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ABSTRACT: Spherical nickel oxide (NiO) nanoparticles
were prepared by using nickel chloride as precursor in the
ethylene glycol as solvent and urea as precipitant. The X-
ray diffraction study showed that NiO has single-phase
cubic structure with average crystallite size of 35 nm. The
prepared NiO nanoparticles were incorporated into polya-
niline (PANI) matrix during in situ chemical oxidative poly-
merization of aniline with different molar ratios of aniline:
NiO (12 : 1, 6 : 1, and 3 : 1) at 5�C using (NH4)2S2O8 as oxi-
dant in aqueous solution of sodium dodecylbenzene sul-
fonic acid, as surfactant and dopant under N2 atmosphere.
The synthesized composites have been characterized by
means of X-ray diffraction (XRD), thermogravimetric analy-
sis, Fourier transform infrared (FTIR), scanning electron mi-
croscopy, TEM, and vibrating sample magnetometer for its

structural, thermal, morphological, and magnetic investiga-
tion. The XRD and FTIR studies show that the NiO particles
are in the composite. The room temperature conductivities
of the synthesized PANI, PANI/NiO (12 : 1), (6 : 1), and (3 :
1) composites were found to be 3.26 � 10�4, 1.88 � 10�4, 1.5
� 10�4, and 4.61 � 10�4 S/cm, respectively. The coercivity
(Hc) and remnant magnetization (Mr) of NiO, PANI/NiO
NCs (12 : 1), (6 : 1), and (3 : 1) at 5 K was found to be 8.22 �
10�2, 6.31 � 10�2, 6.42 � 10�2, 6.27 � 10�2 T, and 6.64 �
10�3, 1.83 � 10�4, 3.07 � 10�4, and 3.98 � 10�4 emu/g,
respectively. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 122:
1905–1912, 2011
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INTRODUCTION

Nanoparticles of transition metal oxides have been
investigated by several workers in the last few years.
The study of these nanoparticles has become of
increasing interest due to the presence of unusual
physical and chemical properties different from
those observed in bulk materials. A reduction in par-
ticles size to nanometer scale results in various spe-
cial properties such as the quantum size effects, the
high surface area, and lower sintering temperature.
Besides their structural aspects, magnetic properties
of the oxide nanoparticles are of particular interest.
Some reports1 suggested that nickel oxide (NiO)
nanoparticles exhibit weak ferromagnetism or super-
paramagnetism for the fine particles. Recently, Kar-
thik et al.2 have studied particle size effect on the
magnetic properties of NiO nanoparticles of size
range 16–25 nm. They observed that the particle size
have strong influence on the magnetic properties of
NiO nanoparticles. Smaller particles have large inter-
face area between the ferromagnetic phase and anti-
ferromagnetic matrix, and the structural disorder
and exchange coupling increases with interface area.

Bulk NiO has a cubic (NaCl-type) structure with a
lattice parameter of 0.4177 nm and is classified as a
Mott–Hubbard insulator with very low conductivity
of the order of 10�11 X�1 m�1 at room temperature.3

However, the conductivity of NiO is drastically
increased when prepared in the form of thin films
or consolidated nanoparticles4 (2.5–17 nm) due to
the holes generated by Ni vacancies in the lattice.
The electrical conduction is primarily ascribed to the
hopping of holes associated with the Ni2þ vacancies.
NiO nanoparticles are p-type semiconducting5

with band gap 3.51 eV. It is considered as promising
electrode material for electrochemical capacitor6 and
gas sensor for NO2, NH3, and H2.

7 NiO has received
a considerable amount of attention for its catalytic
properties such as decomposition of ammonium per-
chlorate,8 hydrocracking reactions, reforming of
hydrocarbons, and methane for production of syn-
gas, the removal of tar followed by the adjustment
of the gas composition in biomass pyrolysis/gasifi-
cation, in cellulose pyrolysis, and so forth.9 Several
methods are reported for the preparation of NiO
nanoparticles viz; biosurfactant-mediated microe-
mulsion technique,10 sol–gel method,11 template-free
synthesis.12

Polyaniline (PANI) is one of the most promising
electrically conducting polymer of particular interest
because of its various structures, special doping mech-
anism, environmental stability, high conductivity,13–15
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and its wide applications in microelectronic devices,16

diodes,17 light weight batteries,18 super capacitors,19

sensors,20 corrosion inhibition,21 and for electrorheo-
logical22,23 and magnetorheological fluids.24,25 Poly-
mer nanocomposites (NCs) constitute a class of
hybrid materials composed of a polymer matrix and
an inorganic component, which has at least one
dimension in the nanometer (<100 nm). The NCs ex-
hibit combination of properties26 like conductivity,
electronic, electrochemical, catalytic, and optical prop-
erties. To obtain materials with synergetic advantage
between PANI and inorganic nanoparticles, various
composites of PANI with inorganic naonoparticles
such as CeO2,

27 TiO2,
28,29 BaTiO3,

30,31 MoO3,
32 SnO2,

33

Fe3O4,
34 Co3O4,

35 and NiO36,37 are reported. There-
fore, herein, an attempt has been made to generate
novel NC intriguing electronic and magnetic proper-
ties by encapsulating the NiO particles with PANI
matrix. These properties may arise due to physical as
well as chemical interactions between the inorganic
oxide surface and the organic material.38

In this communication, NiO nanoparticles were
synthesized by the ethylene glycol (EG) route. EG
works not only as solvent but also plays the role of
a complexing and capping agent, which restrict the
growth during the synthesis of nanoparticles. Sec-
ond, it has high boiling point (197�C).39,40 The syn-
thesized NiO nanoparticles were incorporated in
PANI matrix by in situ chemical oxidative polymer-
ization of aniline in the presence of SDBS. SDBS
helps in homogenous protonation of PANI and
thereby improves its crystallinity, orientation, and
electrical conductivity.41 The structural, thermal,
electrical, and magnetic properties of PANI/NiO
NCs were compared to that of pristine PANI.

EXPERIMENTAL

Materials

Aniline (reagent grade, Merck) was distilled before
use and stored at 10�C. Other reagents, dodecylben-
zenesulphonic acid sodium salt (SDBS), ammonium
persulphate, nickel chloride, urea, EG, and hydro-
chloric acid were of analytical grade and used as
received. Double-distilled water was used for solu-
tion preparation.

Methods

Synthesis of NiO nanoparticles

NiO nanoparticles were prepared by EG route.42,43

Fifty milliliters of nickel chloride (0.2M) solution
were taken in three-necked RB flask fitted with air
condenser. About 4.0 g urea and 150-mL EG was
added. The reaction mixture was mixed properly
and then refluxed at 160�C with continuous mag-

netic stirring for 6 h. The light green precipitate was
obtained. The reaction mixture was kept for over-
night. It was centrifuged, washed with methanol
and acetone, and then dried at 100�C for 6 h in air
oven. Finally, the product was calcined at 300�C for
3 h. Black/gray color powder was obtained.

Synthesis of PANI/NiO NCs

The PANI/NiO NCs (6 : 1) was prepared34,35 by
chemical-oxidative in situ polymerization of aniline.
Precooled (�5�C) 100 mL solution containing 0.4M
aniline and 0.08M SDBS was taken in four-necked
flat-bottomed flask. Then 0.5 g as synthesized NiO
nanoparticles was added to it. Precooled solution of
ammonium persulphate (10.4972 g, 0.46M) was
added slowly to the solution containing aniline,
SDBS, and NiO nanoparticles. The polymerization
was allowed to proceed in the presence of N2 atmos-
phere at 5�C for 3 h with continuous sonication (Fs4,
Frontline). The molar ratio of aniline: SDBS and ani-
line: APS was 5 : 1 and 1 : 1.15, respectively. The
reaction mixture was equilibrated for overnight. The
pH of aniline–SDBS solution was found to be nine
before polymerization process. The blackish green
precipitate of PANI/NiO composite was filtered and
washed with distilled water till colorless filtrate was
obtained and then it was dried at 70�C for 24 h. In
the similar way, composites of different molar ratios
(12 : 1, 3 : 1) of aniline to NiO have been prepared.
Scheme 1 shows the schematic representation of syn-
thesis of PANI/NiO composite.

Characterization

X-ray diffraction (XRD) analysis was conducted on
X’Pert PRO, PANalytical X-ray diffractometer using

Scheme 1 Schematic representation of synthesis of
PANI/NiO NCs.
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Cu Ka radiation (k ¼ 1.5406 Å) at 45 kV and 40 mA.
Measurements were performed in the 2y range from
10� to 120�. Average crystallite size (t) of NiO par-
ticles was calculated from the line broadening using
Scherrer’s formula t ¼ 0.9 k/b Cos y, where b is the
full width at half maximum of the strongest peak,
k is the X-ray wavelength (k ¼ 1.5406 Å), and y is
the angle of diffraction. Thermogravimetric analysis
was performed on Pyris Diamond, Perkin–Elmer at
the heating rate of 10�C/min in the temperature
range from 30 to 1000�C under purging of argon
atmosphere with flow rate 200 mL/min. Fourier
transform infrared (FTIR) spectra were recorded on
Perkin–Elmer FTIR spectrophotometer by using KBr

pellet technique. FTIR measurements were taken
from 4000 to 450 cm�1 with a 4.0 cm�1 resolution.
The surface morphology of the samples was exam-

ined from scanning electron microscopy (SEM) on
JEOL JSA-840A equipped with an electron probe-
microanalyzer system. Energy-dispersive X-ray
(EDAX) measurement was also performed on the
same equipment to determine chemical composition.
Transmission electron microscopy images was
obtained (TEM model CM 200 supertwin) at accelerat-
ing voltage of 200 kV and resolution of 0.2 nm. For
TEM sample preparation, about 2 mg of powder sam-
ple was dispersed in 5 mL of methanol by sonication,
and a drop of this solution was evaporated on a copper
grid and then introduced into the sample chamber.
Electrical conductivity of compressed pellets of

NCs was measured at frequency of 1 kHz at room
temperature. The pellets were prepared with the
help of hydraulic press (Kimaya Engineers, India) by

Figure 1 X-ray diffraction patterns of (a) PANI, (b)
PANI/NiO (12 : 1), (c) PANI/NiO (6 : 1), (d) PANI/NiO
(3 : 1), and (e) NiO.

Figure 2 FTIR spectra of (a) PANI, (b) PANI/NiO (12 :
1), (c) PANI/NiO (6 : 1), (d) PANI/NiO (3 : 1), and
(e) NiO.
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applying a pressure of 5000 kg/cm2 for 30 s in steel
die. These pellets were then subjected to D.C. resis-
tivity measurements on 928 auto LCR Q tester
(Systronics). The conductivity value was calculated
from the measured resistance and sample dimen-
sions. Magnetization measurements were performed
on Vibrating Sample Magnetometer (VSM) Model
oxford Maglab 14 T VSM.

RESULTS AND DISCUSSION

XRD study

X-ray diffraction (XRD) patterns of PANI, NiO, and
PANI/NiO composites with different loadings of
NiO are shown in Figure 1. The XRD pattern of the
prepared NiO nanoparticles is in agreement with
JCPDS file no. 73-1523, and the particles show cubic
crystal system. The lattice constant of NiO from
XRD data was found to be a ¼ 4.17 Å, which is
good agreement with JCPDS 04-0835 (4.1769 Å).44

The average crystallite size of NiO particles was cal-
culated by using Scherrer’s relation was found to be
35 nm, which is consistent with the results of TEM.
The XRD curve of PANI shows that PANI has partly
crystalline structure, and the two broad peaks are
observed at 2y ¼ 20.41� and 25.61�. The XRD spectra
of PANI/NiO NCs showed that the diffraction fea-

tures appeared at about 2y ¼ 37.20�, 43.26�, 62.90�,
75.26�, and 79.25�, corresponding to the (1 1 1), (2 0
0), (2 2 0), (3 1 1), and (2 2 2) planes of the cubic
phase of NiO, respectively. This indicates that the
NiO particles are existing in the PANI/NiO NCs.

FTIR study

FTIR spectra of PANI, NiO, and PANI/NiO compo-
sites are shown in Figure 2(a–d). The FTIR spectrum
of PANI [Fig. 2(a)] shows characteristic absorption
bands35,45,46 at 513, 826, 1041, 1154, 1307, 1504, and
1585 cm�1. The bands at 1585 and 1504 cm�1 attrib-
uted to stretching vibrations of N¼¼Q¼¼N ring and
NABAN ring, respectively (where B refers to ben-
zenic-type rings and Q refers to quinonic-type
rings). The peak at 826 cm�1 is assigned to out-of-
plane bending vibration of CAH on the 1,4-disubsti-
tuted aromatic rings. The peak at 1154 cm�1

assigned to CAN stretching of secondary aromatic
amine. The peak at 1307 cm�1 may be due to the
presence of the CAN�þ stretching vibration in pro-
tonic acid-doped PANI from SDBS–PANI, where
SO3 group of SDBS is bonded with N of PANI. The
peak at 513 cm�1 is assigned to SO3H of SDBS.
Scheme 2 shows the structure of SDBS-doped
PANI/NiO composites.

Scheme 2 Structure of PANI/NiO composite.
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The similar absorption bands (PANI) are observed
in PANI/NiO with a slight shift. The absorption
bands due to stretching vibrations of N¼¼Q¼¼N (1579
cm�1) and NABAN rings (1488 cm�1) are shifted to
lower wavelengths in composites. It is likely that
there is a weak intercalation between PANI and sur-
face of NiO nanoparticles. The spectrum [Fig. 2(e)]
shows the characteristic absorption bands of NiAO
vibrations47 at 667 cm�1. This absorption band is
also seen in the composites.

Morphological studies

Figure 3(a,b) shows SEM images of the NiO and
PANI/NiONCs. SEM images indicated that the pre-
pared NiO nanoparticles have spherical morphology.
Transmission electron microscopy of PANI/NiO
NCs [Fig. 4(a,b)] elucidated further that NiO nano-
particles (35 nm) exist spherically in the PANI ma-
trix. EDAX spectra of NiO and PANI/NiO (3 : 1) are
shown in the inset of Figure 3. Elemental data are
presented in Table I.

Thermal studies

The TG thermograms of NiO, PANI, and PANI/NiO
are shown in Figure 5(a–e). NiO undergoes two-step
degradation. PANI shows three-step weight loss.34,48

The initial weight loss up to �105�C is due to resid-
ual water, loss above 200�C may be due to loss of
SDBS, and thermal degradation of PANI started af-
ter 300�C. PANI/NiO NCs shows similar decompo-
sition steps of PANI but it has high stability. To
compare the relative thermal stability of NiO, PANI,
and PANI/NiO, % weight loss at different tempera-
tures are reported in Table II. From Table II, it is
observed that PANI/NiO (3 : 1) is more thermally
stable compared to PANI, and, on increasing the
percentage of NiO in composite, the thermal stability
of composite is increasing due to more incorporation
of inorganic component. The similar results were
reported by Qi et al.37 DTA curve of NiO, PANI,
and PANI/NiO composites is shown in Figure 6(a–

Figure 3 SEM images and EDAX pattern (inset) of
(a) NiO and (b) PANI/NiO (3 : 1).

Figure 4 TEM images of (a) NiO and electron diffraction
pattern (inset) and (b) PANI/NiO (6 : 1).

TABLE I
Elemental Analysis Data of PANI, NiO, and

PANI/NiO NCs

Samples C % N % S % O % Ni %

NiO – – – 9.53 90.47
PANI 36.15 43.49 8.92 11.44 –
PANI/NiO (12 : 1) 39.96 40.84 8.60 6.3 4.30
PANI/NiO (6 : 1) 37.13 35.91 5.00 9.32 12.00
PANI/NiO (3 : 1) 34.02 22.43 3.36 9.17 31.02

SYNTHESIS AND CHARACTERIZATION OF PANI/NiO NC 1909

Journal of Applied Polymer Science DOI 10.1002/app



e). NiO has endothermic peak at 500�C, which may
be due to partial reduction of NiO to Ni metal. The
similar endothermic peak is found in PANI/NiO (3 :
1) at 580�C.

Electrical and magnetic properties

The NiO content affects significantly on both con-
ductivity and magnetization of the resulting PANI
composites. PANI shows the room temperature con-
ductivity 3.26 � 10�4 S/cm and those for PANI/NiO
(12 : 1), (6 : 1), and (3 : 1) composites are 1.88 �
10�4, 1.5 � 10�4, and 4.61 � 10�4 S/cm, respectively.
The reported value of electrical conductivity of pure
PANI (acid free) and SDBS-doped PANI is 1.8 �
10�10 and 1.2 � 10�2 S/cm, respectively.49 Conduc-
tivity varies with degree of protonation and kind of
acid dopant. Song et al.36 have synthesized PANI/
NiO in SDBS micelles with nanorods of lengths
about 200–500 lm, width about 3–5 lm, and thick-
ness about 40–96 nm. The conductivity for usual
PANI and that for composite material PANI/NiO/
SDBS was found to be 1.05 � 10�4 S/cm and 2.2 �
10�3 S/cm, respectively. Rectangular tubes50 of
PANI/NiO composites of various sizes from a nano-
meter to a micrometer were synthesized by changing
the molar ratio of aniline/NiO 1 : 64, 1 : 48, and 1 :

32. The conductivity of PANI nanorods was 1.0 �
10�3 S/cm and that of PANI/NiO rectangular
microtubes was 2.3 � 10�2, 6.8 � 10�2, and 0.11 S/
cm, respectively. In our study at a low-NiO concen-
tration, the conductivity of PANI/NiO (12 : 1) and
(6 : 1) composites is lower than PANI (Table III).
This decreased in conductivity may be due to partial
blockage of conductive paths by the NiO nanopar-
ticles embedded in the PANI/NiO matrix. At a high
dosing of NiO, the electrical conductivity of PANI–
NiO (3 : 1) is more compared to pure PANI which

Figure 5 TG thermogram of (a) PANI, (b) PANI/NiO (12
: 1), (c) PANI/NiO (6 : 1), (d) PANI/NiO (3 : 1), and
(e) NiO.

TABLE II
% Weight Loss Data for PANI, NiO, and PANI/NiO

Composites at Different Temperatures

Samples

% Weight loss (�C)

110 300 500 700

PANI 25.37 44.66 71.42 77.55
NiO 8.58 14.60 17.88 18.94
PANI/NiO (12 : 1) 10.56 22.29 39.29 58.54
PANI/NiO (6 : 1) 10.85 22.47 40.20 50.82
PANI/NiO (3 : 1) 3.97 14.75 20.66 38.81

Figure 6 DTA curves of (a) NiO, (b) PANI/NiO (12 : 1),
(c) PANI/NiO (6 : 1), (d) PANI/NiO (3 : 1), and (e) PANI.

TABLE III
Room Temperature Conductivity and Magnetic
Parameters of PANI, NiO, and PANI/NiO NCs

Measured at 5 K

Samples
Conductivity

(S/cm)
Mr

(emu/g) Hc (T)

NiO – 6.64 � 10�3 8.22 � 10�2

PANI 3.26 � 10�4 6.02 � 10�5 6.51 � 10�2

PANI/NiO (12 : 1) 1.88 � 10�4 1.83 � 10�4 6.31 � 10�2

PANI/NiO (6 : 1) 1.5 � 10�4 3.07 � 10�4 6.42 � 10�2

PANI/NiO (3 : 1) 4.61 � 10�4 3.98 � 10�4 6.27 � 10�2
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may result from the increasing doping level of PANI
with NiO, and the similar type of result was
reported by Han et al.50 and Song et al.51 in their
study.

The magnetization results are shown in Figure 7.
Maximum applied field was up to 3 T. Under
applied magnetic field PANI and NiO, PANI/NiO
composite shows the positive magnetizations. The
magnetization shows no sign of saturation even at
the applied field of 3T. NiO nanoparticles exhibit
ferromagnetic like behavior with hysteresis loop at
5K and has coercivity (Hc) ¼ 8.22 � 10�2 T and rem-
nant magnetization (Mr) ¼ 6.64 � 10�3 emu/g,
whereas PANI is paramagnetic. At lower tempera-
tures, the spins are freezing, the system suffers from
the Peierls instability, and thus the electrons are
localized giving rise to a metal–semiconducting tran-
sition and an associated paramagnetism.52 The Mr of
PANI/NiO composites is found to be increased with
increasing the concentration of NiO, and Hc values
are decreased in the composites compared to PANI
(Table III). At a low-NiO concentration, PANI/NiO
(12 : 1) and (6 : 1) composites exhibit paramagnetic
character that arises from the metal oxide–organic
matrix, and at high dosing of NiO in the composite
PANI–NiO (3 : 1), a small hysteresis loop was
appeared that leads to ferromagnetism.

CONCLUSIONS

PANI/NiONCs have been successfully prepared by
incorporating NiO nanoparticles into the PANI ma-
trix. The incorporation of NiO into PANI matrix
affects the conductivity, magnetic properties, and
thermal stability of NCs. It is seen that the electrical
and magnetic properties of the composite depend on
the size and concentration of NiO in the composite.
Thermogravimetric results reveal that NiO nanopar-
ticles could improve the composite thermal stability

possibly due to the molecular level interaction of
NiO nanoparticles and PANI backbone. SEM and
TEM images display that NiO nanoparticles exist
spherically in the PANI matrix.

The authors acknowledge Department of Condensed Matter
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urements. One of the authors B. H. Shambharkar is thankful
to Director, Visvesvaraya National Institute of Technology
Nagpur for awarding research fellowship.
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1355.
50. Han, J.; Song, G.; Guo, R. J Polym Sci 2005, 44, 4229.
51. Song, G.; Han, J.; Guo, R. Synth Met 2007, 157, 170.
52. Dallas, P.; Stamopoulos, D.; Boukos, N.; Tzitzios, V.; Niarchos,

D.; Petridis, D. Polymer 2007, 48, 3162.

1912 SHAMBHARKAR AND UMARE

Journal of Applied Polymer Science DOI 10.1002/app


