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Abstract Nanocomposites of polyaniline (PANI) were prepared in different molar ratios on Carbon nanotubes (CNTs)
and Graphene nanosheets(GNs) substrates, separately. The nanocomposites were synthesized by in-situ oxidative
polymerization method and characterized to understand the nanocomposites formation of the materials. Physicochemical
characteristics of prepared nanocomposites were evaluated by means of UV-Visible, FTIR and X-ray diffraction (XRD)
techniques. The morphology of the nanocomposites was studied by scanning electron microscopy (SEM). It was found that
CNTs and GNs with PANI formed uniform nanocomposites with distinct morphologies. Enhancement in the electrical

conductivity of the nanocomposites was observed with the addition of substrates to the PANI.
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1. Introduction

Conducting polymers (CPs) and their composites have
been intensively studied as nanostructured organic materials.
They have attracted attention in the fields of fundamental
and applied researches. This growing interest arises due to
their unique properties or combination of properties,
achieved by confining the dimensions and their reduced
structural disorder. Their synthesis and chemical
modification offer numerous possibilities and potential for
commercial applications owing to their relatively high
conductivity, unique surface morphology with high specific
surface area, environmental stability etc [1-7]. Among the
various available organic conducting polymers like
polythiophene (PT), polyaniline (PANI), polypyrrole (PPy),
poly(3,4—ethyledioxythiophene) (PEDOT) and
poly(p-phenylene vinylene) (PPV) etc. polyaniline (PANI)
has gathered considerable attention owing to its fascinating
electronic conductivity, simple synthesis and processabiliy,
environmental stability, good electrochemical properties
derived from conjugated m-electron system and suitability
for fabricating composites with various binders and
substrates [8-11]. However, conducting polymers have poor
mechanical strength and lower cycle life which limits their
use in energy storage devices like supercapacitors.
Researchers have overcome this problem by fabricating
polymer composites and hybrid assemblies [12-14].
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Carbon  nanotubes (CNTs) are 1-dimensional
nanomaterials with carbon framework. They have received a
great interest for the development of novel materials and
functional devices. It is well known that the properties of
conducting polymers, include charge storage, cycle life,
electrical conductivity and mechanical strength are greatly
enhanced with the introduction of carbon materials like
CNTs into conducting polymers [15-16]. This is associated
with the unique mechanical, thermal, electrical, electronic
and optical properties of CNTs, which make them widely
studied filler or substrate materials. The composite formation
from the conducting polymers and CNTs produces a hybrid
material possessing the inherent properties of each
component with a synergistic effect [17-19]. In addition, the
thin layer of conducting polymers provides an efficient
functionality for a variety of potential applications owing to
effective charge drainage /transfer. These advanced
materials have diversified applications in sensors, batteries,
supercapacitors, solar cells, actuators, electromagnetic
shielding and electronic devices [20].

Graphene nanosheets (GNs), a 2-dimensional monolayer
of sp” bonded carbon atoms, have been recognized as a
promising, cost effective and high quality alternative to
CNTs. Graphene nanosheets exhibit outstanding electrical
conductivity at room temperature due to their very high
electron mobility [21]. They also possess larger specific
surface area and excellent mechanical properties comparable
with CNTs [22]. The doping of PANI with graphene
nanosheets result in remarkable increase in stability, high
degree of ordering, enhanced charge mobility and
mechanical strength of the composites. Such encouraging
features provide these nanocomposites with a wide range of
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applications in many technological aspects such as lithium
ion batteries, nanoelectronics, supercapacitors, sensors,
catalysts etc [23]. However, preparing composites with a
homogeneous dispersion of individual graphene nanosheets
with in the smooth thin polymer layer is quite a challenge.
In the present work, we report the synthesis of the
nanocomposites of PANI on CNTs and GNs substrates by
oxidative polymerization and their comparative study on the
physicochemical, morphological and conductive properties.

2. Experimental

2.1. Materials

Aniline (99%) was purchased from E. Merck Ltd. (India)
and was vacuum distilled. GNs was purchased from XG
Science and multiwalled carbon nanotubes having diameter
10-12 nm and length lpm was procured from Nanocyl
(Belgium). All other chemicals like hydrochloric acid (HCI),
ammonium peroxydisulfate (NH4) S,Og (APS), ethanol,
N,N-dimethyl formamide (DMF) was obtained from S.D.
Fine Chem. Ltd. All the chemicals were of analytical grade
and were used as received. Aqueous solutions were prepared
in deionized water.

2.2. Synthesis of Composites

Nanocomposites of PANI with CNTs and GNs were
prepared by in-situ oxidative polymerization using APS as
oxidant. Aniline was first distilled under vacuum to remove
the oxidation impurities. 0.1 g of CNTs was dispersed in 1M
HCI and then ultrasonicated for 4 hours for dispersion.
Varying amounts of aniline monomer (0.1M, 0.25M, 0.5M)
using 1M HCI as solvent, was added to the flask containing
ultrasonicated CNTs. The mixture was again ultrasonicated
for 2 hours. Freshly prepared APS solution in 1M HCI was
added dropwise to the aniline-CNTs mixture while
maintaining stirring for 5 hours. The ratio of monomer to
oxidant 1:1 was taken and temperature of the reaction
mixture was maintained at 0-5°C. The resulting solution was
filtered and washed with water and methanol thoroughly to
remove the unreacted oxidant and low molecular weight
oligomers. The product was dried in vacuum oven at 60°C.
Same procedure was followed for the preparation of
composites of PANI with taking 0.1g GNs. PANI was also
prepared as above where 0.25 M of aniline was dissolved in
initial polymerization solution. The PANI-CNTs and
PANI/GNs nanocomposites with different monomer
concentration of aniline will be designated as concentration
of aniline in parenthesis CPA1 (0.1 M), CPA2 (0.25 M),
CPA3 (0.5 M) and GPAL1 (0.1 M), GPA2 (0.25 M), GPA3
(0.5 M) respectively.

2.3. Characterization

Infrared spectrum (KBr pellet) was recorded by using
Fourier transform infrared spectrophotometer (Perkin Elmer,
90776) for chemical structural identification of the prepared
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composites. The UV-Visible spectrum of the composites

was recorded using Shimadzu UV—(2450)
Spectrophotometer. The ordered structures of the
composites were studied by XRD method. X-Ray

diffraction data was obtained on (Phillips Xpert Pro) with
CuKoa radiation (1.54060A) by applying 45KV voltage.
Surface morphology of the composites was obtained by
scanning electron microscope (SEM) (Carl Zeiss EVO 40
and EVO 50, Germany). Conductivity measurements were
carried out using two — Probe resistivity measurement
system (RIGOL DM3068).

3. Results and Discussion

3.1. FTIR Spectra
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Figure 1. FTIR spectrum of PANI, PANI/CNTs (CPA1) and PANI/GNs

(GPAL)

Figure 1 shows the FTIR spectrum of PANI, PANI/CNTs
and PANI/GNs nanocomposites. The spectrum of PANI
shows peak at 3434 cm’ which is attributed to N-H
stretching vibrations. The bands near 1600cm™ & 1453cm’™
shows the quinoid and benzenoid ring vibrations,
respectively [13]. The absorption band at 1293.60cm™ is
assigned to C-N stretching of secondary aromatic amines.
The strong band at 1124cm™ is a measure of degree of
electron delocalization and hence it is characteristic peak of
PANI conductivity [24]. On incorporation of CNTs in PANI
the peaks at 1600 cm™, 1453.56cm™ and 1125.63cm™ are
shifted to 1588.64 cm’, 1462.45cm™ and 1116.75cm’
respectively. The red shift observed in the nanocomposites
indicates the conversion of benzenoid structure to polaron
structure in the PANI chains. Also, there is a increase in the
intensity of peaks .This shows effective degree of electron
delocalization owing to the interactions between CNTs and
PANI [24- 25]. On comparing the spectra of PANI and PANI
/GNs nanocomposites, similar peaks are also observed in the
spectrum of PANI/GNs nanocomposites at 3440 cm™', 1583
em™, 1483 cm™, 1304 cm™, 1133 em™, 1013 cm™. The peaks
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observed at 1585cm™and 1297 cmare red shifted and all
peaks are observed with increased intensity indicating that
there is interaction between PANI and GNs enhancing the
degree of delocalization of PANI [26].

3.2. UV-Visible Spectroscopy
The UV-Visible spectrum of the prepared PANI and its

composites are recorded in (DMF) and illustrated in Figure 2.

In the spectrum of PANI absorbance bands near 340nm,
463nm and 641 nm are observed , which are attributed to n-
m* transition in benzenoid rings, polaron - w* electronic
transition and exciton like transition from the benzenoid
rings to the quinoid rings, respectively that further confirms
the formation of emeraldine form of PANI [27-28].
PANI/CNTs nanocomposites show one band at 273 nm and
other band which is red shifted at 355.75 nm. A broad band
between 600-800 nm is observed which indicates charge
transfer interactions between PANI and CNTs that attributes
to conductivity [29-30]. The bands in PANI/GNS
nanocomposites are also appeared at 327 nm, 443nm and 633
nm. This indicates interaction of PANI with GNs [31-32].
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Figure 2. UV- Visible spectrum of PANI/GNs (GPAl), PANI and

PANI/CNTSs (CPAI)

3.3. X-Ray Diffraction

The structure of the composites was also determined by
powder X-Ray diffraction technique and displayed in Figure
3. The main peaks in the PANI XRD pattern are located at 260
= 8.9°, 15.0°, 20.4°, 25.5°, 27.0° which correspond to the
(001), (010), (011), (020) and (200) crystal planes of PANI
in its emeraldine salt form, respectively [32-33].
Nanocomposites of PANI-CNTs show peaks similar to
PANI and the peaks intensity is also close to that of PANI.
For CPA1 the only peak characteristics of PANI is observed
at 25.9°. The characteristics peaks of PANI became
prominent as the concentration of aniline increases in the
nanocomposites. No additional crystalline peak is observed
indicating that crystal structure of PANI is maintained in the
nanocomposites. For the nanocomposites GPA1 and GPA2
the peaks of PANI at 8.9°, 15.0°, 20.4° disappeared with
only the peak at 26.6° existing which indicate that GNs has a
strong interaction with the benzene rings of PANI. GPA3
nanocomposite show all the peaks observed for PANI. The
XRD results confirmed the formation of nanocomposites and
indicate that PANI and its nanocomposites has crystalline
structure.
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Figure 3. a) XRD spectra of PANI, CPA1, CPA2 and CPA3 and b) XRD

spectra of PANI, GPA1, GPA2 and GPA3

3.4. Scanning Electron Microscopy (SEM)

Figure 4 shows the SEM images of neat PANI, CNTs,
GNs and their nanocomposites. The neat PANI shows the
formation of agglomerated and irregular granules of PANI
along with nanofibers growing from the surface. The average
size of these granules is in the range of 100 nm and of
nanofibers is 40 nm. After in-situ polymerization of PANI
onto CNTs, the surface of the CNTs become rough,
indicating the deposition of PANI over CNTs. Compared
with neat PANI, the composites are in the tubular form,
which is much ordered than that of PANI granular form. The
diameter of the PANI/CNTs nanocomposites became larger
than pristine CNTs and it increases with increasing the
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aniline concentration in the initial polymerization solution
[30, 34]. The SEM images confirmed the nanolayer
deposition of PANI on the surface of CNTs. GNs in figure 4
displays lamellar structure. Composites GPA1 shows
uniform coating of PANI in the form of small rods on the
surface of GNS which is completely different from neat
PANI morphology. This reveals that GNs supports the
uniform adsorption of aniline molecules by the electrostatic
forces of attraction. When APS was added into the
ultrasonicated reaction mixture of GNs and aniline the
adsorbed aniline molecules were initiated to polymerize
from the adsorbed sites and started growing which resulted
in the formation of these small rods [35]. On increasing the
concentration of aniline in GPA2 and GPA3 it was found that

Figure 4. SEM images of GNs, CNTs, PANI, CPA1, CPA2, CPA3, GPA1, GPA2 and GPA3
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compact and non-uniform layer of PANI has been coated
with the formation of interconnected fibers [36]. This
indicates that on increasing the initial concentration of
aniline monomer while keeping the concentration of GNs
constant, PANI particles did not get sufficient GNs as
template and they escaped from the surface of GNs and get
agglomerated. Therefore, GPA1 having most uniform PANI
deposition results in highest conductivity whereas GPA3
shows least conductivity among the three composites.
Similarly among the composites of PANI/CNTs, CPA1
shows highest conductivity having the thinnest deposition of
PANI layer while CPA3 with thickest coating of PANI have
the lowest conductivity.
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3.5. Conductivity Measurements

The DC conductivity of neat PANI and its
nanocomposites with CNTs and GNs was determined by
pressed pellets using two- probe resistivity measurement
system. The values of conductivity for nanocomposites have
been listed in Table 1. The nanocomposites showed
relatively high electrical conductivity compared to that of
neat PANI. The enhanced conductivity indicated the
formation of conductive networks between the quinoid rings
of PANI and CNTs / GNs substrates which facilitates
delocalization of m-electron and leading to enhanced
conductivity [30, 32, and 37]. The maximum conductivity of
6.316 Sm™ was observed for CPA1 and 0.946 Sm™ for GPA1
which is higher by order of 2 and 1 respectively, than neat
PANI. Although the conductivities of nanocomposites is
higher than the pristine polymer but the concentration of
aniline monomer in the initial polymerization solution had a
pronounced effect on con ductivity. It is noticeable that
conductivity of nanocomposites decline with increment in
the molar concentration of aniline monomer. It could be due
to the thickness of the coating of conducting polymer
increases which adversely affect the overlapping of the
carbon p, orbitals and valence orbitals of polyaniline. This
influence the electron charge transfer resulting in the decline
in conductivity of the synthesized nanocomposites [38-39].

Table 1. Conductivities of PANI and all Nanocomposites

Sample Conductivity (Sm™)

PANI 6.4 x 107

CPA1 6.316

CPA2 0.385

CPA3 0.275

GPA1 0.946

GPA2 0.563

GPA3 0.228

4. Conclusions

A series of nanocomposites involving polyaniline (PANI),
Carbon nanotubes (CNTs) and Graphene nanosheets (GNs)
have been successfully synthesized by oxidative
polymerization. FTIR and UV-Visible characterizations
confirmed the existence of PANI in doped state in both series
of the nanocomposites. XRD data revealed the crystalline
nature of the polymer and its nanocomposites. SEM
confirmed the uniform deposition of PANI thin film over
CNTs/GNs  substrates which resulted in  higher
conductivities of these nanocomposites. These materials can
be potential candidates for applications like sensors, batteries,
supercapacitors, solar cells, electromagnetic shielding and
electronic devices.

ACKNOWLEDGEMENTS

Authors are thankful to the TDT Division of Department
of Science & Technology, Government of India for
providing financial assistance in the form of major research
project.

REFERENCES

[1] Luo,J., Zhang, H.P., Huang, H.G., Wu, L.L., Lin, Z.H., 1999,
Electrochemical-Assembly Approach to Nano-Ordered
Conducting Polymer Films., Mol. Cryst. and Liq. Cryst.,
337(1), 157 — 160.

[2] MacDiarmid, A.G., Chiang, J.C., Richter, A.F., Epstein, A.J.,
1987, Polyaniline: A new concept in conducting polymers.,
Synth. Met. 18(1-3), 285 —290.

[3] Xia, Y., Yang, P., Sun, Y., Mayers, B., Gates, B., Yin, Y.,
Kim, F., Yan, H., 2003, One-Dimensional Nanostructures:
Synthesis, Characterization, and Applications., Adv. Mater.
15(5), 353 — 389.

[4] Tran, H.D., Li, D., Kaner, R.B., 2009, One-Dimensional
Conducting Polymer Nanostructures: Bulk Synthesis and
Applications., Adv. Mater. 21(14,15), 1487 — 1499.

[5] Fakirov, S., Bhattacharyya, D., Panamoottil, S.M., 2014,
Converting of Bulk Polymers Into Nanosized Materials With
Controlled Nanomorphology., Int. J. Polymeric Materials and
Polymeric Biomaterials, 63(15), 777 — 793.

[6] Lorcy, JM., Massuyeah, F., Moreau, P., Chauvet, O.,
Faulques, E., Wery, J, Duvail, JL.” Coaxial
nickel/poly(p-phenylene vinylene) nanowires as luminescent
building blocks manipulated magnetically” Nanotechnology,
20, 405601/1-7 (2009).

[71 Xu, J., Wang, K., Zu, S.Z., Han, B.H., Wei, Z., 2010,
Hierarchical Nanocomposites of Polyaniline Nanowire
Arrays on Graphene Oxide Sheets with Synergistic Effect for
Energy Storage., ACS Nano, 4(9), 5019 — 5026.

[8] Kang, E.T., Neoh, K.G., Tan, K.L., 1998, Polyaniline: A
polymer with many interesting intrinsic redox states ., Prog.
Polym. Sci. 23(2), 277 — 324.

[9] Bai, H., Shi, G., 2007, Gas Sensors Based on Conducting
Polymers., Sensors, 7(3), 267 — 307.
[10] Li, D., Huang, J., Kaner, R.B., 2009, Polyaniline Nanofibers:
A Unique Polymer Nanostructure for Versatile Applications.,
Acc. Chem. Res. 42(1), 135 — 145.
[11] Patil, S.L., Pawar, S.G., Chougule, M.A., Raut, B.T., Godse,
P.R., Sen, S., Patil, V.B., 2012, Structural, Morphological,
Optical, and Electrical Properties of PANi-ZnO
Nanocomposites ., Int. J. Polymeric Materials and Polymeric
Biomaterials, 61(11), 809 — 820.
[12] Qin, W., Jiang ling, L.I., Zhang, W K., Xing-dong, W., 2008,
Activated carbon coated with polyaniline as an electrode
material in supercapacitors., New Carbon Materials, 23(3),
275 —280.



[14]

[15]

[16]

[17]

[19]

[20]

(21]

Ashok. K. Sharma et al.:

Sharma, A.K., Sharma, Y.P., 2012, Pseudo Capacitive
Studies of Polyaniline-Carbon Nanotube Composites as
Electrode Material for Supercapacitor. Analytical Letters,
45(14), 2075 — 2085.

Zhang, K., Zhang, L.L., Zhao, X.S., Wu., 2010, Graphene/
Polyaniline Nanofiber Composites as Supercapacitor
Electrodes., Chem. Mater. 22(4), 1392 — 1401.

Lin, Y.W., Wu, T.M., 2011, Synthesis and characterization of
water-soluble polypyrrole/multi-walled carbon nanotube
composites., Polym. Int. 60(3), 382 — 388.

Koizhaiganova, R.B., Kim, H.J., Vasudevan, T., Lee, M.S.,
2008, Electrical and Optical Properties of Conducting
Poly(3-hexylthiophene)/Multi-walled ~ Carbon  Nanotube
System., Int. J. Polymeric Materials and Polymeric
Biomaterials, 58(2), 120 — 128.

Peng, H., 2008, Aligned Carbon Nanotube/Polymer
Composite Films with Robust Flexibility, High Transparency,
and Excellent Conductivity., J. Am. Chem. Soc. 130(1), 42 —
43.

Abalyaeva, V.V., Nikolaeva, G.V., Effimov, O.N. Russian.,
2008, Preparation and Study of Polyaniline- and
Multiwall-Carbon-Nanotube-based Composite Materials., J.
Electrochemistry, 44(7), 828 — 834.

Chen, P., Kim, H.S., Jin, H.J., 2009, Preparation, Properties
and  Application of Polyamide/Carbon  Nanotube
Nanocomposites., Macromolecular Research, 17(4), 207 —
217.

Baughman, R.H., Zakhidov, A.A., De Heer, W.A., 2002,
Carbon Nanotubes—the Route Toward Applications”
Science, 297(5582), 787 — 792.

Novoselov, A.K., Geim, A.K., Morozov, S.V., Jiang, D.,
Zhang, Y., Dubonos, S.V., Grigorieva, 1.V., Firsov., 2004,
Electric Field Effect in Atomically Thin Carbon Films., A.A.
Science, 306(5696), 666 — 669.

Lee, C., Wei, X., Kysar, J.W.; Hone., 2008, Measurement of
the Elastic Properties and Intrinsic Strength of Monolayer
Graphene., J. Science, 321(5887), 385 — 388.

Ding, Z., Yi, C., Hang, H.B.,2012, Graphene-based hybrid
materials and their applications in energy storage and
conversion., Chinese Science Bulletin, 57(23), 2983 — 2994.

Yang, J., Wang, X., Wang, X., Jia, R., Huang, J., 2010,
Preparation of highly conductive CNTs/polyaniline
composites through plasma pretreating and in-situ
polymerization., J. of Physics and Chemistry of Solids, 71(4),
448 — 452.

Huyen, D.N., Chien, N.D., 2008, Gas Sensing Characteristics
of Polyaniline Single-Wall Carbon Nanotube Composites., J.
of Korean Physical Society, 52(5), 1364 — 1367.

Luo, J., Jiang, S., Mu, Y., Chen, M., Liu, X., 2012, Synthesis
of stable aqueous dispersion of graphene/polyaniline
composite mediated by polystyrene sulfonic acid., J. of
Polymer Science part A; Polymer Chemistry, 50(23), 4888 —
4894.

(27]

(28]

[29]

[33]

[36]

[39]

Studies on Nanocomposites of Polyaniline Using Different Substrates

Upadhay, P.K., Ahmad, A. 2010, chemical synthesis, spectral
characterization and stability of some electrically conducting
polymers. Chinese Journal of Polymer Science, 28(2), 191 —
197.

Li, Y., Peng, H., Li, G., Chen, K., 2012, Synthesis and
electrochemical performance of sandwich-like polyaniline/
graphene composite nanosheets ., European Polymer Journal,
48(8), 1406 — 1412.

Yu King, R.C., Roussel, F., Brun, J.F., Gors, C., 2012,
Carbon nanotube-polyaniline nanohybrids: Influence of the
carbon nanotube characteristics on the morphological,
spectroscopic, electrical and thermoelectric properties., Synth.
Met. 162(15-16), 1348 — 1356.

Yan, H., Kou, K., 2014, Enhanced thermoelectric properties
in polyaniline composites with polyaniline-coated carbon
nanotubes., J. Mater. Sci. 49(3), 1222 — 1228.

Stejskal, J., Kratochvil, P., Radhakrishnan, N., 1993,
Polyaniline Dispersions 2.UV- Vis absorbtion spectraSynth.
Met. 61(3), 225 — 231.

Saini, D., Basu, T., 2012, Synthesis and characterization of
nanocomposites based on polyaniline-gold/graphene
nanosheets” App. NanoSci. 2(4), 467 — 479.

Tung, N.T.; Khai, T.V.; Jeon, M.; Lee, Y.J.; Chung, H.; Bang,
J.H.; Sohn, D., 2011, Preparation and characterization of
nanocomposite based on polyaniline and graphene
nanosheets., Macromolecular Research, 19(2), 203 — 208.

Sharma, A.K., Sharma, Y., 2013, p-toluene sulfonic acid
doped polyaniline carbon nanotube com-posites: synthesis
via different routes and modified properties., J. of
Electrochemical Science and Engineering, 3(2), 47 — 56.

Li, J., Xie, H,, Li, Y., Liu, J., Li, Z., 2011, Electrochemical
properties of graphene nanosheets/polyaniline nanofibers
composites as electrode for supercapacitors., J. of Power
Sources, 196(24), 10775 — 10781.

Huang, Y.F., Lin, C.W., 2012, Facile synthesis and
morphology control of graphene oxide/polyaniline
nanocomposites via in-situ polymerization process., Polymer,
53(13), 2574 — 2582.

Cui, L., Yu, J, Lv, Y., Li, G., Zhou, S., 2013, Doped
polyaniline/multiwalled carbon nanotube composites:
Preparation and characterization., Polymer Composites, 34(7),
1119 -1125.

Bourdo, S., Li, Z., Biris, A.S., Watanabe, F., Viswanathan, T.,
Pavel, 1., 2008, structural, electrical and thermal behavior of
graphite-polyaniline composites with increased crystallinity.,
Adv.Funct.Mater, 18(3), 432 — 440.

Feng, W., Bai, X.D., Lian, Y.Q., Liang, J., Xang, X.G.,
Yoshino, K., 2003, Well-aligned polyaniline/
carbon-nanotube composite films grown by in-situ aniline
polymerization., Carbon, 41, 1551 - 1557.



	1. Introduction
	2. Experimental
	3. Results and Discussion
	4. Conclusions
	ACKNOWLEDGEMENTS

