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Introduction

Organic-inorganic conducting composites have attracted con-
siderable attention worldwide because of their increasing number
of applications in a range of electronic devices, such as chemical
sensors [1], light emitting diodes (LED) [2], electrochromic displays
(ECD) [3,4], EMI shielding [5]. Among the conducting polymers,
polyaniline (Pani) has been studied extensively in recent years
because of its ease of synthesis, excellent stability, relatively
inexpensive, and a redox state that can be controlled easily by
simple acid base chemistry [6]. Recently, composites of Pani with
metal oxides have attracted considerable attention due to the
enhanced properties obtained, i.e. sensing, adsorption [1,7],
because of the synergism between the constituents. Among the
different metal oxides used, V2O5 has recently attracted the
attention of researchers worldwide owing to its outstanding
physical and chemical properties and ability to alter its electrical
resistance when exposed to variety of gases [8,9]. This makes it a
potential candidate for gas sensing applications.

Pani composites have been readily exploited for the sensing of
volatile organic compounds. Among these, ammonia is a hazardous
chemical substance because of its toxicity. The leakage of ammonia
into the atmosphere poses serious environmental problems.
Therefore, the reliable detection of NH3 gas is needed. Recently,
Pani has been studied by several workers for ammonia sensing
purposes because of its high surface area exposed to the incoming
gas and the low penetration depth for gas molecules. Further
studies are expected to lower the detection limit, reduce the
response time, and enhance the recovery of NH3 gas sensors. V2O5

nanorods [8], V2O5 nanoparticles [9], V2O5 nanowires, and
nanobelts [8,10] as NH3 gas sensors have also been reported.
Accordingly, it is expected that composites of Pani with V2O5 will
induce an enhanced ammonia sensing response due to the synergy
between the constituents.

Many studies have reported inorganic acid-doped Pani sensors
[11,12] for NH3 gas sensing, but their main limitation is the
insufficient reversibility for practical use [13]. The lack of
reversibility can be attributed to the difficulty of desorption of
the adsorbed NH3 due to the formation of salts, i.e., stable NH4Cl in
the case of HCl, leading to the de-doping or neutralization of the
Pani backbone [14]. Therefore, the aim of this study was to prepare
pTSA-doped V2O5@Pani composites for NH3 gas sensing. A
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A B S T R A C T

This paper reports the synthesis of V2O5@polyaniline (Pani) composite nanofibers by the in situ oxidative

polymerization of aniline in the presence of V2O5 and cetyltrimethylammonium bromide, as a surfactant.

The prepared composite nanofibers were characterized by scanning electron microscopy, transmission

electron microscopy, X-ray diffraction, Raman spectroscopy, X-ray photoelectron spectroscopy, UV–

visible diffused reflectance spectroscopy, thermogravimetric analysis, and differential scanning

calorimetry. The V2O5@Pani composite nanofibers showed higher DC electrical conductivity than Pani,

which might be due to the increased mobility of the charge carriers after the incorporation of V2O5.

V2O5@Pani also showed a better ammonia sensing and recovery response than Pani due to the

synergistic effect of V2O5 and Pani.
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composite of pTSA-doped Pani with V2O5 will produce a synergized
enhance response for NH3 gas sensing. Therefore, in this study,
pTSA-doped V2O5@Pani composite nanofibers were prepared in
the presence of a surfactant, cetyltrimethylammonium bromide
(CTAB), using a simple facile in situ oxidative polymerization
technique. The structure, morphology, thermal stability, electrical
conductivity, and optical properties were also examined.

Experimental

Materials

Aniline and para toluene sulfonic acid (pTSA) was purchased
from Sigma Aldrich. Vanadium oxide (V2O5), potassium persul-
phate (PPS), cetyltrimethylammonium bromide (CTAB), HCl, and
methanol were purchased from Duksan pure chemicals, Korea, and
used as received. The water used in these experiments was de-
ionized water from a PURE ROUP 30 water purification system.

Preparation of pTSA doped V2O5@Pani composite nanofibers

The V2O5@Pani composite nanofibers were prepared in the
presence of the surfactant, CTAB, by the in situ oxidative
polymerization of aniline with V2O5 using PPS as the oxidizing
agent. The Pani/CTAB/oxidant molar ratio in all experiments was 1/
0.25/0.5. V2O5 (5% of aniline monomer wt. by wt.) was dispersed in
a CTAB in 1 M HCl solution and ultrasonicated for 15 min. Aniline
was then added to the above dispersion, and stirred vigorously to
allow proper adsorption on V2O5, which was later polymerized by
the addition of an oxidant prepared in a 1 M HCl solution. The
reaction mixture was stirred constantly for 24 h. The resulting
mixture transformed slowly into greenish black slurry, which was
then filtered and washed thoroughly with double distilled water
until the filtrate was colorless to remove the excess acid and PPS.
The composite nanofibers after washing were dedoped in a 1 M
ammonia solution, followed by washing with methanol to remove
the Pani oligomers. Subsequently, the prepared emeraldine base
from of the V2O5@Pani composite nanofibers were doped with
500 mL of 1 M pTSA by stirring the composite nanofibers in the wet
stage for 2 h. The pTSA-doped V2O5@Pani composite nanofibers
were filtered and dried at 60 8C for 24 h in an air oven, converted to
a fine powder, and stored in a desiccator for further experiments.

Characterization and studies

The crystal structure of the samples was analyzed by X-ray
diffraction (XRD, PAN analytical, X’pert PRO-MPD) in the range,
108–908 2u, using Cu Ka radiation (l = 0.15405 nm). Raman
spectroscopy (InVia Reflex UV Raman microscope, Renishaw,
UK) was used to examine the type of interaction between Pani and
V2O5 in the composite fibers. X-ray photoelectron spectroscopy
(XPS, ESCALAB 250) was performed using a monochromatized Al
Ka X-ray source (hn = 1486.6 eV) with a 500 mm spot size. The
surface morphology was examined by scanning electron micros-
copy (SEM, Hitachi-4200). The optical properties were determined
by ultraviolet–visible–near infrared (UV–VIS–NIR, VARIAN, Cary
5000, USA) spectrophotometry. The microstructural properties
were analyzed by field emission transmission electron microscopy
(FE-TEM, TecnaiG2 F20, FEI, USA) operating at an accelerating
voltage of 200 KV. Thermogravimetric analysis (TGA, SDT Q600,
USA) was performed by heating the samples from 25 8C to 800 8C at
a rate of 10 8C min�1 in a nitrogen atmosphere. Differential
scanning calorimetry (DSC, Q 200, USA) was performed by heating
the samples from 25 8C to 250 8C. All DC electrical conductivity (s)
measurements were performed using a 4-in-line probe electrical
conductivity measuring instrument with a PID controlled oven

(Scientific Equipment, Roorkee, India). The DC electrical conduc-
tivity was calculated using the following equation [15].

s ¼ ln2ð2d=tÞ
2pdðV=IÞ (1)

where s, I, V, d, and t are the DC electrical conductivity (S cm�1),
current (A), voltage (V), probe spacing (cm), and thickness of the
pellet (cm), respectively.

Results and discussion

Structural studies

Fig. 1 shows XRD patterns of Pani and V2O5@Pani composite
nanofibers. In the case of Pani, the peak at�208 2u clearly indicated
an amorphous structure, which can be attributed to periodicity
perpendicular to the polymer chain [16,17]. The XRD pattern of the
V2O5@Pani composite nanofibers showed all the characteristic
peaks of V2O5 and Pani. The peaks at 2u �158, 208, 218, 268, 318
confirmed the existence of V2O5 in composite system, and can be
attributed to the reflections from (2 0 0), (0 0 1), (1 0 1), (1 1 0),
(4 0 0) planes, respectively (JCPDS file No. 09-0387). However, in
case of V2O5@Pani composite nanofibers, the peak of both Pani and
V2O5 at�208 2u superimposed, resulting into increase in sharpness
of the peak compared to the much broader peak obtained in the case
of Pani. The reduced intensity of all the peaks of V2O5@Pani
composite nanofibers can be explained on the basis that Pani being
amorphous has significant effect on the crystallinity of V2O5 in terms
of beige formation, resulting into reduction of peak intensity [18,19].

Morphological studies

Fig. 2a and b shows SEM images of Pani and the V2O5@Pani
composite nanofibers, respectively. In the case of Pani, a uniform
interconnected fibrous network-like structure was observed
(Fig. 2a). The fibrous morphology can be attributed to the
polymerization of aniline inside the micelle structure of CTAB
[20,21]. SEM of the V2O5@Pani composite revealed similar features
but with slightly more agglomeration compared to Pani, which
might be due to the nucleation effect of V2O5. A similar nucleation
effect has also been reported for TiO2 in the case of a pTSA-doped
TiO2@Pani nanocomposite [1]. The non-visibility of V2O5 can be
explained by aniline monomers being first absorbed on V2O5 and
later its polymerization results in the encapsulation of V2O5.

Fig. 2c and d shows TEM images of the V2O5@Pani composite
nanofibers. Somewhat tubular with some flaky structures can also
be seen. This tubular morphology can be explained on the basis
[(Fig._1)TD$FIG]

Fig. 1. XRD patterns of Pani and V2O5@Pani composite nanofibers.
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that aniline is polymerized inside the template channel, i.e. tubular
micelle provided by CTAB. Hence, fibers or all the flakes are aligned
in a specific direction to give a tubular morphology. The HR-TEM
images show V2O5 particles distributed throughout the Pani matrix
with high degree of structural uniformity.

Raman spectroscopy

Fig. 3 shows Raman spectra of V2O5@Pani composite nanofi-
bers. Raman spectroscopy was used to examine the structural

defects in Pani, if any in the composite system, owing to its
resonant effect [22]. The Raman spectra were found to be
consistent with the previous reported result for Pani spectra
[22]. The bands at 1170, 1331, and 1590 cm�1 can be attributed to
benzenoid rings, polaronic structure, and quinoid segments,
respectively. The high intensity band at 1331 cm�1 confirmed
emeraldine salt form of Pani and can be attributed to C–N8+

stretching. The spectra also shows two other bands at 600 and
1600 cm�1, which can be ascribed to the cross-linked segments
resulting into formation of other structures, such as ‘‘phenazine’’
segments [23].

[(Fig._2)TD$FIG]

Fig. 2. SEM images of (a) Pani, (b) V2O5@Pani composite nanofibers, TEM images of V2O5@Pani composite nanofibers (c and d).

[(Fig._3)TD$FIG]

Fig. 3. Raman spectroscopy of V2O5@Pani composite nanofibers.

[(Fig._4)TD$FIG]

Fig. 4. TGA–DSC of the V2O5@Pani composite nanofibers.
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TGA–DSC

Fig. 4 shows the results of thermogravimetric and differential
thermal analysis of V2O5@Pani composite nanofibers. Thermal
decomposition of V2O5@Pani composite nanofibers occurred
through three different weight loss steps. The initial weight loss
below 150 8C was attributed to the evaporation of moisture
adsorbed and the other volatile matter retained in the composite

system. The second major weight loss was observed at �245 8C,
which might be due to the removal of higher oligomers of Pani and
CTAB [24]. The third major weight loss at approximately 481 8C
was attributed to the thermo-oxidative decomposition of Pani,
resulting in various degradation products, such as ammonia,
aniline, methane, acetylene, etc. [25] The peaks in the DSC
thermogram shows the heat variations associated with an
exothermic and endothermic reaction. An endothermic peak
was observed at approximately 265 8C, which was attributed to
the thermal decomposition of the oligomers and CTAB. No
exothermic or endothermic peaks were observed due to the
presence of V2O5 in a composite structure, suggesting that only the
Pani backbone experienced the changes.

Optical studies

Fig. 5 shows the UV–vis diffuse absorbance spectra of Pani and
the V2O5@Pani composite nanofibers. In both cases, a p–p*
absorption peak at approximately 283 nm and two polaronic
bands at around 420 and 798 nm were observed, confirming the
synthesis of pTSA-doped Pani [26]. V2O5 had only slight effect on
the absorption spectra as V2O5@Pani composite nanofibers showed
stronger absorbance in the region lower than 463 nm than Pani. In
case of V2O5, an absorption band was observed in the wavelength
range, 210–605 nm, which was assigned to the electronic
transition of the O 2p to V 3d [27].

[(Fig._5)TD$FIG]

Fig. 5. UV–visible diffuse absorbance spectra of Pani, V2O5 and the V2O5@Pani

composite nanofibers.

[(Fig._6)TD$FIG]

Fig. 6. XP spectra of the V2O5@Pani composite nanofibers for (a) C 1s peak, (b) N 1s peak, (c) O 1s peak and (d) V 2p peaks.
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XPS analysis

The surface composition and chemical state of the V2O5@Pani
composite nanofibers was carried out by XPS analysis. The XPS
survey scan of the V2O5@Pani composite nanofibers (Fig. 6)
revealed the chemical state of V, C, N and O present in the
composite structure. The XP spectra of carbon (1s level) showed a
peak centered at approximately 285 eV, which was assigned to the
carbon backbone of Pani. The XP spectra of N (1s level) revealed a
peak at approximately 400 eV, which can be attributed to the Pani
structure [28]. The XP spectra of O (1s level) showed a broad peak
at approximately 530 eV due to the adsorbed oxygen and lattice
oxygen [29]. The XP spectra of V (2p3/2, 2p1/2 level) in the
V2O5@Pani composite nanofibers showed broad and diffused peaks
at approximately 518 and 524 eV, respectively, which were
assigned to the oxide form of V5+ [30] and also indicated the
presence of V2O5 in the composite nanofibers. The diffused peaks of
V2O5 in the V2O5@Pani composite nanofibers were assigned to the
encapsulation of V2O5 by Pani. Similar diffused peaks of Ag/TiO2

due to encapsulation by Pani have also been reported for Ag/
TiO2@Pani nanocomposite system [31].

Electrical conductivity studies

Fig. 7 shows the DC electrical conductivity of the V2O5@Pani
composite nanofibers. The measured room temperature DC
conductivity of pTSA-doped Pani was 1.33 S cm�1, which was
considerably higher than that of HCl-doped Pani reported
elsewhere [16]. Much higher conductivity obtained in our case
for pTSA-doped Pani in comparison to HCl-doped Pani is that pTSA
results in a decrease in the hopping distance and consequently
enhances the conduction by hopping mechanism [1]. After the
incorporation of V2O5 into Pani, the conductivity further increased
as is evident from Fig. 6. As doping can facilitate charge transfer,
associate the insertion of a counter ion, and simultaneously control
the Fermi level, hence doping by V2O5 can be helpful in controlling
the electrical properties of Pani. The increased conductivity can be
attributed to the successful incorporation of V2O5 particles into
Pani, which might increase the mobility of charge carriers along
the p–electronic system of Pani. As charge transport is believed to
occur mainly along the conjugated chains of Pani with interchain
polaron hopping as the charge transfer mechanism, thus there is
also the possibility of reduced hopping distance as V2O5 may
facilitate charge transfer by acting as bridge, leading to an increase
in the mobility of the charge carriers [32].

Ammonia vapor sensing studies

Fig. 8 shows the sensing response to a low concentration
(0.01 M) NH3 vapor by the pTSA-doped Pani and V2O5@Pani
composite nanofiber sensors under ambient conditions. The

V2O5@pani composite nanofiber sensor showed a much greater
response than the pTSA-doped Pani nanofiber sensor prepared in
the presence of the surfactant CTAB. Since both V2O5 [8–10] and
Pani [1] independently show ammonia vapor sensing properties,
the enhanced response obtained in our case can be attributed to
the synergistic/additional effect of both V2O5 and Pani. Apart from
this, polymerization of aniline on V2O5 may increase the surface
area of Pani, which also leads to an increase in the sensing
response. A similar result has also been reported for studies of the
NH3 gas sensing of V2O5/PVAC fibers [33]. Furthermore, compared
to the pTSA-doped Pani nanofiber sensor, the V2O5@pani
composite nanofiber sensor showed excellent recovery, as well
as high sensitivity toward NH3 vapor due to the obvious reasons
mentioned above.

Conclusions

pTSA-doped, CTAB-assisted V2O5@Pani composite nanofibers
were synthesized by in situ oxidative polymerization, and the
surface, structure, thermal properties, DC electrical conductivity,
and ammonia sensing behaviors of the composite nanofibers were
investigated using range of different techniques. pTSA-doped Pani
showed greater electrical conductivity than HCl-doped Pani.
Further V2O5@Pani composite nanofibers compared to pTSA-
doped Pani showed enhanced DC electrical conductivity, which
might be due to the increased mobility of the charge carriers after
the incorporation of V2O5. Moreover, V2O5@Pani composite
nanofibers showed stronger response and better recovery toward
ammonia sensing than pTSA-doped Pani, which might be due to
synergism between Pani and V2O5.
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