano-
TiO, composites, and the content of nano-TiO; in the
composites varied from 6.2 wt % to 24.1 wt %. The
correlation between the structures and properties of
the PANI/nano-TiO, composites were deeply dis-
cussed based on the results from FTIR, UV-vis, XRD,
SEM, TEM, and CV. Moreover, the potential applica-
tion of solid-state synthesized PANI/nano-TiO, com-
posite as supercapacitor was evaluated by galvano-
static charge—-discharge and EIS measurements.

EXPERIMENTAL
Materials

Aniline and ammonium peroxydisulfate (NH4)>5,0s,
APS) of analytical-reagent grade were obtained from
Xi’an Chemical Reagent Company (China), p-toluene-
sulphonic acid was obtained from Acros Organics.
Nano-TiO, (anatase, hydrophilic) with an average
size of 40 nm (Shanghai Aladdin Reagent Company,
China) was used as received. Aniline was purified by
distillation under reduced pressure. All other chemi-
cals and solvents were used as received without fur-
ther purification.

Preparation of PANI/nano-TiO, composites

A typical solid-state synthesis of PANI/nano-TiO,
composites procedure was as followed: 50 mg nano-
TiO, and 0.96 g (0.01 mol) aniline were ultrasoni-
cated for 30 min to facilitate TiO, to disperse into
the aniline monomer, then 1.9 g p-TSA was added in
this mixture, and then they were put in the mortar.
After grinding about 5 min later, the mixture
became white paste, 2.2 g APS was added by further
grinding for 30 min until the color of solid changed
to black green. From these reactions we get pure
PANI and PANI/nano-TiO, with compositions as
given in Table I. The product was washed with etha-
nol and distilled water, respectively, until the filtrate
was colorless, and then the powder dried under vac-
uum at 60°C for 48 h.

Journal of Applied Polymer Science DOI 10.1002/app

ABDIRYIM ET AL.

TABLE I
Synthesis of PANI/Nano-TiO, Composites with
Different Composition

Aniline  TiO, Composite  TiO, in product
Samples wt (g) wt (g) yield (g) (wt %)
PANI 0.96 0.0 0.73 0
PT-5 0.96 0.05 0.81 6.2
PT-10 0.96 0.10 0.78 12.8
PT-15 0.96 0.15 0.85 17.6
PT-20 0.96 0.20 0.83 241

Structure characterization

The Fourier transform infrared (FTIR) spectra of the
composites were obtained by using a BRUKERQEUI-
NOX-55 Fourier transform infrared spectrometer
(Billerica, MA) (frequency range 4000-500 cm ).
UV-vis spectra of the samples were recorded on a
Shimadzu UV-2450 spectrophotometer. The X-ray
diffraction (XRD) studies were performed on a D/
Max 2400 X-ray diffractometer by using Cu-Ko radi-
ation source (A = 0.15418 nm), the scan range (20)
was 5° to 60°. Scanning electron microscopy (SEM)
measurements were observed on a Leo1430VP micro-
scope. Transmission electron microscopy (TEM)
experiments were carried out in a Hitachi 2600 elec-
tron microscope. The samples for TEM measure-
ments were prepared by placing a few drops of
PANI/nano-TiO, ethanol suspension on copper
supports.

Electrochemical tests

The electrodes were prepared by mixing 85 wt %
active materials (3 mg), 10 wt % carbon black and 5
wt % polytetrafluoroethylene (PTFE) to form slurry.
The slurry was pressed on a graphite current collec-
tor (area: 1 cm?), then dried at 60°C for 24 h. The
electrochemical behaviors of the composite electro-
des were evaluated by cyclic voltammetry (CV), gal-
vanostatic charge-discharge, and electrochemical im-
pedance  spectroscopy  (EIS) techniques. All
electrochemical experiments were carried out in a
three-electrode glass cell, a platinum counter elec-
trode, and a standard calomel reference electrode
(SCE). CV and galvanostatic charge-discharge tests
were performed in the potential window ranged
from —0.2 to 0.8 V and conducted at different scan
rates and different current densities using CHI660C
electrochemical working station. EIS measurements
were performed at open-circuit potential by using
Zennium40084. Data were collected in the frequency
range of 0.1 Hz to100 KHz. The electrolytes were 1M
H,SO, and 1M KCI solution in all the electrochemi-
cal tests.



SYNTHESIS OF POLYANILINE/NANO-T1O, COMPOSITE

RESULTS AND DISCUSSION
FTIR and UV-vis spectroscopy studies

Figure 1 shows the FTIR spectra of PANI/nano-TiO,
composites and PANI prepared by solid-state syn-
thesis method. For comparison, the spectrum of
nano-TiO, is also shown in Figure 1. As can be seen
in Figure 1, the FTIR spectra of composites are iden-
tical to that of PANI, and there is no characteristic
peaks corresponding to the nano-TiO, in composites,
indicating the nano-TiO, is enwrapped by the
PANL?* The main characteristic bands of PANI
appear in the spectra of composites as follows: the
band at ~ 3220 cm ™! is attributable to N—H stretch-
ing vibration; the band at ~ 2921 cm ™! can be
assigned to the stretching vibration methyl (—CHs)
group in p-TSA; the two bands appearing at ~ 1579
cm ' and ~ 1496 cm ™! are associated to the stretch-
ing vibration of quinoid and benzenoid ring, respec-
tively. The band at ~ 1303 cm ' can be assigned to
the C—N mode, while the band at ~ 1145cm ™! is the
characteristic bands of stretching vibration of qui-
noid, the bands appearing at ~ 814 cm ™' are attrib-
uted to an aromatic C—H out-of-plane bending
vibration.'®*” Even though the main bands are simi-
lar to those in pure PANI, several discrepancies
occur between pure PANI and composites. Compar-
ing the band positions and intensities, it is obvious
that the bands shifted slightly from their corre-
sponding position in pure PANL And the intensity
ratio of quinoid to benzenoid units also changes. It
can be calculated from the spectra that the value of
intensity ratio of quinoid to benzenoid ring modes
(IN 1572-1578/IN 1489-1493, Where I iS absorption inten—
sity) are 0.93, 0.94, 0.92, and 0.97 for the composites,
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Figure 1 FTIR spectra of PANI, nano-TiO, and PANI/
nano-TiO, composites with content of TiO, varying from
6.2 wt % to 24.1 wt %.
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Figure 2 UV-vis spectra of PANI and PANI/nano-TiO,
composites with content of TiO, varying from 6.2 wt % to
24.1 wt %.

respectively, while it is 0.85 for PANI This suggests
that the oxidation degree of composites is higher
than PANI. It should be noted here that the presence
of nano-TiO, content in solid-state reaction will
cause the separation of oxidant from the monomer,
which in turn facilitates the formation of reduction
state of polymer during the oxidative polymeriza-
tion. This means the oxidation degree of composites
should be lower than PANI, which is not so. There-
fore, it can be asserted that the nano-TiO, has some
effects on the oxidation degree of PANI in compo-
sites. It is known from the literature that when TiO,
is excited by the photons of higher than the band
gap, electron-hole pairs are generated which in turn
react with hydroxyl ion producing reactive radicals
of *O,  and HO®, and these radicals are extremely
strong oxidants.'”” In our case, the solid-state poly-
merization takes place under the visible light, indi-
cating the possibility of formation of these radicals
in reaction system. Thus, we can conclude that with
the effects of these radicals, the PANI/nano-TiO,
composites may display higher oxidation degree
than PANIL.

Figure 2 shows the UV-vis absorption spectra of
PANI/nano-TiO, composites and PANI in m-cresol
solution. The PANI/nano-TiO, composites and
PANI show three characteristic absorption peaks
(Table II). The absorption peaks at ~ 316 to 336 nm
can be ascribed to m-m* transition of the benzenoid
rings, whereas the peaks at ~ 416 to 428 nm and
~ 836 to 863nm can be attributed to polaron—n* tran-
sition and n—polaron transition, respectively.”**® The
peak at ~ 316 to 336 nm can also be attributed to
the leucoe-meraldine (fully reduced form) of PANI
[Fig. 3(a)], and the peak at ~ 836 to 863 nm can be
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TABLE II
The Assignments of UV-Vis Absorption Peaks of PANI
and PANI/Nano-TiO, Composites

Wave length of absorption peak

¥ Polaron-n*  m—polaron

transition transition transition Agze-s863/
Samples (nm) (nm) (nm) Az16-336
PANI 316 417 863 0.88
PT-5 336 417 836 1.03
PT-10 332 416 845 0.94
PT-15 324 420 844 0.95
PT-20 324 428 863 1.06

explained as the emeraldine salt phases of the PANI
[Fig. 3(d)], while the peak at ~ 416 to 428 nm is due
to the protonated form of PANL?® When comparing
the absorption spectra, one can see that the peak
positions and intensities of the composites are differ-
ent from pure PANI, implying some interactions
between PANI and nano-TiO,."” According to the
previous reports,’”* the interactions between PANI
and nano-TiO, are resulted from following reason:
(1) TiO, has the tendency to form a coordination
compound with nitrogen atoms in PANI(2) the
hydrogen bonding between PANI and nano-TiO,.
Based on the previous reports, the extent of dop-
ing can roughly be estimated from the absorption
spectra of PANI, in which the ratio of absorbance at
836 to 863 nm and 316 to 336 nm indicated the dop-
ing level of PANIL>* As shown in Table I, the inten-
sity ratio (Asszeses/As16-336) Of the composites is
higher than PANI, suggesting a higher doping level
of the composites than PANI. This is quite in accord-
ance with the results of FTIR spectra. The result of
FTIR spectra shows that the oxidation degree of
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Figure 3 Four different redox forms of PANI:(a) leucoe-
meraldine base (fully reduced form), (b) emeraldine base
(half-oxidized form), (c) conducting emeraldine salt (half-
oxidized and protonated form), and (d) pernigraniline
base (fully oxidized form).
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composites is higher than PANI, indicating a bigger
portion of the quinoid units in composites than in
PANI. Consequently, the bigger portion of the qui-
noid units enhances the doping level of composites.

XRD analysis

Figure 4 shows the X-ray diffraction (XRD) patterns
of PANI/nano-TiO, composites, PANI, and nano-
TiO,. As shown in Figure 4, the PANI has some
degree of crystallinity, and its diffraction peaks
locates at about 20 = 9.6°, 19.4°, 25°. The peak at
lowest angle (20 = 9.6°) is considered to be the dis-
tance between two stacks in the two-dimensional
stacking arrangement of polymer chains with inter-
vening dopant ions between stacks, and the peak
centered at 20 = 19.4° may be ascribed to periodicity
parallel to the polymer chain,*?! while the peaks at
20 = 25° may be caused by the periodicity perpen-
dicular to the polymer chain. The peak at 20 = 25°
also represents the characteristic distance between
the ring planes of benzene rings in adjacent chains
or the close-contact interchain distance.”>?' From the
XRD patterns of the composites, it can be seen that
the nano-TiO, (major peaks: 25°, 37.8°, 48°, 53.8°,
and 55°) is also present in these composites. The dif-
fraction patterns of the composites are similar to that
of nano-TiO,. This result means that the presence of
PANI has no influence on crystallization perform-
ance of nano-TiO,.! Furthermore, as the nano-TiO,
content in the composites increases, the diffraction
peak of PANI at 20 = ~ 25° becomes sharper and
more intense, revealing that the composites are more
crystalline than PANL
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Figure 4 XRD patterns of PANI, nano-TiO,, and PANI/
nano-TiO, composites with content of TiO, varying from
6.2 wt % to 24.1 wt %.
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Figure 5 SEM images of the PANI/nano-TiO, composites with (a) 6.2 wt %TiO, and (b) 17.6 wt % TiO,.

Morphology

Figure 5 shows the SEM images of the PANI/nano-
TiO, composites with 6.2 wt % and 17.6 wt % TiO,,
respectively. As can be seen from the Figure 5, the
particles of the PANI/nano-TiO, composites are
highly aggregated, but the separate particles show
that the particle size is smaller than 200 nm. Figure
6 reveals the TEM images of the nano-TiO,, PANI,
and PANI/nano-TiO, composites (6.2 wt % TiO,
and 17.6 wt % TiO;). As shown in Figure 6(a), the
nano-TiO, are “rice-like” nanoparticles with an aver-
age size of 40nm. In Figure 6 (b), it shows the PANI
particles display the spherical shape with smaller
size than 100 nm. After the formation of the compo-

Figure 6 TEM images of the nano-TiO, (a), PANI (b),
PANI/nano-TiO, composites with (c) 6.2 wt % TiO,, and
(d) 17.6 wt % TiO,.

sites [Fig. 6(c,d)], the nano-TiO, particles (dark-
shaded nanoparticles) are found to be entrapped
into PANI (light shaded ) matrix. This means that
the nano-TiO, particles are not simply mixed up or
blended with the polymer, which is similar to the
earlier report about the PANI/nano-TiO, composites
synthesized by the inverted emulsion polymerization
method.?? Tt is obvious from Figure 6(c,d), the dark-
shaded nanoparticles (nano-TiO,) in the composite
with 17.6 wt % TiO, are more than the composite
with 6.2 wt % TiO,. Furthermore, the free PANI par-
ticles can be observed in composite with 6.2 wt %
TiO,, and size of the composite particles are smaller
than the composite with 17.6 wt % TiO,.

Electrochemical properties

Figure 7 shows the galvanostatic charge-discharge
curves of PANI and PANI/nano-TiO, composites at
a current density of 3 mA cm ? in three-electrode

0.8 - (a) PANT
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g0
% 0.2
£
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202 LR
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Figure 7 Galvanostatic charge-discharge curves of PANI
and PANI/nano-TiO, composite electrodes at current den-
sity of 3 mA em 2 in 1M H,SO, electrolyte. Mass of the
active material: 3 mg
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system between —0.2 and 0.8 V, and the supporting
electrolyte is 1M H,SO,. The specific capacitance
(SC) of the electrode material can be calculated by
means of SC = (I x At)/(AV x m),> where I is
charge-discharge current, At is the discharge time,
AV is the electrochemical window (1V), and m is the
mass of active materials within the electrode (3 mg).
The specific capacitances of PANI and PANI/nano-
TiO, composites calculated from Figure 7 are 370
fg~! (PANI), 442 fg (6.2 wt % TiO,), 421 fg~'(12.8
wt % TiO,), 410 fg '(17.6 wt % TiO,), and 385
fg~'(24.1 wt % TiO,), respectively. In comparison
with the pure PANI, the composites show a higher
SC, and the respective SC is higher than oxidative
polymerized PANI/nano-TiO, composite reported
by Bian et al.” This enhanced SC may be resulted
from the contribution of nano-TiO,, which is very
advantageous to reduce the electrochemical degrada-
tion of PANI and improve its capacitance as elec-
trode material. 7 Furthermore, it is concluded from
the FTIR spectra and UV-vis absorption spectra that
the composites have higher oxidation degree and
doping level than PANI, which in turn enhances the
electrochemical activities of these composite electro-
des. In addition, nanosized particles may provide a
large surface area and allow excellent electrolyte
access in three dimensions. However, it should be
noted that the conductivity of pure nano-TiO, is
very low (~ 107 S cm™"),** and its corporation with
PANI should bring some decrease in electrochemical
activity of composites. This prediction is further
proved by the changes in SC of composites, which
implies that SC decreases gradually with the
increase of nano-TiO, content. Therefore, the lowest
SC value of the composite with 24.1 wt % TiO,,
which has the high oxidation degree and doping
level, should be resulted from the largest amount of
nano-TiO, content, causing a decrease in electro-
chemical activity of the composite.

To further investigate the electrochemical capaci-
tance of the PANI/nano-TiO, composite, a series of
electrochemical tests such as galvanostatic charge-
discharge measurement, cyclic voltammetry (CV),
and electrochemical impedance spectroscopy (EIS)
were performed on PT-5 (composite with the content
of 6.2 wt % TiO,). Figure 8 shows galvanostatic
charge-discharge tests of PT-5 between —0.2 and 0.8
V at various current densities of 10, 15, 20, 25 mA
cm 2 in three-electrode system. The supporting elec-
trolytes are 1M H,SO, and 1M KCl, respectively.

As shown in Figure 8, the highest SC of the com-
posite were 490 fg ' in 1M H,SO, and 415 F/g in
1M KCI at 10 mA/cm?, respectively. All the curves
both in 1M H,SO, [Fig. 8(a)] and 1M KCl [Fig. 8(b)]
are not ideal straight line, indicating the process of a
faradic reaction. Moreover, there is an initial drop in
potential caused by internal resistance. The charge-
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Figure 8 Galvanostatic charge-discharge curves of
PANI/nano-TiO, composite with 6.2 wt % TiO, electrode
at various current densities in (a) 1M H,SO, electrolyte
and (b) 1M KCl electrolyte. Mass of the active material:
3 mg.

discharge curves [Fig. 8(a)] in 1M H,50, exhibit mir-
ror-like images, suggesting a reversible oxidation
process and better electrochemical capacitance per-
formance in acidic electrolyte compared with that in
neutral electrolyte. Comparing with the SC (421
fgfl) at 3 mA cm 2 (Fig. 7), the SC at 10 mA cm 2
[Fig. 8(a)] displayed higher value (490 fgfl) in 1M
H,50,. This is similar to the earlier report, in which
that the discharge capacitance of the PANI nanowire
arrayed electrodes synthesized by means of anodic
deposition technique increases with increasing of
charge—discharge current densities.*

According to the previous report, this increase of
the SC for the composite electrode may be attributed
to the existence of various forms of pores and pore
diameters in the electrode resulted from the different
nanosized structure, and it seems that some pores
with small diameter can be invaded by ions from
the electrolyte with high charging current®® It is
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Figure 9 CV curves of PANI/nano-TiO, composite with
6.2 wt % TiO, electrode at various scan rates in (a) 1M
H,S0, electrolyte and (b)IM KCI electrolyte. Mass of the
active material: 3 mg.

noted in Figure 8, the SC gradually decreases after
the increase of current density from 10 mA cm 2 to
25 mA cm 2, and it is in accordance with the com-
mon believe that the SC decreases with the increas-
ing of current density.” In general, SC decreases
with the growth of current density, the reason is
that the electrolyte ion cannot penetrate well into the
inner of active materials due to slow diffusion at
large current density. However, in this case, the cor-
responding capacitance retention ratio still reach
circa 90% with growth of current densities from 10
to 25 mA cm 2, indicating this composite electrode
material can be maintained under very high power
operations, which is significant for the electrode ma-
terial of supercapacitor to afford the higher specific
capacitance.”

Figure 9 shows the CV curves of PT-5 (composite
with the content of 6.2 wt % TiO,) electrode meas-
ured from —0.2 to 0.8 V at different scan rates in

three-electrode system. The supporting electrolytes
are 1M H,SO, [Fig. 9(a)] and 1M KCl [Fig. 9(b)],
respectively. A comparison indicates that the all
curves displayed two pairs of oxidation and reduc-
tion peaks in 1M H,SO,, and no obvious peak is
found on the positive and negative sweeps in 1M
KCL In the positive sweep, the first redox peak [Fig.
9(a)], ~ 0.3/~ 0.01 V) is well known as the forma-
tion of radical cations (polaronic emeraldine) and
the second redox couple [Fig. 9(a)], ~ 0.77/~ 0.67V)
is the formation of diradical dications (represented
by the resonance structures: bipolaronic pernigrani-
line and protonated quinonediimine) through the ox-
idation of PANI salts.””*® Between this two main
pairs of redox peaks, a relatively low intensity peaks
[Fig. 9(a)], ~ 0.6/~ 0.4V) have been associated to the
degradation of PANI salts.®* When the scan rate
increased from 3 to 30 mV s~ !, the peak current rap-
idly increases, indicating a good rate ability of the
composite electrode both in acidic and neutral
solution.

Previous studies show that the specific capacitance
(SC) of the electrode can also be estimated from the
CV curves, and the formula is C = f;z i(E)dE /2um
(Ex — El)),40 where C is the specific capacitance (SC)
of individual sample. E;, E, are the cutoff potentials
in cyclic voltammetry. i(E) is the instantaneous cur-
rent. fé *i(E)dE is the total voltammetric charge
obtained by integration of positive and negative
sweep in cyclic voltammograms. (E, — E;) is the
potential window width, and m is the mass of the
individual sample. The variation in the SC of the
electrodes as a function of the scan rates is plotted
in the inserted image. The SC of the composite cal-
culated from Figure 9(a) are 523, 439, 376, and 372
fgfl, while the corresponding values from Figure
9(b) are 458, 383, 306, and 302 fg*1 at the various
scan rates. Herein, the SC of the composite electrode
decreases along with the increase of scan rate, and
the decreasing speed of SC with increasing scan rate
is also larger in 1M KCI solution than in 1M H,SO,,
which is consistent with the results of galvanostatic
charge-discharge tests. However, it should be noted
that the SC calculated form CV are different from
those derived from galvanostatic charge-discharge
test, which is mainly due to the different testing sys-
tems applied.

Electrochemical impedance spectroscopy (EIS) has
been widely used to study the redox processes of
electrically conducting polymers. The EIS measure-
ments of PT-5 (composite with the content of 6.2 wt
% TiO,) electrode at the open-circuit potential with
ac-voltage amplitude of 5 mV over the frequency
range of 0.1 Hz to 100 KHz are given in Figure 10.
As shown in Figure 10, the EIS plots contain two
well-separated patterns. First, the high frequency
intercept of the semicircle with the real axis can be

Journal of Applied Polymer Science DOI 10.1002/app



8
0.5
20F (a) | o
% 0.3
[ o2 s
15+ o1
= N A
= | ! 035 070 105 140
= Z'(ohm)
N Lok l
0.5 (
o
[ ‘,_t-ﬁ".-';s‘ﬁ_ﬁzﬁf"
0.0 i é’w. L " 1 i 1 i L " 1 i 1 "
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
Z!(ohm)
4.0
1.8
[ (b) /
3.5 [ E - //
3.0 - 5 N osh - e
T25F o f )
£ E 2 3 4 5 6 7
L 20k 7' (ohm)
1.5 /O
1.0 |
05| 4::'!1\'&'61@;&
0'0 -_ﬁ 1 i 1 i L i L i L N
2 4 6 8 10 12 14

Z'(ohm)

Figure 10 EIS curves of PANI/nano-TiO, composite
with 6.2 wt % TiO, electrode at open-circuit potential with
ac-voltage amplitude of 5 mV over the frequency range of
10" to 10° Hz in (a) 1M H,SO, electrolyte and (b) 1M KCl
electrolyte. Mass of the active material: 3 mg.

used to evaluate the value of internal resistance,
which included the resistance of the electrolyte solu-
tion, the intrinsic resistance of the active material,
and the contact resistance at the interface active ma-
terial/current collector. Its value is approximately
0.46Q in 1M H,SO4 and 2.8Q in 1M KCI electrolyte,
respectively. The radius of the semicircular in 1M
H,S0, electrolyte is (0.17) smaller than that in 1M
KCI electrolyte (0.65). This implies that the charge
transfer resistance is smaller in acidic electrolyte.
Second, the imaginary impedance at low frequency
reveals a slightly tilted vertical line of a limiting dif-
fusion process in two electrolytes, which is charac-
teristic feature of pure capacitive behavior.*' All
these results further manifests that PANI/nano-TiO,
composites can be used as electrode material for
supercapacitors.
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CONCLUSION

In this article, a solid-state synthesis method was
developed for the preparation of PANI/nano-TiO,
composites. The results showed that the presence of
nano-TiO, in solid-state oxidative polymerization
process will lead the PANI in composites displaying
a higher oxidation and doping degree than the pure
PANI. The results also revealed that the composites
were not the simple mixture of PANI and nano-
TiO,, and the composites exhibited mixed particles
from free PANI particles and the nano-TiO,
entrapped PANI particles. The electrochemical tests
on the PANI/nano-TiO, composite electrode with
6.2 wt % TiO, showed that the composite displayed
an ideal capacitive behavior and good rate ability
with high specific capacitance. All electrochemical
results also suggest that the solid-state synthesized
PANI/nano-TiO, composites can be used as elec-
trode material for supercapacitors. More impor-
tantly, the solid-state synthesis method might be fac-
ile but effective and could be readily used for a
large-scale preparation of the PANI/nano-TiO, com-
posites, indicating a potential application in fabricat-
ing the composites of nano-TiO, with PANI.
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