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Abstract New conducting polyaniline (PANI) nano-
composites that were chemically modified by poly(2-
acrylamido-2-methyl-1-propanesulfonicacid) (PMP) and
graphene nanoplatelets (GNPs) were prepared via in situ
deposition. PMP was first synthesized using GNPs, and
aniline hydrochloride monomer was then polymerized in the
presence of PMP-GNPs. The nanopolymer composites were
characterized, and its structural morphology was analyzed
via transmission electron microscopy and scanning electron
microscopy. Fourier transformation infrared spectroscopy
results indicate a strong interaction between PANI, PMP, and
GNPs. To understand the conduction behavior of the
composites, temperature-dependent DC electrical conduc-
tivity was measured between 295 K and 503 K, and the
mechanism of transport properties of the new composites was
analyzed by Mott’s variable range of hopping model. The
PANI/PMP-GNP showed higher conductivity than pure
PANI polymer. The high electrical conductivity of the
nanocomposites may be useful in fabricating multifunctional
materials in bulk for future technological applications.

Keywords Conducting polymer - Graphene nanoplatelets -
Polyaniline - Poly(2-acrylamido-2-methyl-1-
propanesulfonicacid)

Introduction

Multifunctional nanomaterial-incorporated conjugated poly-
mer hybrid materials synthesized using various techniques,
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such as sol-gel synthesis [1, 2], electrochemical deposition
[3, 4], and photochemical deposition [5], have gained
considerable research interest over the years. These materials
in the form of colloids, films, and bulk have superior electro-
catalytic activity [6, 7] and applications in memory devices
[8] and electrochemical supercapacitors [9] over pure
polymeric materials. Therefore, a conjugated polymer that
is integrated with metallic or semiconducting nanoparticles
provides an exciting system to investigate the possibility of
designing device functionality. The polymeric matrix pro-
vides processability and flexibility. Moreover, inorganic
nanomaterials not only improve the mechanical properties of
the host polymer but also give unique properties that differ
from their bulk and atomic counterparts. Thus, polymer
nanocomposite materials represent a new alternative to
conventional nanoscopic inorganic materials.

Polyaniline (PANI) is the most studied conjugated
conducting polymer because of its promising electron
transport properties. PANI shows promising polymer
applications because of its unique properties, environmental
stability, controllable electrical conductivity, and interesting
redox properties that are associated with its nitrogen atoms.
PANI composites prepared with various materials have
received great attention because of their improved process-
ability, fairly good mechanical properties, good conductivity,
and unique applications in various electrical devices.
However, the main problem associated with the effective
utilization of all intrinsically conducting polymers, including
PANI, is caused by their lower conductivity than metals and
their infusibility and poor solubility in all available solvents
[10, 11].

Composite inorganic—organic nanostructures have recently
attracted considerable attention because of their excellent
physical, mechanical, and electrical properties, which include
elevated conductivity, catalytic activity, gas sensitivity, and
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optoelectronic properties [6-9]. Compared with their bulk
counterparts, one-dimensional nanostructures such as wires,
rods, belts, and tubes have become the focus of intensive
research because of their unique applications in mesoscopic
physics and in the fabrication of nanoscale devices [10, 11]. As
a chemical modification method, the blending technique is an
extremely promising approach because it can combine the
attractive features of each blend component while reducing
their deficient characteristics [12, 13]. Many chemically
modified water-soluble monomers/polymers in the form of
surfactants/soft templates were used as a blending component
for conducting polymers [14-16]. Studies on polymer
composites and nanomaterials that are complexed with
water-soluble polymers are one of the recent developments
in the field of chemistry and technology [17, 18].

Various water-soluble polymers have been studied for
homogeneous phase applications [19-21]. Water-soluble
poly(2-acrylamido-2-methyl-1-propanesulfonicacid) (PMP)
and its sodium salts are widely used as effective flocculants
and additives [22]. Several polyelectrolytes based on PMP
showed good chemical stability, high proton conductivity,
and promising applications as direct methanol fuel cells [23,
24]. The water-soluble PMP is a better material as compared
with the surfactants such as camphor sulfonic acid, dodecyl
benzene sulfonic acid, and naphthalene sulfonic acid (NSA)
which have been used previously to help the interaction
between PANI and metal oxide/GNPs. PMP serves as a good
template where PANI chains can bind and thereby enhance
the chemical interaction between PANI and GNP for a good
conducting composites. PMP also shows higher proton
conductivity than partially hydrated Nafion because of the
sulfonic acid groups in its chemical structure [25]; thus, PMP
was selected as a component for a new proton-conducting
electrolyte membrane [26, 27].

Graphene has been recognized as one of the most promising
carbon-based nanofillers for polymer nanocomposites after
fullerene and carbon nanotube because of its several
advantages, such as large specific surface area [28], excellent
electrical conductivity [29], high charge carrier mobility [30],
and easy coagulation in aqueous media and polar solvents.
Moreover, the cost of producing graphene is low because it can
be either oxidized or reduced. However, the uniform
dispersion of graphene nanosheets in the polymer matrix is
one of the critical factors in enhancing the physical properties
of nanocomposites. Graphene nanoplatelets (GNPs) are
multilayer particles consisting of 10 to 30 sheets of graphene
with a strong retention of single-layer properties [31, 32]. The
use of GNPs is desirable because they are cheaper and easier to
produce than single-layer graphene or carbon nanotubes [33].
One of the major challenges in composite synthesis is the
uniform dispersion and efficient use of the secondary phase.
GNPs are easier to disperse, and a single-layer graphene has a
tendency to curl during dispersion. GNPs have a slightly lower
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relative surface area and are particularly promising for
strong interfacial bonding with the matrix because of
their very high surface energy. This high surface energy
is attributed to the high surface area intrinsic to the geometry of
GNPs.

In this study, we have prepared new polymer composites
comprising PANI and GNPs in the presence of the water-
soluble complexing polymer PMP to explore PANI/graphene
composites with better interaction [26, 27]. Reports on the
preparation and applications of composite materials contain-
ing PANI/graphene composites are numerous, and most of
these studies mainly focused on the interaction between
PANI and graphene and on the transport property perfor-
mance of these PANI/graphene composites [34-36]. Al-
though several methods for the fabrication of polymer/GNPs
are available, a simple and efficient method for polymer/GNPs
synthesis is necessary. However, such method has yet to be
developed. The structure of the composite powder sample was
characterized using Fourier-transform infrared spectroscopy
(FTIR), and the diffraction patterns were obtained via X-ray
diffraction (XRD). The surface morphology of the sample was
investigated via scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The temperature
dependence of the DC conductivity of the composites was
measured from 295 K to 503 K.

Experimental part
Materials

Analytical reagent-grade ammonium persulfate hexahydrate
(N,HgSO46H,0, 99.0 %) and 2-acrylamido-2-methyl-1-
propanesulfonicacid (AMP) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Aniline hydrochloride (99 %,
C¢H7/N-HCIl) was purchased from Alfa-Aesar. Graphene
nanoplatelets KNG-150 (GNP) were obtained from Xiamen
Knano Graphite Technology Co. Ltd., Xiamen, China.
NSA (CyoHgO3S xH,0) was purchased from TCI Fine
Chemicals. For all practical purposes, double-distilled water
was used.

Preparation of PMP-GNP nanoparticles

PMP-GNP nanoparticles were prepared via free radical
polymerization in deionized water using ammonium
peroxydisulfate (APS) as the initiator in the presence of
GNPs and AMP monomer at 70 °C in a nitrogen atmosphere.
The weight ratio of AMP monomer to APS initiator and AMP
to GNP for the preparation of PMP-GNP was 1:2 and 2:1,
respectively. After, the PMP-GNP was filtered, and the same
was dried in a vacuum at 80 °C for 12 h to obtain PMP-GNP
nanoparticles.
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Preparation of PANI/PMP-GNP nanocomposites

For the preparation of the PANI/PMP-GNP nanocomposites,
the fixed amount of PMP-GNP nanoparticles with 1.0 g was
dispersed in the water and stirred for 30 min. Then, a known
amount of solid aniline hydrochloride was added to the beaker
varying the concentration of aniline hydrochloride, and the
mixture was continuously stirred for about 30 min. APS
solution was slowly added to the solution with stirring, and the
beaker was stirred for approximately 12 h at room temperature.
The addition of the oxidant (APS) initiated the polymerization
of aniline hydrochloride to form PANI/PMP-GNP nanoparti-
cle composites. The precipitated PANI/PMP-GNP nanoparti-
cle composites were filtered and then washed with distilled
water and acetone. The concentration of aniline hydrochloride
was varied at 0.5, 0.75, and 1.0 M during the preparation
process to investigate the effect of PANI on the conductivity
of the composites. The composites are abbreviated
hereafter as PANI/PMP-GNP-1, PANI/PMP-GNP-2, and
PANI/PMP-GNP-3, respectively. The scheme for the
synthesis process of the composites is shown in Fig. 1.

Characterization of the composites

The procedure for the characterization and measurement of
temperature-dependent DC conductivity of the newly prepared
composites has been described in our earlier research [37—39].
Results and discussion

FTIR characterization

Figure 2 shows the FTIR spectra of the powder samples for
PMP-GNP, PANI/PMP-GNP-1, PANI/PMP-GNP-2, and

PANI/PMP-GNP-3. The spectra of PMP-GNP show the
combined spectrum of PMP and GNP. The spectra contain
several important absorption bands for PMP, suggesting that
the transmittance bands at 1,639 cm™' correspond to the
presence of vc—o (amide) and vc—o (carboxylic acid) at
1,712 cm™'. Other important transmission bands correspond
to vey at 2,927 cm !, and that between 1,395 and
1,446 cm ™' was associated with C-N (amide) [40]. The
FTIR transmission band appeared at 1,550 cm ' [41],
indicating the formation of GNPs. The FTIR spectra of the
PANI/PMP-GNP-1, PANI/PMP-GNP-2, and PANI/PMP-
GNP-3 composites show transmission bands that correspond
to PMP, GNP, and PANI polymer in the composites. The
bands observed at approximately 1,579 and 1,505 cm™ " in the
PANI/PMP-GNP composites are respectively assigned to the
non-symmetric vibration mode of C=C in the quinoid and
benzenoid ring systems in PANI [42, 43]. The stretching
modes of C—N in aromatic amine nitrogen (quinoid system)
in the PANI/PMP-GNP composites were observed at
approximately 1,321 c¢cm™', which corresponds to the
oxidation or protonation state. The absorbance peak at
approximately 1,246 cm' is attributed to the stretching
vibration mode of C—N in the benzenoid ring system of PANI
because it is in its conducting protonated form. The in-plane
vibration of the C—H bending mode in N=Q=N, Q-N+H-B,
or B-N+H-B (where Q is a quinoid and B is a benzenoid)
was observed at approximately 1,145 cm ™ '. The presence of
this transmittance band is due to the polymerization of PANI,
i.e., the polar structure of the conducting protonated form.
The transmittance bands at approximately 871 and 830 cm ™'
are attributed to the aromatic ring and out-of-plane C-H
deformation vibrations for the 1,4-disubstituted aromatic ring
system [44]. If we compare the FTIR spectra of pure PANI
and PANI/PMP-GNP composites, the composites show a
decrease in the values of all bands by a factor of 5 to 10 in the
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Fig. 1 Reaction scheme for the polymerization process for the formation of GMP and PANI/PMP-GNP composites
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Fig. 2 FTIR spectra for PMP-
GNP, PANI/PMP-GNP-1,
PANI/PMP-GNP-2, and PANI/
PMP-GNP-3 powder samples
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PANI/PMP-GNP composites. With increasing PANI con-
centration in the composites, the fingerprint region was found
to shift to a lower wave number, indicating an increase in
conjugation length. This shifting can be attributed to the
change in polymer structure. These data imply the formation
of PANI/PMP-GNP composites.

Surface morphology of the composites

Figure 3 shows the SEM images for PMP-GNP (a, b),
PANI/PMP-GNP-1 (¢, d), PANI/PMP-GNP-2 (e, f), and
PANI/PMP-GNP-3 (g, h) obtained at different magnifications.
After polymerization, fiber or finger-like PMP structures were
found deposited on the surface of the GNP flakes (Fig. 1). PANI
inclusions covering the surface of PMP-GNP or PMP-GNP
nanoparticles are dispersed in the polymer matrix of PANL. An
increase in the concentration of PANI further covers the surface
of PMP-GNPs. The composites can be observed from the
images of PANI/PMP-GNP-1, PANI/PMP-GNP-2, and
PANI/PMP-GNP-3. With increasing PANI concentration, the
surface of PMP-GNP will be embedded more because of the
presence of PANI in the PANI/PMP-GNP composites. Hence,
the interaction between PANI and PMP-GNP in the composites
is increased. In the images of PANI/PMP-GNP-2 and
PANI/PMP-GNP-3, distinguishing the surface of PMP-GNP
and PANI in the composites is difficult. Therefore, we can
suggest that the inclusion of PANI in the composites will result
in an increased interaction between PANI and PMP-GNP.
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Figure 4 shows the TEM images of PMP-GNP (a),
PANI/PMP-GNP-1 (b), PANI/PMP-GNP-2 (c), and
PANI/PMP-GNP-3 (d). A slight cover of PMP polymer in the
form of surface overlaps exists in the GNP of PMP-GNP
(Fig. 4a). The image of PANI/PMP-GNP-1 in Fig. 4b indicates
that an envelope of PANI polymer is present on the PMP-GNP
surface. The overlapping of PANI on the PMP-GNP surface will
increase with increasing PANI concentration in the PANI/PMP-
GNP composites. Therefore, the TEM images in Fig. 4 justify
the SEM results (Fig. 3) and the reaction scheme (Fig. 1).

Table 1 shows the atomic and weight percentage data
obtained from the energy dispersive (EDS) spectra of PMP-
GNP, PANI/PMP-GNP-1, PANI/PMP-GNP-2, and
PANI/PMP-GNP-3. According to these data, C, N, S, and
O exist in PMP-GNP and in the PANI/PMP-GNP compos-
ites, and individual PMP, GNP, and PANI polymer
components are present in the composites. The high
percentage of C, N, O, and S in the PANI/PMP-GNP
composites is attributed to high PANI concentrations. EDS
analysis also indicates that the percentage of C, N, S, and O
increases with increasing PANI concentration in the
PANI/PMP-GNP composites, whereas the percentage of N
decreases. The decrease in N percentage is attributed to the
partial oxidation of either PANI or PMP chains during
PANI/PMP-GNP composite formation. We can suggest the
involvement of N in the formation of the composites based
on the characterization and surface morphology of the
PANI/PMP-GNP composites.
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Fig. 3 SEM images for PMP-
GNP (a, b), PANI/PMP-GNP-1
(c, d), PANI/PMP-GNP-2 (e, f),
and PANI/PMP-GNP-3 (g, h)
composites obtained at different
magnifications
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XRD characterization

Figure 5 represents the powder diffraction pattern (XRD) of
PMP-GNP, PANI/PMP-GNP-1, PANI/PMP-GNP-2, and
PANI/PMP-GNP-3. Given that the PMP-GNP nanoparticles
have a high amount of GNP, the diffraction pattern of the PMP-
GNP nanoparticles is the same as that of the GNP nanoparticles.
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The diffraction pattern of the PMP-GNP nanoparticles contains
the most intense peak at 26.5°, which corresponds to the (002)
plane of hexagonal graphite and a d-spacing of 0.34 nm. This
spacing corresponds to the interlayer spacing between the
graphite layers. Along with this intense peak, three other peaks
are present at 26 values of 43.5°, 45.5°, and 54.3°, which
correspond to the (100), (101), and (004) planes, respectively.
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Fig. 4 TEM images for PMP-
GNP (a), PANI/PMP-GNP-1
(b), PANI/PMP-GNP-2 (c), and
PANI/PMP-GNP-3

These peaks correspond to the few layer structures present in the
sample [45]. The diffraction pattern for GNPs in the PMP-GNP
nanoparticles was similar to the sample indexed in JCPDS No.
00-012-0212. The diffraction pattern of PANI/PMP-GNP-1
indicates a slight broadening of GNP peaks, which can be
attributed to the inclusion of PANI in the composites. An
increase in PANI concentration in the composites will result in
the further broadening of GNP diffraction peaks in PANI/PMP-
GNP-2. A complete disappearance of GNP peaks is present in
PANI/PMP-GNP-3. Only one broad peak is observed at
20=25°, which can be attributed to the PANI chains in
the composite. As shown in Fig. 3, the disappearance of
GNP peaks in the PANI/PMP-GNP composites is caused
by an increase in the concentration of PANI, which is
embedded on the surface of PMP-GNP nanoparticles.

Temperature-dependent DC conductivity of PMP-GNP
and PANI/PMP-GNP composites

The relation between the DC conductivity and temperature
on the polymer sample can provide important information

concerning the nature of the phenomena related to the charge
transport in a polymer system. Temperature-dependent
electrical conductivity was examined to investigate the charge
transport mechanism in the PMP-GNP and PANI/PMP-GNP
composites. Figure 6 shows the log(o) versus 1/T for the PMP-
GNP and PANI/PMP-GNP composites in the range of 295 K
to 503 K. The DC conductivity trend of the PANI/PMP-GNP
composites is similar to that of PANI [38, 39]. Results show
that the conductivity of the PMP-GNP and PANI/PMP-GNP
composites increases with increasing temperature. This
increase in conductivity with increasing temperature indicates
the semiconducting behavior of the composites. The conduc-
tivities of PMP-GNP, PANI/PMP-GNP-1, PANI/PMP-GNP-
2, and PANI/PMP-GNP-3 are 1.15x 107>, 0.039, 0.106, and
0.86Scm ' at295K and 1.101,3.07,5.32,and 6.07 S cm ' at
503 K, respectively.

The charge transport mechanism was analyzed using
Mott’s variable range hopping (VRH) model [46]. This
mechanism is used widely to explain the DC conductivity of
disordered and amorphous materials. Figure 7 shows the plot
of log(oT"?) versus T ~""* for PMP-GNP, PANI/PMP-GNP-

Table 1 Atomic and weight percentage data obtained from the EDS spectra for the PMP-GNP and PANI/PMP-GNP composites

Element Atomic % Weight %

C N S (¢} C N S (¢}
PMP-GNP 70.17 14.03 4.47 25.36 60.55 10.19 10.30 29.15
PANI/PMP-GNP-1 64.32 13.05 3.95 8.98 2722 9.80 9.45 10.06
PANI/PMP-GNP-2 60.54 11.19 4.85 10.83 43.02 6.87 11.06 11.29
PANI/PMP-GNP-3 56.19 3.45 4.79 28.50 49.25 5.52 10.98 33.27
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Fig.5 X-ray diffraction pattern for PMP-GNP nanoparticles and PANI/
PMP-GNP-1, PANI/PMP-GNP-2, and PANI/PMP-GNP-3 composites

1, PANI/PMP-GNP-2, and PANI/PMP-GNP-3. According to
Mott's VRH mechanism of charge transport, the following
relation was considered [46]:

o = Toexp [—(TO/T)‘/“} (1)
0, = VRN (E) (2)
T, = Aa/kN(E), (3)

where o, is the intrinsic conductivity at Mott’s value of
characteristic temperature 7,; e is the electronic charge; v is
the hopping frequency; A is the dimensionless constant taken

log(c T *)(S/em -K"?)

24
—a— PMP-GNP
—@— PANI/PMP-GNP-1

3 —A— PANI/PMP-GNP-2 -
—v— PANI/PMP-GNP-3

T T T T T T
0210 0.215 0220 0225 0230 0235 0.240 0.245
(T 14 )( K™ )

Fig. 7 log(cT"?) versus T""* for PMP-GNP and PANI/PMP-GNP
composites

as 18.1 in this calculation by considering the previous report
[47]; s the inverse rate of fall of the wave function [46—48];
k is Boltzmann’s constant; N(E) is the density of states at the
Fermi level; R is the hopping distance. R was obtained
through the following equation:

R = [9/8mak TN(E)]'*. (4)

The average hopping energy W can be estimated by
identifying the hopping distance R and the density of states at
the Fermi level N (E) by the following equation:

W =3/4tR*N(E). (5)

A straight line was obtained by plotting log(c7"?) versus
7 ' By using the plot, the values of slope 7,, hopping
distance (R), Fermi level (NV(E)), and average hopping energy
(W) can be obtained by assuming that the conduction is three-

64 Y _:_l‘:m’]% GNP dimensional. In Fig. 7 depicting the log(cT"?) versus 7~/
A —A— PANI/PMP-GNP-2 curves, the values of T;,, N(E), W}, and R, were determined by
£ X‘(x —w—PANI/PMP-GNP-3 assuming the value of a=10 A [46, 47] and summarized in
9
@ xx‘ Table 2.
e 47 g‘x On the basis of the conductivity results shown in Table 2,
2 xx“( the conductivity mechanism can be explained as follows: The
2 | %A%
1 ¥,
£ 2 ! A Yy
5 'x. \AAA vy Table 2 Values of T,,, R, N(E), and W), for the PMP-GNP and PANI/
® ='W v'“vv',v PMP-GNP composites obtained from Fig. 7
\:..';‘”AAA““ TYVVVV VY vvyy—vy
%000000 AhAasaa,s Composites T, N () (10*°) R, W,
04 sennnnnasSSS0RA A A 0400004 10K) (@V'em?® (A) (V)
T L] | T T T L] I
2.0 2.2 24 2.6 2.8 3.0 3.2 34 PMP-GNP 254 0.79 23 0.21
1000/T ( K ) PANI/PMP-GNP-1 20.91 0.35 19 0.17
PANI/PMP-GNP/-2 17.36 0.78 21 0.15
Fig. 6 Conductivity versus inverse of absolute temperature for PMP- PANI/PMP-GNP-3 9.89 1.05 20.9 0.12

GNP and PANI/PMP-GNP composites
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PMP-GNP has a large surface area by the possessing with
GNP which can provide the sites for the adsorption of
anilium cations. Therefore, PMP-GNP can preferentially
form the PANI polymer composites by the polymerization of
aniline. As the concentration of PANI increases, the PANI
polymer covers more surface area of PMP-GNP in the
composites. The composites PANI/PMP-GNP-1 possess
relatively higher hopping energy (#},) as compared with
PANI/PMP-GNP-2 and PANI/PMP-GNP-3. Therefore, it can
be suggested that the conductivity in PANI/PMP-GNP-1
occurred via hopping process.

However, both the hopping distance R;, and the hopping
energy W decreased with increasing PANI concentration as
shown in Table 2. The PANI increased composites system
become disordered because of the incorporation of PANI
nanoparticles within the PANI/PMP-GNP composite, leading to
the enhancement of the localized states of the charge carriers
(small polaron). This enhancement is indicated by the increase
in density of states N(E), which in turn decreases the hopping
distance. The decrease in ¥}, also implies that, with the increase
in disorder in the system, less energy was needed for the carriers
to make a transition from two different localized states.

The characterization, surface morphology, and XRD
studies suggest that in the prepared PANI/PMP-GNP
composites, the presence of increased concentration of PANI
polymer results in the encapsulation of PMP-GNP. The
addition of aniline hydrochloride also causes the polymer-
ization to form a composite. The incorporation of PMP
polymer is assumed to assist in improving the interaction
between PANI and GNPs. Increased conductivity is also
suggested to be caused by the increased mobility of the
charge carriers, which is consequently caused by increased
PANI concentration in the composites. Increased temperature
facilitates the mobility of charge carriers, thereby further
enhancing the conductivity.

Conclusion

In this study, new polymer composites containing
PANI/PMP-GNP composites were synthesized via in situ
deposition in the presence of different concentrations of
PANI. The incorporation of PMP and GNPs further enhanced
the conductivity of PANI. Enhancement in the temperature-
dependent DC electrical conductivity can be attributed to the
flow of electrons/charge carriers through the polymer chains
of PANI, which is assisted by the presence of PMP-GNP.
Therefore, the incorporation process of PMP-GNP in the
PANI composite can cause the conductive polymer compos-
ite of PANI into a cost-effective method. Given their high
electrical conductivity, the nanocomposites may be useful in
fabricating multifunctional materials in bulk quantity for
future technological applications.
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