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Abstract

Polyaniline—CdS nanocomposites have been synthesized by spin coating technique. The nanocrystalline CdS powder of particle size 40-50 nm
was synthesized by sol-gel technique and the polyaniline was synthesized by chemical oxidative polymerization of aniline. The composite films
were characterized by X-ray diffraction (XRD), field effect scanning electron microscopy (FESEM), Fourier transform infrared spectroscopy
(FTIR), UV-Vis spectroscopy and Four probe method. The results were compared with corresponding data on pure polyaniline films. The intensity
of diffraction peaks for PANi—CdS composites is lower than that for CdS. The conductivity measurement shows that molecular chain constitution
of polyaniline is the most important carrier in polyaniline-CdS nano composite. The optical studies showed that variation in band gap of
polyaniline (3.40 eV) to 2.54 eV CdS which is attributed to the interaction of CdS nanoparticles with PANi molecular chains.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In recent years, the development of inorganic/polymer hybrid
materials on nanometer scale has been receiving significant
attention due to a wide range of potential applications in
optoelectronic devices [1-3] and in field effect transistors [4]. The
inorganic fillers at nanoscale exhibit high surface to volume ratio
and thus expected to modify drastically the electrical, optical and
dielectric properties of polymer. In general, the synthesis of
hybrid of polymer/inorganic material has the goal of obtaining a
new composite material having synergetic or complementary
behaviors between the polymer and inorganic material. Polyani-
line (PANi) is a most studied polymer because of its relative ease
in preparation, good environmental stability [5—7] and tunable
conductivity. Several reports on the synthesis of composite of
nanofillers like: ZnO, CdS, Na*-montmorillonite, Pd and Au with
PANi have been demonstrated [8—12]. These synthesis processes
have been carried out either in the aqueous solutions or via a sol—
gel method, including the initial dispersion of the nanoparticles in
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the solution and the succedent oxidative polymerization of
aniline with ammonium peroxidisulfate (APS). Since the
conducting polyaniline and inorganic semiconducting material
CdS in nano form both are having a wide range of technological
applications, we got motivated to make composite of PANi and
CdS and believed to get novel properties resulting from the
molecular level interaction of these two dissimilar chemical
components [12,13]. There are few reports on the synthesis of
PANi—CdS composites for photovoltaic application [14,15].
However to the best of our knowledge no systematic study has
been reported on structural, morphological, electron transport
and optical properties of PANi—CdS nanocomposite.

In this paper we report the first time synthesis of PANi—CdS
(10-50 wt%) nanocomposites films by spin coating technique
and the study of their structural, morphological and optoelec-
tronic properties.

2. Experimental details
2.1. Materials

Aniline (99%), hydrochloric acid (35% AR), ammonium
peroxidisulfate (99%), methanol (99.8%) m-cresol (99%),
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cadmium acetate (AR) and thiourea (AR) were purchased from
Sd Fine Chem Ltd. Double distilled water was employed as a
medium for the polymerization of aniline.

2.2. Synthesis of polyaniline (EB)

Polyaniline was synthesized by polymerization of aniline
in the presence of hydrochloric acid (acts as a catalyst) using
ammonium peroxidisulfate (APS) (acts as an oxidizing agent)
by chemical oxidative polymerization method. For the
synthesis, we took 2 ml of aniline and 1.0 M of HCIl was
added together in a 250 ml beaker with constant stirring at
~0 °C. 4.9984 g of APS in 50 ml and 1.0 M HCI was suddenly
added into the above solution. The temperature was
maintained at =0 °C for 7 h to complete the polymerization
reaction. After polymerization reaction, the resultant residual
was filtered and washed successively by 1.0 M HCI followed
by double distilled water repeatedly until the filtrate turned
colorless. Then it was refiltered and washed again by double
distilled water to get powder form of HCI-doped conductive
polyaniline (emeraldine salt form). The HCI doped conductive
polyaniline powder was insoluble in any organic solvent so it
was treated with ammonia solution (NH,OH) to get undoped
polyaniline (emeraldine base form) which was soluble in
organic solvent like m-cresol The undoped polyaniline was
washed with methanol to remove the oligomers and the
residual was dried in oven at 60 °C for 24 h and ground in
pestle mortar to get an undoped polyaniline in powder form
For thin film formation, the undoped polyaniline (EB) powder
was dissolved in m-cresol. The solution was stirred for 11 h
and filtered with a Whatman filter paper having pores of size of
few microns. A film of this filtered undoped PANi was
deposited by spin coating method on a glass substrate with
3000 rpm for 30 s and dried on a hot plate at 100 °C for 10 min
[16,17].

2.3. Synthesis of nanocrystalline CdS

Nanocrystalline CdS powder has been synthesized by a sol—
gel process in which cadmium acetate (Cd(CH; COO),-2H,0)
has been used as a parent source for Cd and thiourea (CH4N,S)
has been used as a source of S. For experiment, 3.198 g of
cadmium acetate and 1.824 g of thiourea was added into 40 ml
of methanol and mixture was stirred vigorously at 60 °C for 1 h
(gel formation). After gel formation heating was stopped and
the solution was stirred continued until we get a yellow powder.
The powder was dried in zone furnace at 300 °C for 30 min to
get the nanocrystalline CdS powder having particles of size of
40-50 nm.

2.4. Synthesis of PANi—CdS nanocomposite

The nanocomposites of CdS with undoped PANi (EB) were
prepared by adding CdS in weight percentage (10-50%) into
PANi (EB) matrix in m-cresol and stirring it for 11 h. Films of
the nanocomposite were prepared on glass substrate by spin
coating method at 3000 rpm for 30 s.

2.5. Characterization techniques

X-ray diffraction (XRD) studies were carried out using a
Philips powder X-ray diffractometer (Philips — PW 3710
(Almelo, Holland)). The XRD patterns were recorded in the
26 range of 20-80° with step width 0.02° and step time 1.25 s
using CuK, radiation (i =1.5406 A). The XRD patterns
were analyzed by matching the observed peaks with the
standard pattern provided by JCPDS file. Fourier Transform
Infra Red (FTIR) spectroscopy (Model: Perkin Elmer 100,
Santa Clara, CA, USA) of PANi, CdS and PANi-CdS (10—
50%) nanocomposites were studied in the frequency range of
400-4000 cm™'. Morphological study of the films of PANi
and PANi—CdS composite was carried out using scanning
electron microscopy (FESEM Model: JSM JEOL 6701F,
Tokyo, Japan) operating at 20 kV. UV-Vis spectra of the
samples, which were dispersed in de-ionized water under
ultrasonic action, were recorded on a Simandzu-100 UV-Vis
spectrophotometer (Kyoto, Japan). The dc electrical con-
ductivity measurements were made on CdS, PANi (EB) and
PANi—CdS (10-50%) thin films using custom designed two
probe techniques. Thermoelectric power measurements for
CdS, PANi (EB) and PANi-CdS (10-50%) thin films were
carried out using custom designed thermoelectric power unit
in 300-500 K temperature range. The thickness of the CdS,
PANi (EB) and PANi-CdS (10-50%) thin films was
measured using AMBIOS make XP~' surface profiler with
1 A vertical resolution and weight difference method. Fig. 1
shows flow diagram of synthesis and deposition of PANi—
CdS nanocomposite.
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substrate rotating at 3000 rpm for 40 S

A 4

PANi-CdS film

Fig. 1. Flow diagram of synthesis and deposition of PANi—-CdS nanocompo-
sites.
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Table 1

Thin film properties of PANi—CdS (10-50%) nanocomposite.

Sr. No. Composition Thickness Crystallite size, Energy gap, Activation Carrier Mobility, Barrier
(pm) (nm, from XRD E, (eV) energy, concentration, n(x 107° cm?, potential

for [0 0 2] plane) E, (eV) n (x10" cm™3) v lgh Dy (eV)
HT LT

1 PANi (EB) 0.92 72 3.42 0.66 0.18 2.1 37 0.45

2 Cds 0.76 42 2.54 0.46 0. 11 4.2 14 0.62

3 PANiI-CdS (10%) 0.89 49 3.24 0.48 0.10 22 34 0.46

4 PANiI-CdS (20%) 0.87 51 3.07 0.53 0.12 2.4 3.1 0.48

5 PANi-CdS (30%) 0.84 58 2.98 0.55 0.14 245 29 0.51

6 PANI-CdS (40%) 0.82 61 2.87 0.58 0.12 2438 2.7 0.53

7 PANiI—CdS (50%) 0.79 64 2.69 0.61 0.16 2.5 2.4 0.56

3. Results and discussion
3.1. Growth mechanism and film formation

3.1.1. For CdS
The growth mechanism of CdS film formation by the sol gel
spin coating method can be enlightened as follows:

Cd(CH3COO)22H20 + 2CH3;—OH — Cd(OH)z
+ 2CH;3;COOCH; + 2H,0

CH4N,S + 2CH3;—OH — CHS?>™ +2CH;N + 2H,0

Since to improve crystallinity and remove hydroxide phase,
powder was annealed at 200 °C for 1 h pure CdS is formed after
air annealing by following mechanism:

Cd(OH), +CH S* |
air annealing

EECdS + H,0 1

+carbonaceous compounds
oxidation

Thin films of CdS are formed using m-cresol solvent. The
deposited CdS films were found to be strongly adhering to the
glass substrate and they appeared in orange color.

3.1.2. For PANi and PANi-CdS

The proposed mechanism of formation of PANi and PANi—
CdS formation by chemical polymerization method can be
enlightened as follows:

PANi
ﬂcdma,cou,,

00CHiG ~ 0OCCH, 00CHiG ~ 0OCCH,

\ \
cd cd
/Cd\ /Cd\

0OCH,C  0OCCH,

ﬂcu‘.\ls
cds cds
7“”@7"‘:@:"4@7“@7“@:“
c ¢

The deposited films of PANi (EB), PANi—CdS nanocomposites
were found to be strongly adhering to the glass substrate and
they appeared in dark green and lime color respectively. The
thickness of CdS, PANi (EB), PANi—CdS nanocomposites films

0OCH,C  0OCCH;

(10-50%) on the glass substrate was calculated using gravi-
metric weight difference method using formula:

m
t= A (1)
where ¢ is film thickness of the film; m is actual mass deposited
onto substrate; A is area of the film and p is the density of CdS
(4.83 g/cm?) and PANi (1.30 g/cm®). The thickness of CdS,
PANi (EB) and PANi-CdS (10-50%) films also confirmed by
surface profiler and no much change is observed in both
measurements. The optimized thicknesses are given in Table 1.

3.2. Structural analysis of PANi, CdS and PANi—CdS
nanocomposites

Fig. 2 shows the XRD patterns of pure polyaniline in the
emeraldine base form, cadmium sulfide (CdS) and PANi—-CdS
nanocomposites (10-50 wt%). The XRD pattern of PANi
shows a broad peak at 20 = 25.30° which corresponds to (1 1 0)
plane of PANi [16,17]. This broad peak in the XRD pattern of
PANIi shows that it has some crystallinity. The crystallinity of
PANI can be ascribed to the repetition of benzenoid and quinoid
rings in PANi chains [18]. The XRD patterns of nano CdS,
PANi—CdS (10-50 wt%) nanocomposites exhibit the charac-
teristic peaks for crystalline CdS of hexagonal wurtzite
structure. This indicates the crystal structure of CdS is not
modified due to the presence of PANi. The diffraction peaks in
XRD patterns of nano CdS powder and PANi-CdS (10-
50 wt%) nanocomposites have been indexed to the hexagonally
wurtzite structured CdS which are consistent with the standard
values for CdS given in JCPDS file (80-006). All the diffraction
peaks of nanocrystalline CdS were found to shift to lower 26
values in PANi—CdS (10-50 wt%) nanocomposites. The lattice
constants for prominent XRD peak (0 0 2) plane of hexagonal
CdS in PANi (EB)-CdS (10-50%) nanocomposites were
calculated using standard formula for determination of lattice
constants of hexagonal system and the values obtained are
a=b=4.189 A, c=6.706 A. The values of lattice constants
agree well with standard hexagonal CdS system (JCPD No. 80-
006). Slight increase in lattice constants of CdS was found in
PANi—-CdS (10-50 wt%) nanocomposites. The increase in
lattice parameters indicates a slight stretching of unit cell of
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Fig. 2. X-ray diffraction pattern of (a) PANi (EB), (b) CdS and (c) PANi—CdS (10-50%) nanocomposites.

CdS due to the adsorption of PANi molecular chains on the
surface of the CdS. The presence of such interaction can also be
studied by the change in crystal size of prominent peaks (0 0 2)
planes of X-ray diffraction pattern of PANi—CdS nanocompo-
sites. The crystallite sizes of CdS, PANi—-CdS (10-50 wt%)
nanocomposites for prominent peaks (0 0 2) are calculated by
Scherrer formula and are given in Table 1. The crystallite sizes
of CdS in (0 0 2) planes increase from 49 nm to 64 nm in PANi—
CdS (10-50 wt%) nanocomposites. Increase in crystallite sizes
of CdS in PANi—CdS (10-50 wt%) nanocomposites shows that
the crystallinity of CdS is disturbed by the adsorption of PANi
molecular chains on the surface of CdS. These results indicate
the interaction between the CdS nano particles and PANi
molecular chains due to the adsorption of PANi molecular
chains on the surface of the CdS.

3.3. Fourier transform infrared analysis

Fig. 3 represents the FT-IR spectra of PANi (EB), nano CdS
and PANi (EB)-CdS nanocomposites and the peak locations
related to the corresponding chemical bonds are listed in
Table 2 and are in good agreement with those reported in the
literature [19].

Fig. 3(a) shows FT-IR spectra of the undoped PANi (EB). The
characteristic absorption peaks of PANi (EB) at 1560 cm™ ',
1457 cmfl, 1287 cmfl, 1125 cm™ ' and 801 cm ™! correspond to

the C=N imino quinone, C= C stretching mode of quinoid rings,
the C=C stretching mode of the benzenoid rings, the stretching
mode of C-N, the stretching mode of N=Q=N where Q
represents the quinoid ring and C-H bonding mode of aromatic
rings [20,21]. FTIR spectra of nano CdS are shown in Fig. 3(b).
The band at 3827 cm ™' is due to OH stretching vibrations of
water molecules. The bending vibrations of water molecules
appeared at 2054 and 1636 cm ™', C—C stretching, CdS particles
showed two stretching bands, asymmetric and symmetric, at
3334 cm™" and 3145 cm ™', associating with C—H stretching
[22]. At 614 cm ™" and 793 cm ™', there are medium to strong
bands which have been assigned to Cd-S stretching [23].

Fig. 3(c) shows FTIR spectra of PANi-CdS (10-50%)
nanocomposite. In the spectra, presence of the bands at 1500
and 1600 cm ™' in all the PANi—-CdS nanocomposites shows
that the intensity of bands in polymer due to amine and imine
groups has decreased. This could be due to the presence of
different oxidation states of polymers. Similarly, the shifts in
aromatic peaks that is C—H stretching mode of vibrations is also
observed which is consistent with the values that are normally
observed for PANi (EB). In the present case the C—H absorption
frequency has shifted by about 20 cm ™" from its well reported
value of about 3000 cm ™! and is found at 3017 cm ™", a further
shift from 2992 cm ™' in PANi (EB). A comparison of FTIR
values of PANi (EB), CdS and PANi (EB)-CdS nanocompo-
sites is shown in Table 2. From the table it can be seen that
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Fig. 3. FTIR of (a) PANi (EB), (b) CdS and (c) PANi—CdS (10-50%) nanocomposites.

almost all absorption values have shifted to either higher or
lower values in case of composite with CdS. This indicates that
nano-sized CdS has affected the absorption phenomena in the

3.4. Morphological analysis of PANi, CdS and PANi-CdS
nanocomposites

IR region for the composite.

Table 2
A comparison of FTIR values of PANi (EB), CdS and PANi (EB)-CdS
nanocomposites.
CdS PANi (EB) PANi-CdS Assignment
position position position
(cm™) (em™h (em™h
614 - 588 Cd-S stretching (medium)
792 - Cd-S stretching (strong)
- 801 797 Paradisubstituted aromatic rings
indicating polymer formation
- 1125 1142 C-H in plane bending vibration
- 1287 1295 Aromatic C-N stretching
indicating secondary aromatic
amine group
- 1457 1466 C-N stretching of benzoid rings
- 1560 1560 C-N stretching of quinoid rings
- 2992 3017 The aromatic C-H stretching
- 3247 3264 N-H stretching vibrations

Fig. 4(a), (b) and (c)—(g) shows the field emission scanning
electron (FESEM) micrographs of PANi (EB), CdS and PANi—
CdS (10-50 wt%) films. The FESEM image of the polyaniline
film (Fig. 4(a)) exhibits a nanofibrous structure with many pores
and gaps among the fibers. Fig. 4(b) shows the surface morphology
of the CdS nanoparticles. The image shows that the nanoparticles
are glued each other. The image of the PANi—CdS (10-50 wt%)
nanocomposite (Fig. 4(c)—(g)) shows that CdS nanoparticles are
glueded into nanofibrous morphology of PANi (EB) matrix. It
was considered that the nanostructured CdS particles embedded
within the netlike structure built by PANi chains.

3.5. Optical properties PANi, CdS and PANi—CdS
nanocomposites

The optical absorption spectrum PANi, CdS and PANi—CdS
(10-50 wt%) nanocomposites were obtained and studied to
evaluate the absorption coefficient («) energy gap (E,) and
nature of transition involved. It is found that the optical
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Fig. 4. FESEM images of (a) PANi (EB), (b) CdS and (c) PANi—CdS (10-50%) nanocomposites.

absorption coefficient is higher for all the composites
(104 cmfl). The absorption coefficient («), energy gap (E,)
and photon energy (hv) are related as [24,25]:

ahv = A(hv — E,)"? 2)

Assuming the mode of transition to be of the direct allowed type
(n=1), the band gap energies have been calculated from the
variation of (ehv)? versus hv (Fig.5). The (ahv)? versus hv plots
shows straight line behavior on the higher energy side that
confirms direct type of transitions involved in these films. It is
also seen from Fig. 5, that the band gap is decreased typically
from 3.40 eV (pure PANi (EB)) to 2.54 eV (for CdS) as content
of CdS nanoparticles increased from 0 to 50%. The band gap of
CdS in present case is 2.54 eV was observed due to formation of
nanosized cadmium sulfide. This change in band gap of CdS
indicated a blue shift by about (0.12 eV) with respect to the bulk
CdS that is reported to have band gap of 2.42 eV [26]. The blue
shift is due to the size quantization [27,28] and is observed

when there is an increase in the band gap energy between the
lowest unoccupied molecular orbital’s (LUMO) and highest
occupied molecular orbital’s (HOMO) in semiconductors.

The mode of optical transition in PANi, PANi—-CdS (10-
50 wt%) nanocomposites and CdS has been confirmed from the
variation of In(ahv) versus In(hv — E,) (Fig. 6) which showed
‘n’ nearly equal to 1 indicating direct type of transition.

3.6. Electrical transport properties of PANi, CdS and
PANi—CdS nanocomposites

The dc electrical conductivities of PANi (EB), CdS and
PANi—CdS (10-50 wt%) nanocomposites were measured in the
300-500 K temperature range and their temperature depen-
dence can be fitted to a usual Arrheneous equation:

o = o exp (‘E) 3)

KT

where E,; is the conductivity activation energy.



B.T. Raut et al./Ceramics International 38 (2012) 3999-4007

ax10t ) (@) 1

3x10™3 +

2x10"3

(axhv)? (ev? cm?)

1x10"3

Eg=3.42 eV
1

2.0 2.5 3.0 3.5 4.0
Photon energy (eV)

(ahv)? (eV?em?

4005

4x10" . T

(b)

—~ 3x10"
2x10"3t

1x10"3}

5X10‘13 T T T T
(c) —o—G@1o%cas| @O0 @
— 1 —A— (b) 20% CdS I &S
Q‘E 4x107° () 30% CdS £8 7
) —O— (d) 40% CdS g f
o (e) 50% CdS ;
2 310" £¢ .
~ A3
f‘l’\ Q
P
E 2x10" 1
1x10™ .
0
1.5 2.0 2.5 3.0 3.5 4.0

Photon energy (eV)

Fig. 5. Plot of (ozhv)2 versus hv (a) PANi (EB), (b) CdS and (c¢) PANi—CdS (10-50%) nanocomposites.

The temperature dependence of dc electrical conductivity of
PANi (EB), CdS and PANi—CdS (10-50 wt%) (Fig. 7) showed
two distinct conduction regions corresponding to two different
conduction mechanisms; one, a grain boundary scattering
limited and second a variable range hopping [29]. The activation
energies of an electrical conduction have been computed for both
regions and it is ranged between 0.44 and 0.52 eV.

The room temperature dc electrical conductivity of CdS
nanoparticles and PANi (EB) was found to be 1.5 x 107% S/cm

T T T 6
—o0— (a) PANi(EB)
—A— (b)CdS
(c)PANi(EB)-CdS(50%)

\\O\
N

-

-

o
T

1 " 1 " 1 " 1 "
0 1 2
In(hv-E,)

Fig. 6. Plotof In(ahv) versus In(hv — E,) (a) PANi (EB), (b) CdS and (c) PANi—
CdS (50%) nanocomposites.

and 4 x 107* S/cm respectively. The conductivity of PANi
(EB)-CdS  nanocomposite  decreases  slightly  from
6.6 x 107°S/cm to 7.55 x 107°S/cm as content of CdS
increases from 10 to 50% in PANi (EB) matrix.

The thermo-emfs generated by the samples were measured
in the 300-500 K temperature range.

The CdS shows n-type conduction, PANi (EB) and PANi—
CdS (10-50%) composites shows p-type conduction. From the
experimental observations it appeared that the temperature
dependence of thermo power is approximately linear in the low
temperature region whereas it deviated from the linear behavior
at higher temperature and obeys power law dependence of the
temperature. This is shown in Fig. 8. The non-linearity of the
plots indicates nondegeneracy of the material whose thermo-
electric power is proportional to nth power of the absolute
temperature. For such semiconductors thermoelectric power is
a weak function of the temperature and can be represented as
[30]:

2(2mmkT)?

h “4)

K 5
P=——|r+=| +In

e 2
where A = r + 5/2 is a thermoelectric factor that depends on the
various scattering mechanisms, mj is the density of states
effective mass and n is the carrier density. Eq. (4) can be
solved for appropriate values of A and m and carrier density (n)
were calculated for all the samples at different temperatures.
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The charge carrier motilities (u) were determined using the
standard relation

w=-"2 (5)

n-e

Fig. 9 is a plot of the carrier density (n) and mobility (u) as a
function of the composites. It is seen that the carrier density and
mobility are dependent functions of the temperature and mate-
rials compositions. These variations are analogous with that of
the electrical conductivity variations. Further, the mobility
increased with the applied temperature suggesting the presence
of scattering mechanism associated with the inter-grain barrier
height as proposed by Petriz [31]. The temperature dependent
grain boundary mobility is related to the grain boundary
poetical as [31]:

— @
= poexp (k—T") 6)

where @, is the inter grain barrier potential and p is the pre
exponential factor. The inter grain barrier potential is therefore
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Fig. 10. Plot of log ,uT”Z with inverse temperature for: (a) PANi (EB), (b)
PANi—CdS (50%) nanocomposites and (c) CdS.
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determined from the variation of the log 7" versus 1000/T
for all the samples and the values are 0.48-0.57 eV (Table 1).
Fig. 10 is a representative case of such variation for film
composition.

4. Conclusions

It has been shown for the first time that the films PANi—CdS
nanocomposites were synthesized by spin coating technique. A
change in the value of lattice parameter of CdS in the PANi—
CdS composite was observed which also indicated the presence
of interaction between CdS particles and PANi matrix. From
FTIR spectra it is revealed that the characteristic absorption
peaks of PANi (EB) shifted by significant amount into PANi—
CdS nanocomposite, which indicate the different interfacial
interactions between the CdS NPs and the PANi matrix. Study
of field emission scanning electron microscopy revealed the
synthesis of CdS nano particles of sizes ~30—40 nm and their
uniform dispersion in PANi matrix. The optical spectra
revealed a high absorption coefficient of absorption and shift
in absorption edge typically from 3.40 eV to 2.54 eV. The
transitions are of direct type from band to band. The room
temperature dc electrical conductivity of PANi (EB)-CdS (10-
50%) nanocomposites is found to be in the range of 10~® S/cm.
Both grain boundaries scattering limited and hopping conduc-
tion mechanism are involved in the conduction process.

The measured thermoelectric power PANi (EB) and PANi—
CdS (10-50%) nanocomposites is positive indicating large
predominance of holes in the conduction process. The carrier
density (n) and mobility (u) are dependent functions of the
temperature and film composition.
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