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Abstract

Camphor sulfonic acid (CSA) doped PANi–SnO2 hybrid nanocomposites were synthesized by solid-state synthesis route with varying amounts
(10–50%) of CSA. X-ray diffraction studies have proven the successful incorporation of CSA into the polyaniline–SnO2 hybrid nanocomposites
and the results are also supported by microstructural analysis. UV–visible and Fourier infrared spectroscopy studies have provided insight into the
electronic interaction between the CSA, polyaniline, and SnO2. The room temperature dc electrical conductivity of CSA-doped PANi–SnO2

hybrid nanocomposite films were observed to depend on the amount of CSA doping and the morphology.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In recent years, conducting polymers such as polyaniline,
polythiophene and polypyrrole have received much attention
because of their potential applications in chemical and
biological sensors, electronic devices, as well as efficient and
low cost solar cells, due to their remarkable mechanical and
electrical properties such as low operating temperature, low
cost, flexibility and easy processability and so on [1–7].
However, there are also some disadvantages such as low
chemical stability and mechanical strength that are unfavorable
for conducting polymer-related applications.

Metal oxides can adopt a large variety of structural geometries
with an electronic structure that may exhibit metallic, semicon-
ductor, or insulator characteristics, endowing them with diverse
chemical and physical properties. Therefore, metal oxides are the
most important functional materials used for chemical and
biological sensing and transduction. Moreover, their unique and
tunable physical properties have made themselves excellent
candidates for electronic and optoelectronic applications.
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Nanostructured metal oxides have been actively studied due to
both scientific interests and potential applications [8–13].
Polyaniline is one of the many interesting conducting

polymers used in gas sensing, solar cells and supercapacitors
[1–7]. Polyaniline can exist in three different oxidation states
and the intrinsic redox reactions it can undergo, results in
different electrical properties that vary easily with doping,
making it suitable for gas sensing application [1–7]. However,
an important drawback with polyaniline is its limited mechan-
ical strength. Doping of polyaniline with various acids
influences the optoelectronic properties by changing the
chemical/structural nature of the polymer and also creating
more active sites [14,15]. Potential dopants for polyaniline
include camphor sulfonic acid, p-toulene sulfonic acid, hydro-
chloric acid, sulfuric acid, tannin sulfonic acid, lignin sulfonic
acid, etc. Among these different dopants camphor sulfonic acid
doped polyaniline have enhanced chemical stability and
thermal degradation properties and have performed as better
anti corrosion materials than polyaniline itself [16,17].
Organic–inorganic (conducting polymer–metal oxide)

hybrid materials are currently of great interest for exploring
enhanced sensor characteristics, due to their synergetic or
complementary behaviors that is not available from their single
counterparts [18,19]. The syntheses of PANi–SnO2 hybrid
ghts reserved.
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nanocomposite with different combinations of the two materi-
als have attracted more and more attention, since they have
interesting physical properties and potential applications.
These particles not only combine the advantageous properties
of SnO2 and PANi, but also exhibit many new characteristics
that single-phase materials do not have.

In this article, we report the preparation of CSA-doped
PANi–SnO2 hybrid nanocomposites films by spin coating
technique and effect of CSA doping on their structural,
morphological, optical and electrical transport properties.

2. Experimental methods

2.1. Materials

Aniline, ammonium peroxydisulfate ((NH4)2S2O8, APS),
ammonia (30%), methanol, hydrochloric acid (34%) of analy-
tical reagent grade were used as received from Sd Fine Chem.
Ltd., Mumbai. Stannic chloride pentahydrate (Thomas Baker)
was used as received and camphor sulfonic acid of 99.9%
purity was purchased from Sigma-Aldrich chemicals.

2.2. Preparation of PANi–SnO2 nanocomposites

PANi–SnO2 hybrid nanocomposite was prepared by solid-
state synthesis route. The details of the synthetic procedure
have been published elsewhere [20,21].

2.3. Preparation of CSA-doped PANi–SnO2 hybrid
nanocomposites

Camphor sulfonic acid (CSA) doped polyaniline–SnO2

hybrid nanocomposites were prepared by adding CSA
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Fig. 1. Flow diagram of synthesis and deposition of CSA doped PANi–SnO2

hybrid nanocomposites.
(10–50%) into polyaniline–SnO2 nanocomposite matrix. For
thin film formation, CSA doped PANi–SnO2 hybrid nanocom-
posites were dissolved in m-cresol and stirred for 11 h. Thin
films of the CSA doped PANi–SnO2 hybrid nanocomposites
were prepared on glass substrate by using spin coating technique
at 3000 rpm for 40 s. and dried on hot plate at 100 1C for
10 min. Fig. 1 shows the flow diagram of synthesis and
deposition of CSA doped PANi–SnO2 hybrid nanocomposites.
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Scheme 1. Reaction mechanism of CSA doped PANi–SnO2 hybrid nanocom-
posites; (a) formation of PANi (EB), (b) formation of PANi–SnO2 hybrid
nanocomposite, (c) molecular structure of CSA and (d) formation of CSA
doped PANi–SnO2 hybrid nanocomposite.
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2.4. Characterization techniques

The physico-chemical properties of the CSA doped PANi–
SnO2 hybrid nanocomposites were carried out using X-ray
diffraction (Model: Philips PW1710 diffractometer (Holland)
with CuKα radiation at step width 0.02o, step time 1.25 s, and
Kα¼1.5406 Å), fourier transform infrared (FTIR) spectro-
scopy (Model: Perkin-Elmer 100 spectrophotometer, Santa
Clara, CA, USA), field emission scanning electron microscopy
(FESEM Model: MIRA3 TESCAN, USA operating at 20 kV),
UV–visible spectra of the samples (Model: Simandzu-100
UV–visible spectrophotometer, Kyoto, Japan) were carried
out. Roughness of the films were determined using atomic
force microscopy (AFM) using AFM, SPA 300 HV. For
conductivity measurement, two electrodes, separated by
10 mm, were deposited on CSA-doped PANi–SnO2 film using
silver paint. The room temperature dc electrical conductivity
CSA doped PANi–SnO2 hybrid nanocomposites were mea-
sured using custom-made two probe technique. Thickness of
polymer hybrid nanocomposites was measured by using
AMBIOS-XP1 surface profiler. The obtained values are in
the range of 1.10 mm (10% CSA) to 0.92 mm (50% CSA).
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Fig. 2. X-ray diffraction pattern of (a) PANi (EB), (b) PANi–SnO2 (50%
3. Results and discussion

3.1. Reaction mechanism of CSA doped PANi–SnO2 hybrid
nanocomposites

Polyaniline (EB) formed by the chemical polymerization
method [4,5]. Polyaniline–SnO2 hybrid nanocomposites
formed by adding SnO2 nanoparticles in the PANi (EB) matrix
[20,21]. CSA was added by weight percentage in PANi–SnO2

hybrid nanocomposites. The possible reaction mechanism for
formation of CSA doped polyaniline–SnO2 hybrid nanocom-
posites are given in Scheme 1.

3.2. X-ray diffraction (XRD) analysis

Fig. 2 shows the XRD patterns of the PANi (EB), PANi–
SnO2 (50%) and CSA doped (10–50%) PANi–SnO2 hybrid
nanocomposites. The spectra showed sharp and well defined
diffraction peaks, indicating the crystallinity of CSA doped
PANi–SnO2 hybrid nanocomposites. Fig. 2(a) shows, the peak
at 2θ¼25–301 corresponds to PANi (EB) [4,5]. Other
observed 2θ values are consistent with the standard JCPDS
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values of tetragonal structure of SnO2 (JCPD File no. 79-0208)
[Fig. 2(b)] [22,23]. However, as shown in Fig. 2(c) the peaks
at 2θ¼15.431, 16.661, 18.171, 19.261 and 21.201 in the
crystal pattern of PANi–SnO2: CSA belong to CSA and their
strength is found to be increasing with increasing amount of
CSA in PANi–SnO2 nanocomposites [24]. They are more
significant in the 40 wt% and 50 wt% CSA doping patterns.
These results indicate the effect of camphor sulfonic acid
doping on structural properties of PANi–SnO2 hybrid
nanocomposites.

3.3. Fourier transform infrared spectroscopy (FTIR) analysis

The FT-IR spectrum of the PANi (EB), PANi–SnO2 (50%)
and CSA doped PANi–SnO2 (10–50%) hybrid nanocomposite
in the range 500–4000 cm�1 is shown in Fig. 3. For PANi
(EB) primly nine absorption peaks are observed [Fig. 3(a)].
The broad band at 3428 cm�1 is assigned to the free N–H
stretching vibrations of secondary amines [20]. The smaller
one peak at 2921 cm�1 is characterized to the vibration
associated with the NH2þ part in the –C6H4NH

2þC6H4-group
[21,22]. The band at 1559 cm�1 is due to quinoid ring
deformations of aromatic ring. The peaks at 1470 cm�1 and
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Fig. 3. FTIR spectra of (a) PANi (EB), (b) PANi–SnO2 (50%) and
1292 cm�1 are the results of the stretching vibrations of
C–Nþ and C–N, respectively [23]. The peaks at 1121 cm�1

and 801 cm�1 are attributed to the aromatic C–H bending in
the plane and out of the plane for the 1,4-disubstituted
aromatic ring [24,25]. The band at 499 cm�1 is attributed to
S–C stretching vibration mode, indicating the presence of the
chloro group which supports formation of emeraldine PANi
hydrogen chloride. Chloronate groups interact with protonated
imine nitrogen in neighboring chains and stabilize the PANi.
All the above observed absorption characteristics confirm the
formation of PANi. The PANi–SnO2 (50%) hybrid nanocom-
posites also show [Fig. 3(b)] the same characteristic peaks.
However, the corresponding peaks of pure PANi (EB) at
1559 cm�1 shifted to 1560 cm�1, 1470 cm�1 shifted to
1481 cm�1, 1292 cm�1 shifted to 1299 cm�1, 1121 cm�1

shifted to 1141cm�1, 801 cm�1 shifted to 811 cm�1 and
499 cm�1 shifted to 504 cm�1 wave numbers in PANi–SnO2

(50%) hybrid nanocomposites. The shift may be ascribed to
the formation of hydrogen bonding between SnO2 and NH
group of PANi (EB) on the surface of the SnO2 particles
[26,27]. Fig. 3(c) shows FTIR spectra of PANi–SnO2: CSA
(10–50%). The presence of characteristic IR absorption due to
quinoid and benzenoid rings at 1470 cm�1 and 1559 cm�1
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clearly indicates the two states in the polymer chain. However
the red shift in the band is observed from 1470 cm�1 to
1481 cm�1. The broad band at 3440 cm�1 is due to N–H
stretching of aromatic amines. The blue shift of SnO2 stretch-
ing is observed from 811 cm�1 to 798 cm�1 [28]. This red
shift or blue shift can be attributed to the interaction of CSA
Fig. 4. FESEM of (a) PANi (EB), (b) PANi–SnO2 (50%) and (c–
with PANi–SnO2 hybrid composites. The presence of CSA is
confirmed by the bands at 1039 cm�1 (SO3�) and 1735 cm�1

(CQO) [29]. The fact that the polymer is the protonated in the
part by surface anions is demonstrated by the presence of the
peak at 618 cm�1, which is attributed to a stretching vibration
in the surface anion [30].
g) CSA doped PANi–SnO2 (10–50%) hybrid nanocomposites.
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3.4. Field emission scanning electron microscopy (FESEM)
analysis

Fig. 4(a)–(c) shows the field emission scanning electron
micrographs (FESEM) of PANi (EB), PANi–SnO2 (50%) and
PANi–SnO2–CSA (10–50%) hybrid nanocomposite films.
Fussy nanofibrous morphology of PANi (EB) is as shown in
Fig. 4(a). Fig. 4(b) shows the FESEM of a PANi–SnO2 (50%)
nanocomposite film. It shows that the SnO2 nanoparticles are
uniformly distributed into the fibrous PANi matrix, which
confirms that the SnO2 NPs are interacted with PANi. The
FESEM micrograph of CSA (10–50 wt%) doped with PANi–
SnO2 (50%) nanocomposite are shown in Fig. 4(c–g). The
change in the surface morphology is observed with increasing
content of CSA into the PANi–SnO2 nanocomposite. At lower
content of CSA (r30%), the uniform granular dense inter-
connected morphology attributed to the homogeneous disper-
sion of CSA into the PANi–SnO2 nanocomposite. At higher
content of CSA (430%), porous granular morphology accu-
mulates with voids are observed. Similar change in morphology
due to addition of CSA into polymer based hybrid composites
were observed by Raut etal and Patil S.L et al. [16,17].
Fig. 5. Transmission electron micrograph of (a) PANi, (b) PANi–SnO2 (5
3.5. Transmission electron microscopy (TEM) analysis

Fig. 5 shows the TEM images of the pure PANi (EB),
PANi–SnO2 (50%) and CSA doped PANi–SnO2 (30%) hybrid
nanocomposites. Fig. 5(a) shows the interconnected nanofi-
brous network of PANi with an average diameter of 36 nm.
After the formation of hybrid nanocomposite of PANi–SnO2

[Fig. 5(b)], the nano-SnO2 particles (dark shaded nanoparti-
cles) are found to be entrapped into fibrous PANi (light
shaded) matrix. This means that the nano-SnO2 particles are
not only simply mixed up or blended with polymer, which is
similar to the earlier reports about PANi/nano-SnO2 compo-
sites synthesized by the sol–gel and microemulsion polymer-
ization methods [31,32]. The well-dispersed PANi–SnO2

(50%) nanohybrid with a diameter of 26 nm are fully wrapped
with a thin layer of dopant CSA is shown in Fig. 5(c).

3.6. Atomic force microscopy analysis

The two-(2D) and three-(3D) dimensional surface topology
of the PANi, PANi–SnO2 and CSA doped PANi–SnO2 thin
films were investigated using atomic force microscopy (AFM).
0%) and (c) CSA doped PANi–SnO2 (30%) hybrid nanocomposites.



Fig. 6. Atomic force micrograph of (a) 2D PANi (EB), (b) 3D PANi (EB), (c) 2D PANi–SnO2 hybrid composite, (d) 3D PANi–SnO2 hybrid composite, (e) 2D
CSA (30%): PANi–SnO2 hybrid composite, and (f) 3D CSA (30%): PANi–SnO2 hybrid composite.
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Fig. 6(a)–(c) shows the 2D and 3D AFM micrographs of PANi
(EB), PANi–SnO2 and 30% CSA doped PANi–SnO2 hybrid
thin films. The PANi image shows micro-porous morphology
with average surface roughness 25 nm [4,5]. From the 3D
micrograph, it is seen that the film consists interconnected
fibers with some visible voids, which is consistent with
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FESEM image. The PANi–SnO2 nanocomposite [Fig. 6(c) and
(d)] shows that SnO2 nanoparticles are composed with PANi.
The RMS surface roughness was found to be 31.5 nm for
PANi–SnO2 nanocomposites, which is in between pure PANi
and SnO2 nanoparticles, indicates that the surface of PANi–
SnO2 nanocomposite is smooth. Fig. 6(e) and (f) shows the 2D
and 3D topography of CSA doped PANi–SnO2 hybrid
nanocomposites. It shows that the CSA is fully covered by
PANi–SnO2 hybrid nanocomposites.
3.7. UV–visible spectroscopy analysis

Fig. 7 shows the UV–visible absorption spectra of PANi (EB),
PANi–SnO2 and CSA doped PANi–SnO2 nanocomposites. The
PANi shows [Fig. 7(a)] absorption peak at 441 nm can be
attributed to the polaron–π* transition [4,5,31]. The peak at
441 nm is due to the protonated form of PANi (EB) [4,5,31]. In
the PANi–SnO2 (50%) hybrid nanocomposites [Fig. 7(b)], the
absorption peak of PANi (EB) at 441 nm is shifted to 380 nm. In
our previous report, SnO2 shows a broad range of absorption
from 260 nm to 330 nm [22]. By addition of CSA by 30 wt%
into the PANi–SnO2 (50%) hybrid nanocomposites the peak is
441nm
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observed at 378 nm, which is are resulted from following reasons:
(1) SnO2 has the tendency to form the coordination compound
with nitrogen atoms in PANi and (2) the hydrogen bonding
between PANi and nano-SnO2.
3.8. Electrical conductivity analysis

Fig. 8 shows the variation of dc electrical conductivity
(log s) with increasing doping concentration of CSA into
PANi–SnO2 nanocomposites at the 300 K temperature range.
The variation of conductivity over this temperature range
clearly shows that the CSA doped PANi–SnO2 nanocompo-
sites are thermally stable. It is observed that the room
temperature conductivity of PANi–SnO2 nanocomposites
increases from 5.98� 10�9 to 7.28� 10�8 S/cm as doping
concentration of CSA increased from 10% to 50%. This may
be attributed to the doping of CSA which maximizes the
number of carriers. The highest number of carriers can be
connected with the delocalization effect of doping process
and formation of the polarons or bipolarons in the composite
structure, thus enhancing the conductivity of composite
[33–35].
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4. Conclusion

The CSA doped PANi–SnO2 hybrid nanocomposite films
were successively prepared by spin coating technique on glass
substrates. The effect of CSA doping on structural, morpho-
logical, electrical transport and optical properties of CSA
doped PANi–SnO2 nanocomposites were investigated by
XRD, FTIR, FESEM, UV–visible and two probe techniques.
The morphological studies (FESEM) show uniform granular
porous morphology of 30% CSA doped PANi–SnO2 hybrid
nanocomposite. From FTIR spectra, it is revealed that the
characteristic absorption peaks of PANi–SnO2 nanocomposite
shifted by significant amount into CSA doped PANi–SnO2

hybrid composite, which indicates that the different interfacial
interactions between the CSA and PANi–SnO2 nanocompo-
site. The UV spectra shows the absorption peak of PANi–SnO2

nanocomposite shifts due to addition of CSA confirmed the
interaction between CSA and PANi–SnO2 nanocomposites.
The dc electrical conductivity increases with increasing
amount of CSA from 10% to 50% into PANi–SnO2 nano-
composites.
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