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ABSTRACT: Binary doped polypyrrole (PPy) encapsulated Titania (TiO,) nanoparticles were prepared by oxidative polymerization
using FeCl; as oxidant in presence of camphorsulfonic acid (CSA) as surfactant. Both FeCl; (oxidant) and camphorsulfonic acid (sur-
factant) also act as dopant and hence thus prepared polypyrrole/Titania (TiO,@PPy) is termed as binary doped nanocomposite i.e.
FeCl; dopes polypyrrole by oxidation mechanism while camphorsulfonic acid dopes polypyrrole by protonic doping mechanism. The
TiO,@PPy coreshell nanocomposites were characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD),
thermogravimetry, differential scanning calorimetry (DSC), field emission-scanning electron microscopy (FE-SEM), and inductance-
capacitance-resistance (LCR) measurements. The results indicated that the structural and electrical properties of the TiO,@PPy core-
shell nanocomposites were significantly influenced by the extent of TiO, nanoparticles loading of polypyrrole. The direct current
(DC) electrical conductivity of the as-prepared TiO,@PPy coreshell nanocomposites was higher than that of PPy. As-prepared
TiO,@PPy coreshell nanocomposites were also studied for their dielectric losses for alternating current (AC) which is useful character-
istic for their application in the fabrication of charge storing devices. TiO,@PPy coreshell nanocomposites showed synergistic effect
of combining components in improving their alcohol sensing properties. This improvement may be attributed to the adsorption on
and desorption from alcohols TiO,@PPy interface of the nanocomposites and alcohol vapors causing decrease in depletion region.
The TiO,@PPy coreshell nanocomposites were observed to show better reproducibility of electrical conductivity and fast self-recovery
during the alcohol vapor sensing process. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43411.
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INTRODUCTION Titania or titanium dioxide (TiO,) is one of the most com-
monly used metal oxide semiconductors for photoinduced proc-
esses because of its comparatively low cost, low toxicity, and
ability to resist photocorrosion. Different strategies have been
developed to tune the band gap response of Titania to the visi-
ble region as the large band gap (~3.2 eV for anatase and broo-
kite, ~3.0 eV for rutile) allows the utilization of only ~5% of
the solar light. The strategies adopted include coupling of TiO,
with narrow band gap semiconductors, doping with metal ion/
non-metal ions and co-doping with two or more ions.'® Nano-
sized TiO, has proven to be an efficient material for use in pho-
tocatalytic removal of hazardous industrial by-products and for
photocatalytic water splitting. By inserting electrons into the
conduction band of TiO, from conductive polymers with
extending 7m-conjugated electron systems such as polyaniline,
polythiophene, polypyrrole, and their derivatives, thus produced
composites acts as stable photosensitizers.'' ™"

The continuous rising interest in conducting polymer nano-
composites is due to their perceived potential applications in
various fields such as batteries,! sensors,” electrochromic dis-
plays,>* and so on. Like polymers in general, the conducting
polymers are also lightweight and processible besides having
tailorable electrical and electronic properties. Conducting
polymers have received much attention after the first report
of electrical conductivity in a conjugated polymer, polyacety-
lene, in 1977 by Shirakawa et al.> They combine the electrical
and electronic properties of metals and semiconductors along
with the advantages of polymers.® Because of the facile prepa-
ration,” easy control of the properties, good environmental
stability, flexibility, and high electrical conductivity, polypyr-
role is perceived to be one of the most promising conducting
polymers for commercial applications.® Besides their high
absorption coefficients in the visible region, conjugated poly-
mers also exhibit high mobility of charge carriers as well as  The preparation of nanocomposite particles with adjustable size
biocompatibility.’ constitutes a research area of considerable interest. Development
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Figure 1. Schematic presentation of binary doping of polypyrrole by (a) FeCl; and (b) CSA.

of organic—inorganic nanocomposite materials have been
regarded as an exciting class of materials as many bulk proper-
ties can be improved by this technique.'"* The combination of
conducting polymer with the nanoparticles of oxide core mate-
rial has led to exciting applications in photovoltaics,'>™®
netics,'**! charge storalge,zz_25
biomedicine,®"** which in turn has led to the development of
newer original synthesis methodologies. In most cases, such
nanocomposites are formed by electrochemical®®?*
polymerization®>*® of monomer in presence nanosized oxide
particles.

. 26-28 1. 29,30
catalysis, biosensors,

or chemical

In this study, binary doped polypyrrole (PPy) and polypyrrole/
Titania (TiO,@PPy) coreshell nanocomposites with different
amount of loading of TiO, nanoparticles were prepared via oxi-
dative polymerization using FeCl; as an oxidant and camphorsul-
fonic acid (CSA) as surfactant. FeCl; dopes polypyrrole by
oxidation mechanism while camphorsulfonic acid dopes polypyr-
role by protonic doping mechanism. The effect of the enwrapping
of TiO, nanoparticles (cloud shaped and spheres) by polypyrrole
and the TiO, nanoparticles loading level in nanocomposites on
the physicochemical properties was investigated. The morphol-
ogy, thermal stability, and electrical conductivity of the resulting
TiO,@PPy coreshell nanocomposites were also investigated.
These surface engineered products were analyzed for their
dynamic response of electrical conductivity towards exposure to
different types of alcohols by using 4-in-line-probe direct current
(DC) electrical conductivity measurement set up.

EXPERIMENTAL

Materials

Pyrrole 99% (Spectrochem, India), anhydrous ferric chloride
(Fisher Scientific, India), titanium dioxide 50 nm (MK Nano
Canada), camphorsulfonic acid (CSA) (TCI, Tokyo), and meth-
anol (E. Merck, India) were used as received. The water used in
these experiments was double distilled.

Preparation of PPy and TiO,@PPy Nanocomposites

Polypyrrole and polypyrrole/TiO, nanocomposites were pre-
pared by oxidation of pyrrole in aqueous medium using FeCl;
as an oxidant and CSA as surfactant. PPy was synthesized by
oxidative polymerization method. Pyrrole (0.05 mol) and cam-
phorsulfonic acid (0.01 mol) in 100 mL of distilled water were
mixed. A solution of ferric chloride (0.05 mol) in 100 mL dis-
tilled water was then poured dropwise into the aqueous suspen-
sion of pyrrole/CSA. The reaction mixture was then stirred
continuously for about 20 h, which resulted into the formation
of black colored slurry. The product thus formed was filtered
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and washed several times with distilled water followed by meth-
anol, dried in an air oven at 80°C for 6 h, and stored in a des-
iccator for further experimentation.

Likewise, binary doped TiO,@PPy coreshell nanocomposites
(polypyrrole encapsulated TiO, nanoparticles) were prepared
using the method described above while different amounts
ultra-sonicated TiO, nanoparticles were added to reaction mix-
ture as shown in Figure 1. As prepared materials were washed,
dried, converted to fine powder, and stored in a desiccator for
further analysis. Thus prepared material were designated as PPy,
TiO,@PPy-10, TiO,@PPy-20, and TiO,@PPy-30 containing 0%,
10%, 20%, and 30% of TiO, w/w of pyrrole in the reaction
mixture, respectively. For electrical conductivity measurements,
0.30 g of each sample was pelletized at room temperature with
the help of a hydraulic pressure instrument at 100 kN pressure
applied for 15 min.

Characterization

The Fourier transform infrared spectroscopy (FTIR) spectra
were recorded using Perkin-Elmer 1725 instrument on KBr pal-
lets. To study the surface morphology, the field emission-
scanning electron microscopy (FE-SEM) was done using LEO
435-VF microscope. X-ray diffraction (XRD) data were recorded
by Bruker D8 diffractometer with Cu Ko radiation at 1.540 A°
in the range of 5° <20 <70° at 40 kV. PPy and TiO,@PPy core-
shell nanocomposites were studied in terms of DC electrical
conductivity by using a four-in-line probe with a temperature
controller (PID-200, Scientific Equipments, Roorkee, India).
The DC electrical conductivity was calculated by using the

]

where I, V; W, and S are the current (A), voltage (V), thickness
of the pellet (cm), and probe spacing (cm), respectively, and o
is the conductivity (S/cm).*” Inductance-capacitance-resistance
(LCR) properties were studied only PPy and TiO,@PPy-20. For
dynamic adsorption-desorption studies, these pellets were
exposed to alcohol vapors and the response in term of electrical
conductivity change was investigated to distinguish different
types of alcohols.

RESULTS AND DISCUSSION

Oxidative Polymerization of Pyrrole by FeCl; and Doping
Binary doped polypyrrole was prepared by chemical oxidation
of pyrrole in aqueous medium using FeCl; as an oxidant and
CSA as surfactant as shown in eq. (2), Figure 1.
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Figure 2. FTIR spectra of (a) as received TiO,, (b) PPy, (¢) TiO,@PPy-10,
(d) TiO,@PPy-20, and (e) TiO,@PPy-30. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

& ()
nPy-+2nFeCl; — nFeCl,+nPPy: FeCly. (2)

FTIR Spectroscopic Study

In the FTIR spectrum of PPy, the main absorption peak was
observed at 3412 cm ™' corresponding to stretching vibration of
N-H bond as shown in Figure 2. The characteristic absorption
bands for C=C, C=N, C-N stretching frequencies were
observed at 1551, 1306, and 1189 cm ™', respectively.”® In case
of TiO,@PPy coreshell nanocomposites, the N-H, C=C, and
C=N stretching frequencies were slightly shifted and were
observed at 3419, 1562, and 1294 cm™ ', respectively. In addi-
tion to this, the band at 1201 c¢m™' correspond to C-NT
stretching and the band at ~916 cm™ ' correspond to C=N"*-C
stretching which are attributed to formation of bipolarons,
which evidently support their doping by FeCls. It also suggest
that polypyrrole was oxidized by FeCls, containing positively
charged entities.” The slight increase in the N-H, C=C, C=N,
and C-N stretching frequencies may probably be attributed to
the interaction of PPy with TiO, nanoparticles. Although, the
stretching frequencies corresponding to N-H bond of PPy were
slightly different from those of TiO,@PPy but their bending fre-
quencies were observed to be similar and were approximately
seen at 1050 cm™'. The prominent absorption band of CSA
may be seen at 1644 cm ' supporting® its presence in PPy and
TiO,@PPy coreshell nanocomposites.

X-ray Diffraction (XRD) Analysis

The XRD patterns of the as-prepared PPy and TiO,@PPy-20
coreshell nanocomposites are shown in Figure 3. A characteristic
broad peak of PPy is centered at 26.65°, which may be assigned
to the repeating units of pyrrole ring implying that the PPy is
amorphous. These results are also consistent with the PPy
obtained from conventional chemical or electrochemical meth-
ods.*! In XRD pattern of TiO, nanoparticles, the characteristics
peaks were observed at 2 0= 25.50°, 37.17°, 48.33°, 53.98°,
55.50°, 63.27°, 68.92°, 70.71°, and 75.20° corresponding to
(101), (004), (200), (105), (211), (204), (116), (220), and (215)
planes, respectively."? In TiO,@PPy-20 coreshell nanocomposite,
the peaks of TiO, observed are comparatively weaker along with
a broad peak of PPy that indicates the formation of the
TiO,@PPy coreshell nanocomposite. The XRD results show that
the peak corresponding to PPy in the XRD pattern of
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Figure 3. XRD patterns of (a) TiO,, (b) PPy, and (c) TiO,@PPy-20.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

TiO,@PPy-20 coreshell nanocomposite is sharper than that in
PPy indicating higher degree of crystallinity of TiO,@PPy-20.
This may be attributed to the filling of voids present in the pol-
ypyrrole matrix by TiO, nanoparticles, resulting a more ordered
growth of PPy.

Thermogravimetric Analysis (TGA)

The thermogravimetric analysis (TGA) of PPy and TiO,@PPy
coreshell nanocomposites are shown in Figure 4. The amount of
weight loss and thermal stability of the PPy and TiO,@PPy
coreshell nanocomposites were determined by means of TGA in
the range of 40-800°C. It may be observed that the initial
weight loss below 150 °C for PPy may be attributed to the vola-
tilization of water and oligomers. Second weight loss observed
from 151°C to 400°C seems to be due to the degradation and
volatilization of camphorsulfonic acid. The melting point of
camphorsulfonic acid melts and volatilizes at 195°C. The third
weight loss observed from 401 °C to 700 °C seems to be due to
the oxidative degradation of TiO, stabilized polypyrrole nano-
composites. Camphorsulfonic acid stabilizes polypyrrole to a
great extent as has also been observed by Shubhra et al*> They
observed a maximum weight loss of ~70% in the polypyrrole
doped with camphorsulfonic acid similar to our findings. How-
ever, the PPy and TiO,@PPy-20 coreshell nanocomposites show
a minor weight loss throughout the temperature range
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Figure 4. TGA thermograms of (a) PPy, (b) TiO,@PPy-10, (c)
TiO,@PPy-20, and (d) TiO,@PPy-30. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 5.DSC thermograms of (a) PPy, (b) TiO,@PPy-10, (c)

TiO,@PPy-20, and (d) TiO,@PPy-30. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

indicating its higher thermal stability. In these cases, the disper-
sion of TiO, nanoparticles and CSA dopant in the nanocompo-
sites plays an important role in changing the behavior of
improved stability of
TiO,@PPy-20 coreshell nanocomposite is hence attributed to
strong synergistic interaction between PPy and TiO, nanopar-
ticles. As has been observed in other studies of these nanocom-
posites that the TiO,@PPy-20 coreshell nanocomposite is the
optimum composition for the formulation of a fairly good
nanocomposite. It seems that there is some relation between the

thermo oxidation. The thermal

100 nm EHT = 500 <V
1 WD = €2mm

Signal A = SE2
Mag= 10000 K X

Date 111 Feb 2014 ZEINN
Time ;162228

WILEYONLINELIBRARY.COM/APP

O

4
a b C d

Weight Percent of TiO,
Figure 7. Initial DC Electrical conductivities of as-prepared (a) PPy, (b)
TiO,@PPy-10, (c¢) TiO,@PPy-20, and (d) TiO,@PPy-30. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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desirable properties including thermal stability of nanocompo-
sites with the TiO, content in the nanocomposite formulations.

Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) was done to examine
the changes in physical states of the samples, glass transitions in
particular. The DSC thermograms of PPy and TiO,@PPy core-
shell nanocomposites are shown in Figure 5 in the temperature
range of 50—-400°C. The DSC curve of PPy showed a broad
endothermic dip at 143 °C, which can be attributed to the glass
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Figure 6. FE-SEM images of (a) TiO,, (b) PPy, and (c,d) TiO,@PPy-20 showing granular/spherical structure in two different magnifications. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. I-V characteristics of (a) PPy, (b) TiO,@PPy-10, (c) TiO,@PPy-
20, and (d) TiO,@PPy-30. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

transition temperature of the polymer which was also perceived
by Aliyeh et al.** The DSC plot of PPy further shows an inflec-
tion point at 370 °C, which can be attributed to the softening of
PPy. The DSC graphs of TiO,@PPy coreshell nanocomposites
are shown in Figure 4(b—d). It was observed that the glass tran-
sition temperature increased from 171-197 °C with increase in
TiO, content from 10 to 30%, which can be due to more
ordered arrangement in the TiO,@PPy coreshell nanocompo-
sites as compared to PPy. It was also observed that the PPy
with 10% TiO, content showed the inflection point at 380°C
and the inflection point around 380°C disappears with further
increase of TiO, content to 20% and 30%.

Scanning Electron Micrograph Studies

The morphology of PPy and TiO,@PPy-20 coreshell nanocom-
posites were studied by FE-SEM and images are presented in
Figure 6. The FE-SEM micrograph with high magnification
[Figure 6(a)] clearly shows that the TiO, cluster exhibits a
cloud-like structure comprised of spherical particles. The
FESEM image of PPy is shown in Figure 5(b). It shows that the
synthesized PPy is agglomerated by several nanoparticles. The
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as-prepared TiO,@PPy-20 is composed of granules approxi-
mately of 100 — 200 nm in diameter [Figure 5(c,d)]. The granu-
lar/spherical structure of PPy is associated with the TiO,
nanoparticles and CSA. The nanocomposites consisting of TiO,
nanoparticles bind to the surface of large PPy polymer granules
and their size remains unchanged due to the mild conditions of
in situ polymerization. The TiO, nanoparticles are well dis-
persed in the nanocomposites. In these binary doped nanocom-
posites, no free TiO, nanoparticles in presence of CSA were
observed which indicate that the TiO, nanoparticles and CSA
have a nucleating effect on the pyrrole polymerization and
caused a homogeneous PPy shell around them. FE-SEM study
indicates the clear morphological transformations from PPy to
TiO,@PPy-20 coreshell nanocomposites.

DC Electrical Conductivity
The electrical conductivity (¢) and charge carriers are related by
the expression:

o = nqu (3)

where n is number of charge carriers, q is the elementary charge
(1.6 X 10" C), and p is the charge carrier mobility.

The electrical conductivity of binary doped PPy and TiO,@PPy
coreshell nanocomposites with different amounts of TiO, meas-
ured by 4-in-line-probe method is comparable to those of poly-
aniline (emeraldine salt) and its nanocomposites with inorganic
nanoparticles.*” DC electrical conductivities of as-prepared PPy
and TiO,@PPy coreshell nanocomposites were observed to
increase upto 20 wt % of TiO, loading followed by decrease in
DC electrical conductivities on further loading to 30 wt % of
TiO, as shown in Figure 7. The conductivity of PPy is 1.85 S/
cm, which increases to 4.53 S/cm and 5.80 S/cm in the nano-
composites containing TiO, content 10 wt % and 20 wt % of
pyrrole, respectively. With the further increase in TiO, content
to 30 wt % of pyrrole, the conductivity decreased to 3.32 S/cm.
This observed phenomenon is quite inconsistent with the results
of most conducting composites combined with inorganic nano-
particles.*> The presence of TiO, nanoparticles may induce the
formation of more efficient network for charge transport in the
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Figure 9. (A) Variation of real part of dielectric constants with frequency of (a) PPy and (b) TiO,@PPy-20. (B) Variation of imaginary part of dielectric

constants with frequency of (a) PPy and (b) TiO,@PPy-20. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 10. Variation of dielectric losses with frequency of (a) PPy and (b)
TiO,@PPy-20. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

polypyrrole chains leading to higher conductivity. The reason
for the increased conductivity may be associated with the
increase in metallic regions in the nanocomposites, a reduction
in tunneling/hopping distance between the metallic regions and
the increased number of charge-carriers. The decrease in con-
ductivity shown with the introduction of 30 wt % of TiO,
nanoparticles in TiO,@PPy-30 may be associated to the hin-
drance in the transport of carriers between different molecular
chains of PPy due to increased Coulombic interactions leading
to lower carrier mobility.

LCR Studies

I-V Studies. In the current—voltage graph shown in Figure 8, it
may be observed that the highest voltage is shown by PPy at
room temperature and at a particular current value. The voltage
showed a decrease with the addition of 10 wt % and 20 wt %
of TiO, content in the nanocomposites followed by an increase
in voltage in case of TiO,@PPy-30 at room temperature and at
a particular current value. From this analysis, it may be inferred
that the highest conductivity is shown by TiO,@PPy-20 fol-
lowed TiO,@PPy-10 followed by TiO,@PPy-30 followed by PPy
as conductivity is inversely proportional to voltage. The charac-
teristics of PPy and TiO,@PPy nanocomposites showed ohmic
variations, which are completely symmetrical with respect to the
voltage. This linear increase in current with applied voltage is
related to the conduction mechanisms of PPy and its nanocom-
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Figure 11. Variation of AC electrical conductivity with frequency of (a)
PPy and (b) TiO,@PPy-20. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 12. Interaction between TiO, nanoparticles and binary doped pol-
ypyrrole leading to the formation of nano p—n junctions.

posites. As the voltage increases, the formation of polarons and
bipolarons increase rapidly contributing to higher values of cur-
rent through the sample. The conduction in the metallic regions
occurs by the hopping of charge carriers through the polaron
structures that are formed after the binary doping of polypyr-
role by FeCl; and CSA.

Dielectric Constants. The dielectric constant is represented as
e =¢' — je’. The first term (the real part of the dielectric con-
stant) describes the stored energy but the second term (imagi-
nary part of the dielectric constant) describes the dissipated
energy.’® The dielectric constant of the samples (both the real,
¢, and imaginary, ¢’, parts) shows a sharp decrease at lower fre-
quency and becomes almost constant or slowly decreases at
higher frequency [Figure 9(A,B)]. Dielectric relaxation, a phe-
nomenon that describes that the charge carrier localization is
not stable and frequency disturbances that affect the charge car-
rier localization, can be the reason for the decrease in the
dielectric constant with increasing frequency. The enhanced
dielectric constant was observed for TiO,@PPy-20 coreshell
nanocomposite than PPy and it was also observed that dielectric
constant increases with the addition of TiO, nanoparticles [Fig-
ure 9(A:a,b)]. This is attributable to accumulation of charge
carriers in the internal surface of PPy matrix, which can be
explained by Max-well-Wagner—Sillars effects.*® The externally
applied electric field incites the charge carriers that can migrate
easily to the grains but these grains are accumulated at the boun-
daries, which in turn produce large polarization and high dielec-
tric constant. In PPy and TiO,@PPy-20, the high value of
dielectric constants was observed at low frequency which can be
attributed to the interfacial/space charge polarization TiO,@PPy-
20 coreshell nanocomposites. The polarization decreases with
increase in frequency and then reaches a constant value due to
the fact that beyond a certain frequency of external field, the
hopping of electrons between metal ions and PPy cannot follow
the alternating field. The increase in loading percent of TiO,
nanoparticles in the TiO,@PPy-20 coreshell nanocomposites
results into the formation of many interfaces between PPy and
TiO, nanoparticles that enhances the accumulation of charge car-
riers in the internal surface of the PPy matrix.*’

Dielectric Losses. As shown by the analysis, the PPy and
TiO,@PPy-20 coreshell nanocomposite exhibited frequency
dependent dielectric losses and they showed the uniform behav-
ior of dielectric losses although PPy and TiO,@PPy-20 coreshell
nanocomposite at higher frequency (Figure 10). The amount of
TiO, nanoparticles in TiO,@PPy-20 coreshell nanocomposite
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Figure 13. Schematic diagram of formation of nano p—n junctions in TiO,@PPy (a) forward bias and (b) reverse bias. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

affected the dielectric losses. The low value of dielectric losses at
lower frequency may be attributable to the low resistivity caused
by grain boundaries."® Moreover, the TiO,@PPy-20 coreshell
nanocomposite showed low dielectric losses than PPy which
suggests the suitability of TiO,@PPy-20 coreshell nanocompo-
site for the electronic applications in fabrication of capacitors.

Alternating Current (AC) Electrical Conductivity. Total electri-
cal conductivity otor=co(T)~+t(w, T) is the summation of the
band and hopping fractions. The first term is DC conductivity
due to the band conduction, which is frequency independent.
The second term is the pure alternating current (AC) conduc-
tivity due to the electron hopping processes.”” AC conductivity
of TiO,@PPy-20 coreshell nanocomposite was found to be
higher than that of PPy as shown in Figure 11. Its analysis
showed that the AC conductivity of TiO,@PPy-20 coreshell
nanocomposite slowly increases with an increase in the fre-
quency of AC field and increases rapidly at higher frequencies.

ROH
// Polypyrrole wrapping \\\t:;,___ i
Depletion region

The PPy shows a very slow increase in AC conductivity with
increase in frequency even at high frequency as compared to
TiO,@PPy-20 coreshell nanocomposite which may be due to
the increase in frequency leading to enhanced electronic
exchange occurring among the cations with two and three
valences existing in the sub-lattice of TiO, nanoparticles. An
increase in AC conductivity was also observed with the loading
of TiO, nanoparticles in TiO,@PPy-20 coreshell nanocomposite.
It was also observed that the presence of increased amounts of
TiO, nanoparticles in the TiO,@PPy-20 coreshell nanocompo-
site causes a more radical increment in the AC conductivity at
high frequency, which may be attributed to the enhanced elec-
tron hopping phenomenon.*

Dynamic Absorption—Desorption Studies

In this proposed scheme, there are two types of electron trans-
fers in the TiO,@PPy coreshell nanocomposites. First electron
transfer between PPy and CSA/FeCl; and second between the

ROH

RO-+ H*

Scheme 1. Schematic presentation of alcohol sensing by TiO,@PPy-20. [Color figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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Figure 14. Effect on the DC electrical conductivity of PPy on exposure to
(a) 1° (b) 2° and (c) 3° alcohols with respect to time. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

PPy and TiO, (Figure 12). The DC electrical conductivity of
TiO,@PPy coreshell nanocomposites increased remarkably,
which can be attributed to the doping effect associated with
CSA, FeCls, and TiO,, which induce the formation of more
number of charge carriers. The DC electrical conductivity was
found to increase with increasing contents of TiO, nanopar-
ticles, which may be attributed to the increased mobility of
charge carriers, which increases the hopping rate of charge car-
riers. Further increasing the content of TiO,, it seems that the
mobility of charge carriers decreases due to Columbic interac-
tions, which leads to decrease in electrical conductivity. There-
fore, the delocalization effect along with formation of polarons
or bipolarons causes the enhancement of electrical conductivity.

Another explanation for decrease in electrical conductivity in
case of TiO,@PPy-30 may be given by effective p—n junction
formation between PPy and TiO,—30 as follows. Binary doped
polypyrrole and TiO, nanoparticles are p-type and n-type semi-
conductors, respectively. When the TiO, nanoparticles are
encapsulated by PPy, nano p—n junction regions are generated
which leads to an increase in electrical conductivity as shown in
Figure 13. Because of the forward bias, the holes in p-type
region and electrons in n-type region are pressed towards the
junction which leads to the increase in the number of holes,
reduced width of depletion region and reduction in the negative
charge at the junction. In 30 wt % TiO, content, the electrical
conductivity decreases probably due to the generation of reverse
bias. In the light of above discussion, the dynamic sorption—
desorption of PPy and TiO,@PPy-20 and its effect on electrical
conductivity is explained.

The alcohols butan-1-ol (1° alcohol), butan-2-ol (2° alcohol),
and 2-methyl propan-2-ol (3° alcohol) vapor sensitivity towards
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Figure 15. Variation in conductivity of (a) 1° alcohol, (b) 2° alcohol, and
(c) 3° alcohol on PPy on alternating exposure to alcohols. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

PPy was analyzed by measuring the changes in the electrical
conductivity at room temperature (Scheme 1). The vapor sensi-
tivity towards PPy was investigated based on two different fac-
tors, namely, the response time and the sensing intensity. The
alcohol concentration in aqueous solutions used for these
experiments was 1 M. The polypyrrole pellets were firstly
exposed to alcohol vapors for 5 min and the exposed to air for
another 5 min. When PPy was exposed to alcohol vapors, it
was observed that the overall electrical conductivity decreases

with time. Different types of alcohols showed different
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Scheme 2. Binary doped polypyrrole and TiO,@PPy coreshell nanocom-
posites forming nano p—n junctions. ROH molecules interact at p—n nano
junctions formed at TiO,@PPy interface.
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behaviors and it was observed that in case of 1° alcohol, the
electrical conductivity decreased with increase in the time
period. The 2° alcohol showed greater decrease in electrical con-
ductivity as compared to the 1° alcohol. In case of 3° alcohol,
the electrical conductivity increases in comparison to 2° alcohol
but increase is less than that in 1° alcohol. The variation in elec-
trical conductivity is attributed to the charge transfer between
alcohol and polypyrrole. The sensitivity of polypyrrole and its
nanocomposites towards alcohol vapor molecules is due to the
adsorption of alcohol vapors on polypyrrole surface making an
unstable complex, which in turn reduces the electrical conduc-
tivity. When the PPy pallet was taken out from the alcohol
vapor (5-6 min), the conductivity decreased due to the adsorp-
tion of some of alcohol vapors over polypyrrole (Figure 14).
However, after the sixth minute the electrical conductivity
started to increase as the alcohol vapors started to desorb from
polypyrrole. The following reversible adsorption/desorption may
be suggested for their use in alcohol vapor sensing.

The reproducibility was measured by first keeping the sample in
alcohol vapors for 2 min followed by 2 min in air (Figure 15).
The 1° and 2° alcohols showed good reproducibility than 3°
alcohol. The reason for the poor reproducibility shown by 3°
alcohols may be attributed to the steric hindrance experienced
by 3° alcohol to interact with PPy surface hence decrease in
conductivity was least. On the other hand, 2° alcohol showed
the higher reproducibility due to good adsorption and
desorption.

The TiO,@PPy-20 coreshell nanocomposite may be seen as one
of the most favorable sensing materials due to its high alcohol
vapor sensitivity at room temperature. Polypyrrole behaved as
p-type semiconductor and TiO, as n-type semiconductor lead-
ing to the formation of large number of nano p-n junctions as
shown in Scheme 2. When the composites were exposed to
alcohol vapors that acted as electron donor, the depletion region
changed and the electrical conductivity of conducting polymer
increased continuously. Therefore, the width of the depletion
region decreased and the conductivity of the polypyrrole chan-
nel increased, which was also observed by Patil and coworkers.”!

Shaowei Chen and coworkers® observed that enhancement in
charge carriers due to their interaction at molecular level with

DC Electrical Conductivity (S/cm)

Time (min)
Figure 16. Effect on the conductivity of TiO,@PPy-20 on exposure to dif-
ferent alcohols with respect to time. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 17. Variation in conductivity of TiO,@PPy-20 on alternate expo-
sure to alcohols. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

the surface when TiO, nanoparticles were exposed to alcohol
vapors. This ionic interaction decreased the thickness of deple-
tion region, which brought them close to each other and thus
enhanced the conductivity of TiO, nanoparticles.

Rajesh et al. suggested that ZnO nanostructures are considered
as excellent material for fabrication of highly sensitive and selec-
tive gas sensors. They also discussed gas-sensing characteristics
such as gas response, response time, recovery time, selectivity,
detection limit, stability, and recyclability.”

The variation in electrical conductivity may be attributed to
the number of charge carriers distributed between alcohol mol-
ecules and the TiO, nanoparticles encapsulated with polypyr-
role. The sensitivity of polypyrrole towards alcohol molecules
is due to the interaction of alcohol vapors on TiO,@PPy-20
interface forming an unstable complex, which in turn raises
the electrical conductivity. From the Figure 16, when the
TiO,@PPy-20 was taken out from the alcohol vapor the con-
ductivity decrease due to desorption of alcohol vapors from
the interface of TiO,@PPy-20. The 2° alcohol showed maxi-
mum response towards TiO,@PPy-20. The 1° and 3° alcohols
showed comparatively poor response as evident from lower
amplitude. The reproducibility of 1° and 3° alcohols is some-
what similar.

The reproducibility of response was measured by first keeping
the sample in alcohol vapors for 2 min followed by 2 min in air
as shown in Figure 17. The 2° alcohol showed the best reprodu-
cibility of response and highest amplitude. All the molecules of
2° alcohol adsorbed on the TiO,@PPy-20 surface get desorbed
on exposure to air, it may be suggested. The 1° and 3° alcohols
showed at least same and good reproducibility than secondary
alcohol. The reason for the least and almost equal reproducibil-
ity shown by primary and tertiary alcohols may be due to the
less inductive effect (+I-effect) and steric hindrance, respec-
tively. Quantitatively, both effects are of comparable extent and
affects the adsorption of incoming molecules upto same degree
resulting into almost same type of response. That’s why lesser
molecules of 1° and 3° alcohol are able to get adsorbed on the
TiO,@PPy-20 coreshell nanocomposite surface hence decrease
in conductivity was least.
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CONCLUSIONS

In summary, PPy and TiO,@PPy coreshell nanocomposites were
synthesized successfully via in situ polymerization method,
which were confirmed through different instrumental techni-
ques. We have presented a detailed study of electrical, dielectric,
and sensing properties. The electrical properties presented in
terms of DC electrical conductivity and I-V characteristics. The
binary doped TiO,@PPy-20 coreshell nanocomposite showed
better electrical, dielectric, and sensing properties. Electrical
conductivity studies showed the more efficient charge transport
behavior and may be applied in diode properties. At this stage,
we may suggest the formation of nano p-n junctions at the
nanocomposite of TiO,@PPy interface.
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