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ABSTRACT: The performance at room temperature of
nanostructured polyaniline (PANi)-titanium dioxide
(TiO,) ammonia gas sensors was investigated. The PANi-
TiO, thin-film sensors were fabricated with a spin-coating
method on glass substrates. PANi-TiO, (0-50%) sensor
films were characterized for their structural, morphologi-
cal, optical, and various gas-sensing properties. The struc-
tural analysis showed the formation of nanocrystalline
TiO,, whereas PANi exhibited an amorphous nature. Mor-
phological analysis of the PANi-TiO, nanocomposites film
revealed a uniform distribution of TiO, nanoparticles in
the PANi matrix. The absorption peaks in the Fourier

transform infrared spectra and ultraviolet-visible spectra
of the PANi-TiO, composite film were found to shift to
higher wave numbers compared to those observed in pure
PANi. The observed shifts were attributed to the interac-
tion between the TiO, particles and the PANi molecular
chains. The gas-sensing properties showed that the sensors
exhibited selectivity to ammonia (NH;) at room tempera-
ture. © 2012 Wiley Periodicals, Inc. ] Appl Polym Sci 125: 1418-
1424, 2012
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INTRODUCTION

Many studies of various materials as gas sensors have
been reported in recent years. Gas-sensing materials
can be classified mainly into two types: organic and
inorganic materials. In recent years, the demand for
gas sensors for safety control requirements and envi-
ronmental monitoring has expanded enormously. The
choice of a suitable sensing material along with effi-
cient microelectronics for the detection system is a key
step in such efforts." The use of conducting polymers
as sensing elements in chemical sensors has attracted
attention because of their high sensitivity to changes
in the electrical and optical properties when they are
exposed to different types of gases or liquids. The
ease in the synthesis of these polymers and sensitivity
at room temperature add to the sensor’s advantages.
This can be of importance, particularly as ammonia
sensors, which are used in different applications, such
as in industrial processes, fertilizers, food technology,
clinical diagnoses, farms, and environmental pollution
monitoring.2 Polyaniline (PANi) is one of the most
attractive materials among the variety of conducting
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polymers because of its unique electrical properties,
environmental stability, easy fabrication process, and
intrinsic redox reaction.* PANi has also been used
in different applications, including as light-emitting
diodes,® rechargeable batteries,” and photovoltaic
cells.® However, the problems with these conducting
polymers are their low processing ability and poor
chemical stability and mechanical strength.” There is a
tremendous need for the enhancement of the mechan-
ical strength and characteristics of sensors through
the combination of organic materials with inorganic
counterparts to form composites.'”!! Accordingly, or-
ganic-inorganic nanocomposite sensors have been
developed by several research groups. Among the
inorganic materials, nanocrystalline titanium dioxide
(TiO,) is one of the most attractive and extensively
used materials for the detection of H,, liquefied petro-
leum gas (LPG), NO,, and NH; gases.12 A PANi/
SnO, hybrid material was prepared by a hydrother-
mal method and studied for the gas sensing of
ethanol and acetone by Geng et al.'® Parvatikar et al.'*
fabricated PANi/tungsten oxide (WO;) composite
based sensors and reported that the film conductivity
increased with increasing humidity. Dhawale et al.'?
fabricated PANi-TiO, heterostructural gas sensors for
liquefied petroleum gas (LPG) sensing. Tai and co-
workers'>'® fabricated a PANi-TiO, nanocomposite
for NH; and CO and reported that the films showed
superior responses for NHj3 gas compared to CO. In
this study, we carried out the in situ polymerization of
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PANi in the presence of TiO, nanoparticles on the
sensor substrate at different temperatures. The main
drawback of this process was that we could not con-
trol the amount of TiO, nanoparticles going into the
film. In case of nanocomposites, the ratio of the
organic to inorganic plays important roles in the mor-
phology and the gas-sensing properties. Because
PANI is a p-type semiconductor and TiO, is n-type in
nature, their composite is expected to show p-n diode
characteristics, as reported by Gong et al."” Thus, the
electrical characteristics will be modulated by the ratio
of PANI and TiO..

In this article, we report nanostructured PANi-
TiO, (0-50%) thin-film gas sensors working at room
temperature. The PANi-TiO, nanocomposites were
prepared by the addition of TiO, at different weight
percentages (0-50 wt %) to the PANi matrix. The
nanocomposites were characterized by X-ray diffrac-
tion (XRD) in the 20 range 10-70° with an X-ray
diffractometer (Philips PW 3710, Almelo, Holland).
Fourier transform infrared (FTIR) spectroscopy (Per-
kinElmer-100, Santa Clara, California, USA) was
studied in the frequency range 400-4000 cm ‘. A
morphological study of the PANi/TiO, (0-50 wt %)
composite films was carried out with scanning elec-
tron microscopy (JEOL JSM 6360, Tokyo, Japan, oper-
ating at 20 kV). Optical measurements were carried
out with a double-beam Simandzu-100 ultraviolet—
visible (UV-vis) spectrophotometer (Kyoto, Japan).
The gas-sensing measurements were made with a gas
sensor set up at room temperature. The cross-sensitiv-
ity of the sensor to various gases was studied, and
the sensor was found to be selective to ammonia.

EXPERIMENTAL
Synthesis of PANi

PANi was synthesized by the polymerization of ani-
line in the presence of hydrochloric acid as a catalyst
and ammonium peroxidisulfate as an oxidant by the
chemical oxidative polymerization method."®

Synthesis of the TiO, nanoparticles

Nanocrystalline TiO, was synthesized by the sol-gel
method with titanium isopropoxide as a source of
Ti. The obtained powder was annealed in a tubular
furnace at 700°C for 1 h to get TiO, nanopowder
with particles at a size of 50-60 nm."

Synthesis of the PANi-TiO, nanocomposite sensor
films (Fig. 1)

TiO, nanocomposites with PANi were prepared by
the addition of TiO, in different weight percentages
(0-50%) in a smooth agate mortar and pestle. The
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nanocomposite powder was put in m-cresol and stirred
for 11 h to get the casting solution. The thin films were
prepared on glass substrates by the spin-coating
method at 3000 rpm for 40 s and dried on a hot plate
at 100°C for 10 min.*® The silver paste strips 1 mm
wide and 1 cm apart from each other were made on
films for contacts. The thicknesses of the PANi emeral-
dine base (EB) film, TiO, film, and PANi-TiO, film
were measured with a Dektak profilometer (Veeco,
Santa Barbara, CA 93117) and were found to be 0.21,
0.29, and 0.32 pm, respectively.

RESULTS AND DISCUSSION
XRD analysis

Figure 2 shows the XRD patterns of the PANi, TiO,,
and PANi-TiO, nanocomposites (20-50 wt %) mate-
rials. The XRD pattern of PANi [Fig. 2(a)] showed a
broad peak at 25.30°, which corresponded to the
(110) plane of PANi.'® The diffraction pattern of
TiO, [Fig. 2(b)] showed sharp and well-defined
peaks, which indicated the crystallinity of the syn-
thesized material. The observed 20 values were con-
sistent with the standard joint commission powder
diffraction standard (JCPDS) values (JCPDS No. 78-
1285 and 86), which enumerated the mixed anatase
(marked A in the figure) and rutile tetragonal
(marked R in the figure) structures of TiO,. No im-
purity phase was observed. The intensities of the
diffraction peaks for the PANi-TiO, nanocomposites
[Fig. 2(c)] were lower than that for TiO,. The pres-
ence of amorphous PANi reduced the mass volume

[ Synthesis of PAN

Syrthesis of TIO, NP
(Chemical Oxidative Pdymerization)

(Sol — gel method)

Gindinagate mortar

PANi-TIO, Corrposite

+ m aresol

e— Stirfor 11 rs.
[ mu-ﬂozwstirgsduion]

Spincoat the PAN-TIO, solutionon the
substrate rotating a 3000 pm for 40 S

PANI-TIO, sensor film

Figure 1 Flow diagram of the synthesis of the PANi-
TiO, thin-film sensor. (NP, Nanoparticles) (Veeco, Santa
Barbara, CA 93117).
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Figure 2 XRD patterns of (a) pure PANi, (b) TiO,, and
(c) PANi-TiO, (20-50 wt %). [Color figure can be viewed
in the online issue, which is available at
wileyonlinelibrary.com.]

percentage of TiO, and sequentially weakened the
diffraction peaks of TiO,. It was also observed that
the crystallinity of PANi was improved by the addi-
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tion of TiO, nanoparticles. The XRD diffractograms
of the PANi-TiO, nanocomposites showed that all
of the major diffraction peaks of nanocrystalline
TiO, were in the same peak angle positions. Because
the nanocomposite films with 50% TiO, added
showed maximum crystallinity, we carried out fur-
ther studies on these films.

Morphological analysis

Figure 3(a—f) shows the scanning electron micro-
graphs of the PANi, PANi-TiO, (20-50 wt %), and
TiO, films at x 20,000 magnification, respectively.
The scanning electron microscopy image of the
PANi film [Fig. 3(a)] exhibited a fibrous structure
with many pores and gaps among the fibers. Figure
3(f) shows the surface morphology of the TiO, nano-
particle film annealed at 700°C for 1 h. The image
shows that the nanoparticles were fine, with an aver-
age grain size of about 60 nm. The image of the
nanocomposite [Fig. 3(b—e)] showed that there was
no agglomeration or uniform distribution of the TiO,
particles in the PANi matrix. We considered that the
nanostructured TiO, particles embedded within the
netlike structure were built by PANi chains.
Morphology plays an important role in the sensi-
tivity of gas-sensing films. The grain sizes, structural
formation, surface-to-volume ratio, and film thick-
ness are important parameters for gas-sensing films.
It could be seen that the PANi and PANi-TiO, (20—
50%) films had a very porous structure, an intercon-
nected network of fibers, and a high surface area. It
has also been pointed out that such a structure con-
tributes to a rapid diffusion of dopants into a film.

FTIR spectroscopy analysis

The FTIR spectra of the PANi, PANi-TiO, (50 wt %)
nanocomposite, and TiO, nanoparticles are shown in
Figure 4. In the FTIR spectrum of the PANi-TiO,
nanocomposite, we observed the presence of both
Ti—O—Ti and PANi bands. The assignments of the
various bands are given in Table I. A slight shift of
the bands observed in the spectrum of PANi (e.g., at
1572 cm ™! for the C=N stretching for the quinoid
unit and at 1489 cm ™' for the C=C stretching for ben-
zenoid unit) indicated interaction between PANi and
TiO,.1*?° However, the Ti—O—Ti band at 725 cm ™"
did not show much shifting. A small band at 1408
cm ! was also visible because of —OH, as reported.'®

UV-vis spectroscopy analysis

UV-vis spectra of the PANi, PANi-TiO, (50 wt %)
nanocomposite, and TiO, nanoparticles are given in
Figure 5. Three distinctive peaks of PANi appeared
at about 336, 451, and 924 nm; these were attributed
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Figure 3 Scanning electron micrographs of (a) PANi, (b) TiO,, and (c) PANi-TiO, (50 wt %) films.

to the n—m* polaron-n*, and n—polaron transitions,
respectively. Also, two distinctive peaks of TiO,
appeared at about 339 and 416 nm; these were
attributed to the m-n* and polaron-n* transition,
respectively.”” From Figure 5, it can be noted that all
of the characteristic peaks of the TiO, nanoparticles
and PANi appeared in the PANi-TiO, nanocompo-
site. Moreover, the peak at 924 nm obviously shifted
from 924 to 865 nm in the nanocomposite film. This
indicated that the insertion of TiO, nanoparticles
had an effect on the doping of conducting PAN;j,

and this effect should have been due to an interac-
tion at the interface of the PANi and TiO,
nanoparticles.*’

Gas-sensing properties

To record responses to different gases, contacts were
made on silver paste strips 1 mm wide and 1 cm
apart from each other. The films deposited on the
glass substrates were mounted in an airtight stain-
less steel (SS) housing of 250 cc, and a measured

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 FTIR spectra of (a) PANi, (b) nano-TiO,, and (c)
PANi/TiO, (50 wt %) films. [Color figure can be viewed
in the online issue, which is available at
wileyonlinelibrary.com.]

quantity of desired gas (from a standard canister of
1000-ppm concentration) was injected through a sy-
ringe to yield the desired gas concentration in the
housing. We measured the room-temperature gas
response to various concentrations of different oxi-
dizing and reducing (ammonia, ethanol, methanol,
nitrogen dioxide, and hydrogen sulfide) gases by re-
cording the resistances of the film in air and in the
presence of any particular ambient. A Rigol 3062
(614 digit) digital multimeter (DMM) (Beijing, China)
was used to measure the resistance variations of the
sensor films.

The sensor response (S; %) was defined as fol-
lows:

S = (Rg — Ra)/Ra x 100%

where R, and R, are the resistances of the sensor
film in a measuring gas and in clean air, respec-

TABLE I
Characteristic Frequencies of the PANi/TiO,
Nanocomposites

Wave

number (cm ™) Assignment

3225-3451 N—H stretching of aromatic amines
2845-2914 C—H stretching of aromatic amines
504 C—H out-of-plane bending vibration
1572 C=N stretching mode vibration

for the quinoid unit
1489 C=C stretching mode vibration for

the benzenoid unit
C—N stretching mode of the
benzenoid ring

1296 and 1239

1000-1115 C—H in-plane bending vibration
797 C—H out-of-plane bending vibration
725 Ti—O—Ti antisymmetric vibration

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 UV-vis absorption spectra of the (a) PANi, (b)
nano-TiO,, and (c) PANi/TiO, (50 wt %) films. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

tively.'” The room-temperature gas-sensing measure-
ment setup used is shown in Figure 6.

An attempt was made to study the selectivity of
PANiI-TiO; (50%) films for a lower concentration of
NH; (20 ppm) compared to the sensitivities for
higher concentrations of CH;—OH, C,H5—0OH, NO,,
and H,S (100 ppm). The bar chart for selectivity is
as shown in Figure 7. It was observed that the
PANI-TiO, thin films could sense a lower concentra-
tion of NH; with a higher sensitivity value com-
pared to a large concentration of other gases. The
plausible mechanism of selectivity for NH; could be
traced to the characteristics of vapor adsorbed over
the surface of the PANi-TiO, nanocomposite. In the
case of gases used in this study, a comparison could
be made from the electron affinity values (NHs:
211.3 kcal/mol, NO: 1.25 kcal/mol, and H,S: 50.4

Figure 6 Gas-sensing measurement setup. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 7 Gas responses of the PANi-TiO, sensor film to
20 ppm of NH3 and 100 ppm of CH;—OH, C,Hs—OH,
NOQ, and H2S

kcal/mol) of individual gases.”’ The difference in
sensitivities to different gases might have been due
to this phenomenon.

We compared the sensitivity of the PANi-TiO,
(50%) nanocomposite toward 100-ppm NHj; with
that of the pure PANi and pure TiO, films, as
shown in Figure 8.

It was observed that TiO, showed an n-type
response with a decrease in its resistance on exposure
to NH; gas. However, it did not show any response
at room temperature and had to be operated at
200°C. In the case of the pure PANi film, the resist-
ance increased on exposure to NHj, but the response
was quite smaller compared to that in the PANi-TiO,
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Figure 9 Gas responses—recovery curve of the PANi-
TiO, sensor films to different concentrations of NH;.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

composite. This showed that the nanocomposite film
was best suitable for the detection of NHj; gas at
room temperature. To explain the higher response
and gas-sensing mechanism of the PANi-TiO, nano-
composite, Tai et al.l® postulated that PANi and TiO,
may form a p-n junction, and the observed increased
response of the nanocomposite material may have
been due to the creation of a positively charged
depletion layer on the surface of TiO,, which could
be formed because of interparticle electron migration
from TiO, to PANi at the heterojunction. This would
cause the reduction of the activation energy and en-
thalpy of physisorption for NH; gas.

The sensing capability of the PANi-TiO, nanocom-
posite sensors toward different concentrations (20-100
ppm) of ammonia vapor were explored. Figure 9

PANi: TiO,
/
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Figure 8 Response of the (a) pure TiO,, (b) pure PANj,
and (c) nanocomposite of the PANi-TiO, film toward 100-
ppm NHj gas at room temperature. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 10 Response of the PANi-TiO, thin-film sensor to

NH; (20-100 ppm).
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Figure 11 Variation of the response and recovery times
of the PANi-TiO, thin-film sensor with NH;
concentration.

shows the electrical response of the PANi-TiO, films
to 20, 40, 60, 80, and 100 ppm NHj. The resistance
increased dramatically upon exposure to ammonia
vapor, attained a stable value, and decreased gradu-
ally after the film was transferred to clean air. The
increase in resistance after exposure to NH; may
have been due to the porous structure of the PANi-
TiO, films; this led to the predominance of surface
phenomena over bulk material phenomena. The sur-
face adsorption (chemisorptions) of NH; may have
led to the formation of ammonium. The resistance
attained a stable value when dynamic equilibrium
was attained.'® The response values of the PANi-
TiO, sensor films are plotted as a function of the
NH; concentration in Figure 10. It was observed that
the response was saturated at higher concentration;
this may have been due to a lower availability of sur-
face area with possible reaction sites on the surface of
the film.

The response/recovery time is an important pa-
rameter for characterizing a sensor. The response
time and recovery time are defined as the times of
90% total resistance change.'” Figure 11 shows the
response and recovery times of PANi-TiO, for dif-
ferent concentrations of NHj. It was revealed that
the response time decreased from 72 to 41 s when
the NHj concentration increased from 20 to 100
ppm. This may have been because of the higher dif-
fusion rate of a higher concentration into the film
surface. The porous structure of the exposed film
facilitated the rapid diffusion of gas molecules into
the bulk. From the same graph, it was found that for
a higher concentration of NHj, the recovery time
was longer. This may have been due to lower de-
sorption rate of the reaction products from the
surface.
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CONCLUSIONS

Nanostructured PANi-TiO, (0-50%) thin-film sen-
sors were fabricated by a spin-coating technique
onto a glass substrate operating at room tempera-
ture. It was observed that the PANi-TiO, film had a
very porous structure, an interconnected network of
fibers, and a high surface area; these contributed to
the rapid diffusion of dopants into the film. FTIR
and UV analysis revealed the insertion of TiO, nano-
particles into the PANi matrix. The response behav-
ior observed for the PANi-TiO, nanocomposite thin
films revealed higher sensitivity values and faster
response and recovery rates to ammonia compared
to those of pure PANi and TiO,.

The gas-sensing properties of the PANi-TiO, thin
films to ammonia and other gases, such as NO,,
H,S, and so on, indicated that the PANi-TiO, thin
films are an excellent candidate for ammonia recog-
nition at room temperature.
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