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ABSTRACT

Using innovative approach, the electrically
conductive  dodecylbenzenesulfonic acid
(DBSA) doped polyaniline@graphene
(Pani@GN) nanocomposites containing
different amounts of graphene were
prepared by in-situ oxidative polymerization
by wusing KjS;0s as an  oxidant.
Cetyltrimethylammonium bromide (CTAB)
was added into the reaction mixture for
uniform and homogeneous distribution of

components in the Pani@GN:DBSA
nanocomposites. Thus prepared
nanocomposites were characterized by

Fourier Transform Infra-red Spectroscopy
(FTIR), X-Ray Diffraction (XRD), Field
Emission Scanning Electron Microscopy
(FESEM), Thermogravimetric  Analysis
(TGA) and Differential Thermal Analysis
(DTA). CTAB and DBSA played the role of
surfactant for the enhanced uniform
dispersion of graphene sheets within the
polymer matrix besides DBSA acted as
dopant also. Incorporation of graphene
nanofiller improved electrical properties and
thermal stability of nanocomosites. The
FTIR supports the presence of n—=n
interactions between Pani and GN due to the
formation of charge-transfer
nanocomposites. Pani@GN:DBSA
nanocomposites showed higher thermal
stability than the Pani: DBSA. Stability in
terms of DC electrical conductivity retention
was studied by isothermal and cyclic ageing

techniques and was observed to be better
than that of Pani wunder ambient
environmental conditions.

Keywords: DBSA  doped Pani@GN
nanocomposites, in-situ  polymerization,
electron microscopy, thermal stability,
electrical properties, isothermal and cyclic
ageing techniques.

1. INTRODUCTION

In the recent years, graphene has gained
attraction in replacing some of the currently
used materials in leading technologies.
Graphene is a marvellous material and has two-
dimensional nanoscaled structure, single-atom
thick and having two dimensional sp>-hybrized
carbon atoms. It has many outstanding
properties such as high electrical conductivity
and thermal stability, superior mechanical
properties, high specific area and low
fabrication cost. Hence, graphene is considered
as one of the best candidates for electrode
materials due to its electronic transport
properties and conductivity. It has been
predicted to hold great promise for many
potential applications such as nanoelectronics,
sensors, batteries, supercapacitors, hydrogen
storage and nanocomposites [1-5].

Among all the conducting polymers, polyaniline
(Pani) is the most promising one. Because of its
unique electrochemical properties such as
simple reversible acid—base doping—dedoping
chemistry, high electrical conductivity, good
biocompatibility, ease of preparation, low cost
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and good environmental stability, it has
wonderful potential for commercial applications
in electronic devices [6-12]. Recently,
conducting polymer/ inorganic nanoparticles
composites have found large number of
applications like solar cells [13-15], anti-
corrosion coatings, chemical sensors, memory
devices, batteries, light emitting diodes, fuel
cells, capacitors [7], electrochromic devices
[16-18], gas sensors [19], conductive packaging
[20-22] etc.

Well known surfactant, dodecylbenzenesulfonic
acid (DBSA), forms colloidal solution and acts
as a steric stabilizer. It disperses finely in an
aqueous medium. The anilinium:DBSA
suspension can be achieved through solution
mixing. Due to the network structure of GN,
aniline monomers adsorbed on the surface [23-
25]. In addition, functional protonic acids such
as DBSA can increase solubility of monomer
molecules in organic solvents [26-27]. The long
aliphatic chains of DBSA facilitate the
conventional mixing of Pani:DBSA complexes
In this work, successful preparation of
conducting and thermally stable Pani@GN

nanocomposites by in-situ oxidative
polymerization technique using surfactant
dodecylbenzenesulfonicacid  (DBSA) and

cetyltrimethylammonium bromide (CTAB) is
reported. Both the DBSA and CTAB caused
uniform dispersion of graphene sheets within
the polymer matrix besides DBSA acted as
dopant also. Electrical conductivity and thermal
stability depend on the amount of graphene

nanofiller in the nanocomposites.
Pani@GN:DBSA  nanocomposites showed
higher thermal stability and electrical
conductivity than the Pani:DBSA. The

structure, morphology and thermal stability of
nanocomposites were also investigated. Study
of DC electrical conductivity retention under
isothermal and cyclic conditions are very
important for assessing its potentiality for its
use in various electrical and electronic devices
such as charge storage devices. TGA and DSC
ware used for the study of thermal properties of
PANI:DBSA and Pani@GN:DBSA
nanocomposites.

2. EXPERIMENTAL

2.1. Materials and chemicals

Aniline from E-Merck India Ltd. was purified
by distilling twice before use and graphene

(GN) used in this study was purchased from
[jin Nano Tech, Seoul, Korea.
Dodecylbenzenesulfonicacid  (DBSA)  was
purchased from Himedia Laboratories Pvt. Ltd.,
Mumbai, India. LR grade N-cetyl-N,N,N-
trimethylammonium bromide (CTAB),
potassium persulphate (PPS), HClI (AR grade)
and methanol were purchased from CDH India
Ltd. and used as received. The water used in all
experiments was double distilled.

2.2. Preparation of Pani and Pani@GN
nanocomposites

The nanocomposites of Pani@GN were
prepared in the presence of CTAB by in-situ
oxidative polymerization of aniline in the
presence of different amounts of GN using
potassium persulphate as an oxidizing agent.
Required amount of GN nanoparticles (Table 1)
was ultrasonicated for 2 h before pouring into

the aniline solution. Polymerization was
effected by the addition of potassium
persulphate solution. The molar ratio of

aniline:CTAB:oxidant was kept 1:1:0.5 in all
the experiments. The resultant mixture was kept
under continuous stirring for 20 h which later
turned into greenish black slurry and was
filtered. Thus prepared materials were washed
thoroughly with double distilled water followed
by methanol to remove excess of acid,
potassium  persulphate and  polyaniline
oligomers until filtrate became colorless and
neutral. The nanocomposites containing
different amounts of GN nanoparticles were
dedoped by treating with 500 ml of 1M aqueous
ammonia solution. Pani was also prepared using
the same method as described above without the
incorporation of GN. The technique used in this
experiment is already reported elsewhere [28].
Pani and Pani@GN nanocomposites were
redoped with 1M DBSA solution for over night
under stirring then filtered, washed with
distilled water and dried at 70-80°C for 20 h in
an air oven. The materials were converted into
fine powders and were stored in desiccator for
further investigations. Pani was also redoped
using the same method as described above.
Different samples were assigned different 1.Ds
as evident from Table 1. The preparation of
pellets from fine powder of DBSA doped Pani
and Pani@GN nanocomposites was done by
using a hydraulic press under 37KN pressure
for 10 minutes. Pellets were stored in desiccator
for further studies.
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Table 1. Preparation details of Pani and Pani@GN nanocomposites.

Sample 1.D. Volume of | Weight of | Weight of DBSA | Weight of | Weight
Aniline K>S:0s Surfactant CTAB of GN
(mL) (® (® (® (®
Pani:DBSA 10 15.0 19.0 40.0 0.00
Pani@GN:DBSA-1 | 10 15.0 19.0 40.0 0.1
Pani@GN:DBSA-2 | 10 15.0 19.0 40.0 0.2
Pani@GN:DBSA-3 | 10 15.0 19.0 40.0 0.3

3. CHARACTERIZATION

The Fourier transform infra-red spectroscopy
(FTIR) spectra were recorded using Perkin
Elmer 1725 spectrophotometer on KBr discs
between 400 cm™!' and 4000 cm!. To study the
surface morphology of Pani:DBSA and
Pani@GN:DBSA nanocomposites, field
emission scanning electron microscopy (FE-
SEM) was done by LEO 435-VF. Samples
were gold coated before imaging. The phase
composition of Pani:DBSA and
Pani@GN:DBSA nanocomposites were
analyzed for XRD patterns recorded by Bruker
D8 diffractometer with Cu Ko radiation at
1.540 A in the range of 50° <20 < 70° at 40 kV.
The thermogravimetric analysis (TGA) was

performed on the selected samples of
Pani:DBSA and Pani@GN:DBSA
nanocomposites by Perkin Elmer (Pyris

Dimond) instrument from ~25°C to ~800°C at
the heating rate of 10°C min~1 at the nitrogen
flow rate of 200 mI™" and DTA was done by
automatic thermal analyzer (V2.2A Du Pont
9900). The measurements of DC electrical
conductivity (o) retention under isothermal and
cyclic ageing conditions of Pani:DBSA and
Pani@GN:DBSA nanocomposites ware also
done. In the isothermal stability testing, the
pellets were heated at 50, 70, 90, 110 and 130°C
in an air oven. The DC electrical conductivity
was measured at an interval of 10 min. in the
accelerated ageing experiments. While in the
cyclic ageing technique, DC electrical
conductivity measurements were taken 5 times
at an interval of about 45 min. within the
temperature range of 40-150°C. An instrument
with four-in-line probe with a temperature
controller, PID-200 (Scientific Equipments,
Roorkee, India) was used for DC electrical

conductivity measurements and its temperature
dependence. The DC electrical conductivity was
calculated by using the following equation:
o=[In2(2S/W)]/[2aS(V/I)] Equation (1)

Where I, V, W and S are the current (A),
voltage (V), thickness of the film (cm) and
probe spacing (cm) respectively and o is the
conductivity (Scm™) [29].

4. RESULTS AND DISCUSSION

4.1. Synthesis of Pani:DBSA
Pani@GN:DBSA nanocomposites
Pani:DBSA and Pan@GN:DBSA
nanocomposites have been synthesized via in-
situ  oxidative  polymerization technique
containing different amount of GN. DBSA used
in the synthesis not only dispersed GN
uniformly, but it also acted as dopant. Pani
synthesis in the presence of anionic surfactants,
such as DBSA which forms micelle provides a
template for the synthesis of high molecular
weight Pani with good electrical properties and
stability. The doping of Pani with DBSA is
similar to when Pani is doped with any other
inorganic acid. The protons of the DBSA
interact with imine nitrogens resulting into the
formation of holes on Pani backbone leading to
the increase in electrical conductivity [30, 31].
4.2. Fourier transform infra-red (FTIR)
spectroscopic studies

The FTIR spectra of graphene, Pani:DBSA and
Pani@GN:DBSA-2 are shown in Figure 1. The
characteristic peaks of Pani:DBSA occur at
3390, 3242, 2924, 3052, 1588, 1497, 1306,
1143, 1035 and 831, 691 and 615 cm™!.The peak
at 3390 cm™! may be attributed to the free N-H
(non-hydrogen bonded) stretching vibration
[332]. The weak shoulders at 2924-3052 cm’!

and
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correspond to aromatic sp> CH stretching [33].
The bands at 1588 cm™! and 1497 cm! are due
to stretching mode of the quinoid and stretching
mode of benzenoid rings respectively [34] and
the peak at about 1306 cm’! can be related to the
C-N stretching mode of secondary aromatic
amine [35]. The peak at 831 cm’! is usually
assigned to an out-of-plane bending vibration of
C-H of 1, 4-disubstituted benzenoid rings
which confirms the formation of Pani [36]. The
presence of DBSA has been confirmed by the

peaks at 1143 and 691 c¢cm! corresponding to
the O=S=0 and S-O stretching vibrations
respectively [37].

The FTIR spectrum of Pani@GN:DBSA-2 is
identical to that of Pani:DBSA but some of the
peaks of Pani@GN:DBSA have shifted from
their positions and no new peaks have emerged
in the spectrum of nanocomposite. Therefore, it
may be inferred that the incorporation of GN
does not alter the backbone structure of Pani.

~~

adsorption of aniline monomer on its surface
due to the electrostatic interaction. When PPS
was added into the reaction mixture of GN and

N /_/w/\//\/\//\ﬁ\
E
g
= « /\/\”\r\f\,
T Navenamber cmn
Figure 1 FTIR spectra of: (a) graphene (b) Pani:DBSA (c) Pani@GN:DBSA-2
4.3. Field emission scanning electron
microscopic (FESEM) studies
The morphology of wundoped Pani and
Pani:DBSA and Pani@GN:DBSA-2 were aniline, the adsorbed

studied by FESEM as shown in Figure 2. The
fine granular and tubular structures may be
observed in case of Pani. In case of the
Pani:DBSA-2, it shows irregular morphology
with rod like shape of DBSA coated Pani. In
case of Pani@GN:DBSA-2, it shows uniform
coating of Pani on the surface of GN. This
indicates that GN supports the uniform

aniline molecules
underwent polymerization on the adsorbed sites
and started growing resulting to the formation
of the agglomerated, lamellar and rod like
structures [38]. It is understood that some
aniline monomer may have polymerized on the
surface of GN templates and the remaining
aniline monomer may have polymerized into
granular and tubular structures.
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Figure 2 FE-SEM images of: (a) Pani, (b Pani:DBSA and (c) PaniGN:DBA-Z

4.4, X-ray diffraction (XRD) Studies

Figure 3. Shows the XRD Patterns of
Pani:DBSA and Pani@GN:DBSA-2. The XRD
pattern of Pani:DBSA showed a single broad
peak at 26 = 17°-24.8° which may be attributed
to the periodicity parallel to the polymer chain
indicative of amorphous nature of Pani [39].
The presence of sharp peaks at higher 26 = 37°,
43.4°, 63.8° and 76.9° may correspond to the

higher degree of crystalline nature of the
material [40, 41]. The XRD pattern of
Pani@GN:DBSA-2 shows the increase in the
intensity of peak, while the peak at 26 = 25.8°
supports presence of GN in the Pani:DBSA.
This peak suggests d-spacing between graphene
layers (0.33 nm) [42] and better dispersion of
GN in the Pani:DBSA inducing more regular
order and hence an increase in the crystallinity.

(b) Panifw GIN:DBSA
(a) Pani:DBSA
= (b) L
= P rd & JL__
=
_(:’_lm—-"—l " L
O 10 20 30 40 S0 60 70 S0 90

2 Theta (degree)
Figure 3 XRD spectra of: (a) Pani:DBSA and (b) Pani@GN:DBSA-2

4.5. Thermogravimetric analysis (TGA)
studies

Thermogravimetric analysis (TGA) was used to
examine the thermal stability of
Pani@GN:DBSA-2 as  compared  with
Pani:DBSA. In the case of Pani:DBSA, (Figure
4) that there are two major stages of weight
loss, the first weight loss till ~150°C is due to
the loss of water and volatile solvent. The
second weight loss occur from the temperature
290°C continues onward due to removal of
dopant molecule and lower oligomers of Pani

and followed by massive weight loss due to
thermo-oxidative decomposition of Pani [43,
44].  When compared with the TGA of
Pani@GN:DBSA-2, it may be observed that the
degradation of nanocomposite is somewhat
similar to that of Pani:DBSA. The noticeable
difference is  the  thermal stability
Pani@GN:DBSA-2, the major weight loss
between temperature 390°C - 510°C may be
due to some stabilizing interaction between
Pani:DBSA and the GN.
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Figure 4 TGA of: (a) Pani:DBSA and (b) Pani@GN:DBSA-2

4.6. Differential thermal analysis (DTA)
studies

Figure 5 show the DTA plots of Pani:DBSA
and Pani@GN:DBSA-2. Both the samples show
two endothermic peaks one at around 170-
250°C and another at around 300-380°C. The
first endothermic peak may be due to the loss of
moisture and the second for the loss of dopant

Heat Flow (mW)

molecule and lower oligomers of Pani [45, 46].
The first peak is stronger in both the cases.

The result reflects that in presence of aromatic
dopants bond formation of water molecules
with the backbone nitrogen of the polymers is
slightly similar when compared with those of
Pani@GN:DBSA-2.

(a) Pani:DDESA
(b) Panif@ GN:DBSA

Temperature (°C)

Figure S DTA of: (a) Pani:DBSA and (b) Pani@GN:DBSA-2

5. DC ELECTRICAL CONDUCTIVITY

The initial electrical conductivities of DBSA
doped Pani and Pani@GN nanocomposites
containing different amount of GN were
measured by standard 4-in-line probe technique.
From the electrical conductivity measured, it
may be observed that all the samples are
semiconducting in nature and the addition of
GN nanosheets has significant effect on the
conductivity.  Electrical  conductivity  of

Pani@GN nanocomposites is higher than that of
Pani and it increased with increase in GN
content in the nanocomposites. Since DBSA
doped Pani as well as GN are good conducting
in nature, hence the enhancement in DC
electrical conductivity may be credited to the
additive synergism of both the constituents
interacting at molecular level. The increase in
DC electrical conductivity with increase in GN
content has been shown in Figure 6.
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Figure 6 Initial DC electrical conductivities of DBSA doped Pani and Pani@GN

nanocomposites

5.1. Mechanism of electronic conduction

This increment in electrical conductivity of
Pani@GN nanocomposites can better be
explained on the basis of band theory of
conduction. In Pani, the extended m-electrons
are present which are susceptible to undergo
either oxidation or reduction. Here these =-
electrons present on imine N-atom serve as
valence band. On the other hand vacant, p.

orbital of C atoms present in GN serves as
conduction band. When GN comes in contact
with Pani, electrons from Pani jump to the
vacant p. orbitals of C atoms (responsible for
electronic conduction). Thus movement of
electrons becomes comparatively easier via
electron-hole = charge  carriers  resulting
enhancement in electrical conductivity as
shown in Scheme 1.

4n @—.\'H3+ 2nDBSA+2nHQ+ 5n K2S:20g

Polymerisation || Graphene
DBS DBS

¢ 6 :
n
L=

Elactronic configuration :- C (graphene) ’
Carbon (Cs) :- | ¢T | |Lf | | T | T ‘ ‘—b@tomic orbrlalf] :
18 28 2px :p}, 2p;
FipipERE N
18 28

.,

2px 2Py 2p: 'y

sp- hybridisation

Vacant orbital are responsible for
conduction

Honeycomb lattice structure of GN  |Conduction by electron and hole charge carriers

Scheme-1

Scheme-1 Schematic representation of mechanism of electronic conduction
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5.2. Isothermal stability studies

Under isothermal ageing conditions, the
stability in terms of DC electrical conductivity
retention of DBSA doped Pani and Pani@GN
nanocomposites was studied (Figure 7). In
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order to evaluate the stability in terms of DC
electrical conductivity of these nanocomposites,
the relative electrical conductivity with respect
to time at different temperatures for different
samples was evaluated.
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Figure 7 Relative electrical conductivity of: (a) Pani:DBSA, (b) Pani@GN:DBSA-I, (c)
Pani@GN:DBSA-2 and (d) Pani@GN:DBSA-3 variation with time under

isothermal ageing conditions

The DC conductivity of the samples (5 readings
of each sample were taken at an interval of 10
min) was measured at the temperatures 50°C,
70°C, 90°C, 110°C and 130°C. The relative
electrical conductivity was plotted against time
for each temperature using the equation-2:

0
Gr_lt: —t

o

where ort = relative electrical conductivity at
time t, ot = electrical conductivity at time t, Go
= electrical conductivity at time zero.

Figure 7 (¢ & d) shows the relative electrical
conductivity of Pani and all the nanocomposites
fairly stable at all the temperatures.

In 50°C, 70°C, 90°C, 110°C, 130°C except
Pani@GN:DBSA-1 at 130°C which shows

Equation- 2

lowering in it DC electrical conductivity over
the period of the experiment.

5.3. Stability under cyclic ageing

The cyclic ageing technique within the
temperature range of 40°C to 150°C was
studied for DBSA doped Pani and Pani@GN
nanocomposites in order to evaluate the stability
in the terms of DC electrical conductivity
(Figure 8). From the conductivity
measurements, it was observed that the
conductivity increased gradually from first to
fifth cycle showing a regular trend in all the
cases. The relative electrical conductivity was
calculated using the following equation:

7. = ':T{rmsilj Equation-3
where, o is relative electrical conductivity, ot is

electrical conductivity at temperature T (°C)
and o4 is electrical conductivity at 40°C.
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Figure 8 Relative electrical conductivity of (a) Pani:DBSA, (b) Pani@GN:DBSA-I, (c)
Pani@GN:DBSA-2 and (d) Pani@GN:DBSA-3 under cyclic ageing conditions.

The DC electrical conductivity of Pani and all
the Pani@GN nanocomposites showed good
stability upto 150°C when cycled in the
temperature range of 40-150°C (Figure 8). Thus
it may be noted that the nanocomposites
became stable semiconductors after first cycle.
This may be attributed to the removal of
moisture and annealing in the first cycle leading
to stabilization. Thus, it may be suggested that
preliminary annealing at ~80°C could be done
for stabilization of the nanocomposites.

6. CONCLUSIONS

The results of this study suggest that we have
successfully prepared Pani and Pani@GN
nanocomposites by simple in-situ oxidative
polymerization method in presence of CTAB
where DBSA was used as redoping agent. The
characterization and stability in terms of DC
electrical ~ conductivity  retention  under
isothermal and cyclic ageing conditions have
also been presented. The results of this study
suggest that the incorporation of DBSA into
Pani as well as in Pani@GN nanocomposites
cause significant increase in the electrical
conductivity and its stability.

The  others, as prepared Pani@GN
nanocomposites were observed to possess
higher electrical conductivity and better

isothermal as well as cyclic stability in terms of

electrical conductivity retention than that of
Pani. This increment may be attributed to the
addition of ultrasonicated GN nanosheets in the
polymer matrix and may be postulated as a
universal approach to prepare nanocomposites
with enhanced electrical conductivity. Thus, as
prepared Pani@GN nanocomposites may find
better realistic applications in modern electronic
devices compared with Pani and seems to be a
replaceable alternate even for metals in the next
generation devices.
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