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INTRODUCTION

In the past few decades, the progress of conducting polymer
with inorganic materials for optics and electronics related
applications have gained much attention among researchers
[1]. Particularly, the most probable conducting polymer was
polyaniline due to its ease of preparation, environmental stability,
good electrical conductivity and potential usage in recharge-
able batteries, photovoltaic cells, sensors, electromagnetic
shielding, gas-separation membranes, light-emitting diodes etc.
[2-4]. Though its potential applications are very wide, serious
problems exist which obstruct its practical use. The major
drawback of this polymer is solubility and processability. It
can then be replaced by synthesizing derivatives in order to
obtain materials with improved solubility and processability,
enhanced electrochemical and electronic properties [5-7].
Modified polyaniline can be synthesized by (i) introduction
of substituents like -CH3, -C2H5, -halogen and amino groups
onto the aromatic rings of the polyaniline chains [8-10] and
(ii) copolymerization of aniline and derivatives [11,12].

The halogenated derivatives of polyaniline such as poly-
chloroanilines, polybromoanilines and polyiodoanilines are
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relatively less investigated. One among the important deriv-
atives of polyaniline is poly(2-chloroaniline) (P2ClAni) and
has been studied by few researchers in the recent past. The
P2ClAni properties can be fine tuned by a number of ways
such as copolymerization, synthesis of blends and composites
for applications in the field of hybrid electric devices [13].

Nano-scaled P2ClAni and its effect on oxidant concen-
tration, surfactant type and surfactant concentration were inves-
tigated and the results substantiate that the electrical conduc-
tivity of doped P2ClAni/SDS50 increased with the monomer:
doping ratio of 1:25 possessing the highest electrical conduc-
tivity of 10.47 S cm–1, relative to the synthesized P2ClAni
without doping [14]. The effect of dodecyl benzene sulphonic
acid (DBSA) on the electrical conductivity of P2ClAni and
P2ClAni/silk blends has been reported by Linganathan &
Samuel [15]. Since P2ClAni-DBSA/Silk has higher dielectric
constant than P2ClAni-DBSA and P2ClAni/Silk, it can be used
in energy storage devices. Palaniappan [16] studied the effect
of temperature on the conductivity and spectral properties of
P2ClAni. The methanesulfonic acid doped P2ClAni has been
successfully synthesized and shows potential sensing for NH3

gas [17]. The P2ClAni/SiO2 nanocomposite was synthesized
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and the solubility, thermal stability, electrical conductivity and
magnetic properties were investigated by Gok & Sen [18].

The most widely used promising power source for electric
vehicles and mobile devices is Li ion battery due to its high
energy and power density [19,20]. Graphite and silicon are
commonly used anodic materials for Li ion batteries of which
graphite showed low specific capacity of 372 mAh g–1 and
silicon has high theoretical capacity of ~4200 mAh g–1 but it
has low discharge potential (~0.5 V vs. Li/Li+) [21,22]. Cai et al.
[23] reported the enhanced cycling stability and rate perfor-
mance of the nano-silicon/PAni conductive matrix composite
and obtained good lithium storage capacity. Encapsulating
nano-silicon on PAni matrix showed better reversible capacity
of 766.6 mAh g–1, capacity retention of 72% at a current density
of 2 Ag–1 and are promising Si-based anodic materials for
lithium ion batteries as studied by Feng et al. [24]. The graphene
encapsulated pyrolyzed PAni-grafted Si composites exhibited
enhanced cycling stability, rate performance and coulombic
efficiency as anodes. The composites deliver a reversible specific
capacity of 50 mAh g–1 at a charge/discharge rate of 100 A g–1

[25].
The mechanism of doping of Li through the interaction

with the imine site nitrogen has been proposed for PAni films
doped with LiPF6 and LiBF4 which were used as polymer
electrodes in lithium secondary batteries [26]. The synthesized
LiNi0.8Co0.15Al0.05O2/PAni composite revealed good electro-
chemical properties at a high discharge rate and the material
showed good reversibility for Li insertion in discharge cycles
when used as a cathode material [27]. The reduced graphene
oxide-SnO2-PAni composite showed excellent electrochemical
performance of high capacity (1017 mAh g–1 at 200 mA g–1

for the 2nd cycle), superior rate capability (397 mAh g–1 at a
current density of 10 A g–1) and cyclic stability (1280 mAh g–1

after 200 cycles) [28]. The cyclic voltammetry curve showed
the peak voltage of 2.49 V while charging and 1.4 V during
discharging when P2ClAni-silk was coated as an anodic
material [29]. The electrochemical application of P2ClAni
based materials in Li ion batteries has not been reported.

The polyaniline derivatives viz. P2ClAni and P2ClAni-SiO2

were interfacially polymerized and characterized by FTIR and
XRD spectroscopic techniques. The thermal properties were
investigated using TGA and DSC. The electrical performance
of the active anodic materials was studied by cyclic voltam-
metry and galvanostatic cycling test.

EXPERIMENTAL

Poly(2-chloroaniline) (P2ClAni), ammonium persulfate
(APS) and hydrochloric acid purchased from Avra, CHCl3 from
Isochem were of analytical grade and used as received. The
purified grade nano-silica dispersion type A of average particle
size of 20 nm was purchased from SRL Pvt. Ltd. India.

Interfacial polymerization of P2ClAni-nanocomposite-
SiO2: The preparation of P2ClAni was done according to inter-
facial polymerization as reported earlier [28]. In general, inter-
facial polymerization results in fast polymer chain growth and
polymer precipitation at the liquid-liquid interface. This
technique involves the combination of two liquid phases namely

organic and aqueous phase [29]. In this work, the organic phase
was prepared by dissolving 2-chloroaniline in chloroform and
the aqueous phase by dissolving ammonium persulfate in HCl.
The aqueous solution was carefully poured into the organic
solution. By mixing the aqueous and organic reactants slowly,
the green P2ClAni was first formed at the interface. The reaction
product migrated gradually into the aqueous phase until the
whole aqueous phase was filled with homogeneous dark green
P2ClAni. The aqueous phase was collected after 24 h of reaction
by filtration, the precipitate was washed with deionized water
and methanol several times to remove the low molecular weight
polymers and oligomers. The dark green coloured material was
dried and stored in vials kept in the desiccator. Since interfacial
polymerization occurs only at the interface, the secondary
growth of polymer was restricted. To prepare nanocomposites,
inorganic particles (nano-silica with various wt.%) was mixed
in the organic phase. The nano-silica particles have the tendency
to assemble at the interface to minimize the surface energy,
moving into the interfacial polymerization reaction zone. The
polymer nanocomposites are formed in the aqueous phase and
the same procedure was followed.

Characterization: FT-IR spectra were obtained using a
Thermo Nicolet model in the range 4000-400 cm-1. The XRD
patterns were collected using D8 Advance X-ray diffractometer
with high-intensity CuKα (35 mA, 40 kV) radiation and in
the 2θ range of 10 to 80 ºC. Perkin-Elmer Thermal Analyzer
was used to investigate the thermal stability of the samples at
the heating rate of 20 ºC/min from 40 to 800 ºC under nitrogen
atmosphere. Electrochemical impedance spectroscopy measure-
ment of the polymer electrolytes was carried out using the
electrochemical workstation (CHI Model 608E) over the
frequency range from 10 Hz to 0.1 MHz with a symmetrical
cell set-up stainless steel (SS) disc/electrolyte film/SS disc for
mounting the electrolyte samples.

The electrochemical studies were performed with a CR-
2032 coin type cells assembled in an Argon filled glove box.
The operating electrode was prepared by mixing the polymer
composite with carbon black and polyvinylidene fluoride
(PVDF) at a weight ratio of 8:1:1 in 1-methyl-2-pyrrolidone
to form slurry. This slurry was layered on a Cu foil, dried and
cut into circular discs to use in the cell assembly as anode.
Pure Li foil was used as the counter electrode. The electrodes
were separated by a glass fiber soaked in 1 M LiPF6 in ethylene
carbonate (EC)/dimethyl carbonate (DMC) (1:1 by volume).

Electrochemical impedance measurements were conducted
on a CHI660C work station by scanning from 1 MHz to 10
MHz at AC amplitude of 5 mV. Cyclic voltammograms were
recorded using Autolab PGSTAT302n for a CR-2032 coin type
cells, which formed a three electrode cell. The working
electrode (active anode material) was combined with a Li-foil
used as reference and counter electrode and a scan rate of 0.1
mV s–1 between 0.1-3.0 V vs. Li was set.

The galvanostatic charging and discharging were per-
formed using a battery testing system, within the voltage range
of 0.1-3.0 V. For the cycling test, the working electrodes were
cycled at a charge and discharge current density of 10 µA/cm2

for P2ClAni and P2ClAni-SiO2.
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RESULTS AND DISCUSSION

FTIR spectra: Fig. 1 shows the FTIR spectra of P2ClAni
(a) and P2ClAni-SiO2 nanocomposites (b) 5wt.% (c) 10 wt.%
(d) 20 wt.% (e) 30 wt.%. The main bands observed for P2ClAni
are N-H stretching at 3226 cm-1, quinonoid rings at 1564 cm-1,
benzenoid rings at 1492 cm-1 [30,31] and -CH out of plane
bending vibration of 1,2,4-trisubstituted aromatic rings at 896
and 827 cm-1. The peak at 1328 cm-1 is due to the aromatic C-N
stretching vibration. The peak at 744 cm-1 corresponds to the
chlorine atoms attached to the phenyl rings. The vibrations
around 1089 cm-1 are due to an electronic-like band and are
indicative of P2ClAni conductivity [32].
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Fig. 1. FTIR spectra of P2ClAni (a) and P2ClAni-SiO2 nanocomposites
(b) 5wt% (c) 10 wt% (d) 20 wt% (e) 30 wt%

In the FTIR spectra of P2ClAni-SiO2 (5 wt.% silica), shifts
in the wavenumbers were observed after the addition of nano-
silica. The peaks at 1089, 1328, 1492 and 1564 cm-1 were shifted
to 1056, 1289, 1499 and 1577 cm-1, respectively, which confir-
med the encapsulation of nano-silica into the P2ClAni chains
[17]. The peak due to N-H stretching was shifted towards higher
wavenumber at 3251 cm-1. The peak observed at 1034 cm-1 is
related to the Si–O–Si stretching vibration from nano-silica.
The vibration around 1056 cm-1 corresponds to an electronic-
like band and indicates the charged structure. The characteristic
stretching frequencies were shifted towards the lower and higher
frequency sides in the composite when compared to the polymer.

All these peaks clearly revealed the emeraldine salt form and
the interaction between nano-silica and P2ClAni. The same
shifts were also observed in the polymer composites with 10, 20
and 30% nano-silica, which confirm the formation of P2ClAni-
SiO2. The characteristic assignments are tabulated in Table-1.

XRD: Fig. 2 shows the XRD patterns of P2ClAni and
P2ClAni-SiO2 (10 wt.%). The crystalline nature of P2ClAni and
P2ClAni-SiO2 composite was observed. The main diffraction
peak of P2ClAni synthesized by interfacial method at 2θ =
26.5º represents the presence of P2ClAni [33]. Similarly, the
spectrum of the silica composite exposed a diffraction peak,
revealing the semicrystalline nature of the nanocomposite. The
decrease in the intensity may be due to nano-silica dispersion
in polymer matrix and interface interaction with P2ClAni. As
a result, the addition of silica nanoparticles may hinder the
degree of crystallization and attains lower crystallinity.
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Fig. 2. XRD patterns of P2ClAni and P2ClAni-SiO2 (10 wt%)

Thermal studies: Figs. 3 and 4 show the TGA of P2ClAni
and P2ClAni-SiO2 nanocomposite (10 wt.%), respectively. The
polymer begins to react with oxygen in air at low temperature
and loses the majority of its mass from 400-800 ºC. The comp-
osite loses the majority of its mass from 350-800 ºC indicating
the oxidation and decomposition. The thermal stability was
also studied by calculating the integral procedural decomp-
osition temperature (IPDT) and oxidation index (OI) values
according to the procedure developed by Doyle [34]. From the
decomposition temperature IPDT and OI values, the presence

TABLE-1 
FTIR ASSIGNMENTS OF P2ClAni AND P2ClAni-SiO2 NANOCOMPOSITES 

Peak assignments (cm-1) P2ClAni P2ClAni-SiO2   

(5 wt%) 
P2ClAni-SiO2  

(10 wt%) 
P2ClAni-SiO2 

(20 wt%) 
P2ClAni-SiO2 

(30 wt%) 
N-H stretching 3226 3251 3225 3129 3246 
-C=C- stretching of benzenoid rings 1492 1499 1493 1499 1499 
-C=C- stretching of quinonoid rings 1564 1577 1569 1577 1568 
C-Cl stretching 744 754 745 754 748 
Electrical conductivity band 1089 1188 1187 1115 1111 
Asymmetric stretching of Si-O-Si – 1034 1050 1057 1111 
Symmetric stretching of Si-O-Si – 829 820 827 810 
Asymmetric Bending of Si-O  – 480 434 479 474 
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Fig. 3. TGA curve of P2ClAni
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Fig. 4. TGA curve of P2ClAni-SiO2 (10 wt%)

of nano-silica enhanced the thermal stability of polymer
composite as shown in Table-2.

TABLE-2 
IPDT AND OI VALUES OF P2CLANI  

AND P2CLANI-SiO2 (10 wt%) 

Polymer IPDT (°C) OI value 
P2ClAni 352 0.0469 

P2ClAni-SiO2 (10 wt%) 472 0.0755 

 
The glass transition temperatures of P2ClAni and P2ClAni-

SiO2 using DSC under inert atmosphere at a scan rate of 20
ºC/min are shown in Figs. 5 and 6, respectively. The DSC curve
of P2ClAni-SiO2 shows a glass transition temperature of 156 ºC
with the specific heat capacity of 69.14 J/g. The decomposition
temperature of P2ClAni was 520 ºC, while of P2ClAni-SiO2

was 650 ºC. The P2ClAni-SiO2 was thermally more stable than
P2ClAni.

Electrochemical measurements: Nyquist plots of P2ClAni
and P2ClAni-SiO2 (10 wt.% of SiO2) are shown in Fig. 7. Based
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Fig. 6. DSC curve of P2ClAni-SiO2 (10 wt%)
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on the Nyquist plot of P2ClAni, the slope at the low frequency
was related to Li-ion diffusion [35], which expresses the ionic
diffusion behaviour and exhibits a 45º slope.
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The charge transfer resistance Rct of P2ClAni and SiO2

nanocomposites were found to be 1600 and 600 ohm. The
lower charge transfer resistance in the P2ClAni-SiO2 nanocom-
posite associates with the higher conductivity and the large
surface area of the composite. It suggests that the impedance
responses in the low-frequency region indicate a Faradaic
process of the bulk redox transitions of the polymer P2ClAni.
The decrease in the specific capacity was attributed to an increase
in charge transfer resistance and a decrease in the diffusion
coefficient as measured by electrochemical impedance spectro-
scopy. From the above discussion, it is well proved that the
P2ClAni and its nanocomposite material have electrochemical
storage capability.

The higher percentages of nano-silica (20, 30 wt.%) were
polymerized to evaluate the improvement behaviour in the
conductivity of the composites due to the increase in the weight
percentage of silica. The electrical conductivity of P2ClAni
and P2ClAni-SiO2 nanocomposites (with various wt.%) was
found to be in the range of 10-3 S cm-1 as represented in Table-3.
The conductivity of the P2ClAni was in close proximity to the
value as observed by Benykhlef et al. [36]. The result shows
that nano-silica composites have better electrical conductivity
than pure substituted polyanilines. This enhanced conductivity
is due to incorporation of nano-silica particles into the polymer
matrix and this may improve the potential application of the
polymer nanocomposites.

Fig. 8 shows the cyclic voltammetry of P2ClAni electrode
at a scan rate at 0.1 mV s-1 and a voltage range of 0.1 and 3.0 V.
It is clear that the main redox peaks (broad in appearance)
obtained, which shows anodic at 1.5 V indicating oxidation and
cathodic peak at 1.25 V for reduction. The redox peak corres-
ponds to the transition of the leucoemeraldine to emeraldine
on the forward scan and on the backward scan switching back
to leucoemeraldine.
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Fig. 8. Cyclic Voltammetry of P2ClAni electrode between 0.1 and 3.0 V at
a scan rate of 0.1 mV s–1

TABLE-3 
ELECTRICAL CONDUCTIVITY VALUES OF P2ClAni AND P2ClAni-SiO2 COMPOSITES 

Polymer samples P2ClAni P2ClAni (5 wt%) P2ClAni (10 wt%) P2ClAni-SiO2 (15 wt%) P2ClAni-SiO2 (20 wt%) 

Conductivity (S cm–1) 0.14 × 10–3 2.5 × 10–3 0.17 × 10–3 3.25 × 10–3 3.67 × 10–3 

 

The cyclic voltammetry of P2ClAni-SiO2 electrode is
shown in Fig. 9 with the voltage of 0.1-0.3 V. It apparently
depicts that the incorporation of SiO2 induces a slight variation
in path with the reversibility of the electrochemical process,
by showing the reduction peak at 1.4 V attributed to the
formation of Li-Si alloy phases and anodic peak at 0.5 V to
1.2 V due to the reverse de-alloying of Li-Si. This is due to the
possibility of slow diffusion of lithium ion transfer during redox
system or modification of the structure of P2ClAni by the
incorporation of SiO2 nanoparticle during polymer growth [37].
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Fig. 9. Cyclic voltammetry of P2ClAni-SiO2 electrode between 0.1 and 3.0 V
at a scan rate of 0.1 mV s–1

Fig. 10 shows the charging and discharging curve of
P2ClAni/LiPF6 (EC+DMC)/Li coin cell for first cycle at current
density of 10 µA/cm2 with a voltage window of 0.2-3 V. Fig. 12
shows the charging and discharging curve of P2ClAni-SiO2/
LiPF6 (EC+DMC)/Li coin cell for first cycle at current density
of 10 µA/cm2 with a voltage window of 0.2-3 V. Figs. 11 and
13 show the galvanostatic cycling behaviour of P2ClAni and
P2ClAni-SiO2, respectively.

Coin cell with P2ClAni based electrode delivered an initial
discharge capacity of 44.3 mAh/g and then rapidly decreased
to 39.5 mAh/g at the fifth cycle. The discharging capacity of
P2ClAni-SiO2 based electrode was found to be 69 mAh/g and
at end of the fifth cycle it was 30 mAh/g. This decrease in specific
capacity could be ascribed to the large change in volume due to
structural deterioration or may be increase in electrode polari-
zation during cycling.

The practical discharge capacity of P2ClAni-SiO2 (69
mAh g-1) was 48% of the theoretical value and the practical
discharge capacity of P2ClAni (44.3 mAh g-1) was 21% of the
theoretical value [38]. The cell based on nano-silica composite
electrode shows good performance in cycling stability and higher
discharge capacity than P2ClAni.
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Fig. 11. Galvanostatic cycling behaviour of P2ClAni
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Conclusion

Herein, P2ClAni-SiO2 nanocomposites were synthesized
in conducting emeraldine forms by interfacial polymerization.
The spectral results indicate that there was interaction between
nano-silica and P2ClAni and the nanocomposites exist with
reduced crystalline nature. The electrical conductivities of
P2ClAni and P2ClAni-SiO2 (10 wt.%) were 1.4 × 10-4 S cm-1

and 1.7 × 10-4 S cm-1, respectively. Thermogravimetric analysis
results confirmed that the P2ClAni-SiO2 (10 wt.%) showed
good thermal stability and higher IPDT and OI values relative
to P2ClAni. The cyclic voltammograms showed broad redox
peaks indicating reversible Li ion intercalation. The migration
of Li ion through the interface, is indicated by high frequency
semicircle. The galvanostatic charge/discharge profile showed
moderate discharge capacity for P2ClAni of 44.3 mAh g-1 at 10
µA/cm2 and P2ClAni-SiO2 composite of 69 mAh g-1 at 10 µA/
cm2 in 5 cycles. From the above discussion, it is suggested
that P2ClAni-SiO2 can be considered as a good matrix anodic
material for lithium ion batteries. However, the detailed studies
on synthesis and fabrication of P2ClAni and its nano-silica
composite are still needed to meet the requirements for electrode
in lithium ion battery applications.
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