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A polyaniline-gold composite was prepared via the polymerization of aniline hydrochloride with or without
water-soluble graphite oxide using auric acid as an oxidant. The reaction products were characterized using X-
ray photoelectron spectroscopy. The thermal stability and embedded crystallinity of the composites were also
investigated using thermogravimetric and X-ray diffraction analyses. The electrical properties of the composites
were examined using cyclic voltammetric measurements at room temperature and temperature-dependent DC
conductivity within 300-500 K. Compared to pure graphene oxide and polyaniline-gold composite, the
polyaniline-gold-graphene composite exhibited higher crystallinity and thermal stability, and higher current

density response under equivalent conditions.
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Introduction

Conductive polymers such as polyaniline (PANI),! poly-
pyrrole,? polythiophene, and their derivatives’ have been
extensively studied as potential supercapacitors. Among
these polymers, PANI is considered the most promising
material because of its high capacitive characteristic, low
cost, and ease of synthesis.* Previous studies demonstrated
that PANI composites with metal oxides showed improved
supercapacitor performance.® Among the metal nanoparticles,
gold has been widely used because of its unique optical and
catalytic properties.” Thus, PANI-gold composite exhibits a
combination of the desirable qualities of both components,
namely, good stability, high conductivity, and the unique
optical properties of the metal component, in addition to
easy processing, light weight, variable conductivity through
doping, and the excellent optical properties of the polymer.
However, many of these composites have a small surface
area. The metal nanoparticles are dispersed throughout the
entire PANI matrix. Intimate contact between the metal
nanoparticles and PANI matrix is weak and very difficult to
establish a strong interaction between PANI and metal nano-
particles. This may be because PANI and metal nanoparticles
are heterogeneous materials wherein the intermixing of these
two materials results in a very weak interaction between them.
Contact between metal particles and the polymer is crucial
in molecular electronic devices because the charge transfer
at the contact point plays an important role in its function-
ality.

Incorporation of metal nanoparticles into the polymer
matrix is a field of particular interest for materials engineer-
ing and for the study of nanoparticle-matrix interactions.®
Although there are many complexes of ligand-stabilized metal
nanoparticles, there are few examples of polymer stabilized
metal nanoparticles in which the metal nanoparticles are
functionalized by the polymer.” There have been a variety of

attempts to make nanoparticle-polymer composites. Overall,
we note four different approaches used to date. The first
technique comprises the preparation of metal nanoparticles
in the polymer matrix by the reduction of metal salts in the
polymer matrix.!" The second technique consists of poly-
merizing the organic monomer around the preformed metal
nanoparticles.!! The third approach has involved the blend-
ing of preformed nanoparticles into a pre-synthesized poly-
mer.'? The fourth procedure is the most desirable approach
in order to achieve an intimate contact between the metal
and the polymer, and it involves the blending of a monomer
and a metal salt."” The choice of the metal salt and the
monomer should be such that the metal salt can oxidize the
monomer to form a polymer as well as utilize the electrons
released during the oxidation to reduce the metal salt to form
metal nanoparticles.

Graphene is a two-dimensional form of graphite that has
attracted considerable interest "7 because of its high surface
area, excellent mechanical properties, and conductivity.'s!
Graphene oxide is a single sheet of graphite oxide bearing
oxygen functional groups on the basal planes and at the
edges. It can be obtained via exfoliation of graphite oxide
(GO).* In general, incorporation of GO in the polymer
matrix can lead to improvements in the mechanical and
thermal properties of materials, especially in the enhan-
cement of electrical conductivity. Therefore, we have earlier
reported on the simple synthesis and characterization of
PANI-GNP-GO composite.!

In this paper, the synthesized PANI-GNP-GO nanocom-
posites were studied by thermogravimetric analysis (TGA)
for thermal stability, and further studied by X-ray diffraction
(XRD) and X-ray photoelectron spectroscopy (XPS) analy-
sis for the crystallinity. The charge transport properties of the
composites were examined by studying the electrical pro-
perties of the composites using the cyclic voltammetric mea-
surements (CV) and temperature-dependent DC conductivity
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within 300-500 K.
Experimental

The procedure for the synthesis of the PANI-GNP and
PANI-GNP-GO composites was introduced in detail in our
earlier report.”> An aqueous solution of 0.5 M aniline hydro-
chloride monomer and 0.75 M HAuCly were prepared. The
monomer solution was slowly added to the HAuClO4
solution. The mixture was stirred for ~30 min to initiate
polymerization. A green solution was obtained. The mixture
was stirred continuously for 5-6 h at room temperature to
obtain a dark green precipitate. Using the same methods, the
PANI-GNP-GO composite was synthesized by adding 25
wt % of GO to the monomer and stirring for 30 min before
adding the oxidant to the monomer solution. The preci-
pitated powder was filtered and washed with hot deionized
water and acetone several times to remove the unreacted
monomer and oxidant. The characterization techniques,
preparation of thin films from the synthesized composites,
and measurement of the DC electrical conductivity are
similar to those described in previous studies.”*** Electro-
chemical experiments were carried out using a three-elec-
trode system, in which platinum foils and saturated calomel
electrodes (SCE) were used as counter and reference elec-
trodes and 1.25 M H,SOy as the electrolyte. Cyclic voltam-
metric measurements were performed at a scan rate of 10
mV/s, while temperature-dependent DC conductivity was
measured in the pellet form of the composite between 300-
500 K using the four-probe technique with a Keithly 224
constant current source and a Keithly 617 digital electro-
meter. The parallel surfaces of pressed pellets, 1.5 mm x 1.3
mm, were coated with gold through vacuum evaporation,
and silver electrodes were placed on both surfaces using
silver paste for better contact.

Results and Discussion

Characterization of the Composites Using XRD, XPS,
and TGA. Figure 1 shows the XRD curves for GO, PANI-
GNP, and PANI-GNP-GO composites. The diffraction peak
of GO powder appeared around 26°, in relation to the d-
spacing of graphene (0.425 nm) and graphene/graphene
(0.39 nm). The broad peak centered at 26 = 23° of the GO
sample confirmed the random packing of graphene sheets in
GO. A diffraction peak at 23-27° can be attributed to the
(002) reflection of a hexagonal graphite structure and its
intensity can reflect the degree of graphitization of a carbon
material. Raw graphite shows a very strong (002) peak at
26°. For GO, despite a small change in the position of the
principal reflection, the most striking difference is the
intensity and broadness of the peak (observed at 26 = 23°),
corresponding to an average interlayer spacing of ~0.4 nm.
The expansion of d-spacing relative to that of graphite is
ascribed to the oxygen-containing groups and inserted H,O
molecules. Individual GOs are expected to be thicker than
individual pristine graphene sheets due to the presence of
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Figure 1. X-ray diffraction patterns for GO, PANI-GNP, and
PANI-GNP-GO.

oxygen-containing functional groups attached to both sides
of the graphene sheet and the atomic scale roughness arising
from structural defects (sp3 bonding) generated on the
originally atomically flat graphene sheets. In addition, the
broad diffraction peak of the GO powder suggests that the
functionalization process can influence the crystallinity of
samples. This value is much larger than the d-spacing of
natural graphite (0.34 nm). The appearance of the GO difft-
action peak in PANI-GNP-GO confirms the presence and
modification of the diffraction pattern of PANI-GNP-GO
composite. The XRD pattern of PANI-GNP and PANI-GNP-
GO are reflective of the presence of GNPs, PANI, and GO.
The Bragg reflection patterns appearing at 26 ~ 38° (111),
42° (20 0), 64° (220), and 78° (311) are indexed for the face-
centered cubic, fce structure of GNPs.*%° The peak centered
at 20 ~ 25° ascribed to the periodicity of the PANI chain®’ is
absent in both PANI-GNP and PANI-GNP-GO; its dis-
appearance may be due to the decrease in the amorphous
nature of PANI in both PANI-GNP and PANI-GNP-GO
composites.

Figure 2 shows the XPS spectra of GO, PANI-GNP, and
PANI-GNP-GO. For GO, the Cls binding energy is approxi-
mately 285 eV and that of Ols is approximately 532 eV. The
Cls spectra observed at 285 eV indicate a considerable
degree of oxidation within the carbon atoms belonging to
four functional groups, namely, the non-oxygenated ring C,
C in the C-O bonds, the carbonyl C, and the carboxylate
carbon (O-C=0).2*?’ The C1s spectra observed at 285 eV for
GO is slightly decreased to 284.6 eV after the incorporation
of GO to form PANI-GNP-GO. This result is probably due
to the decrease in the conjugation as well as in the hydrogen
bonds of the PANI backbone and the GO sheets. These
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Figure 2. XPS spectra of GO, PANI-GNP, and PANI-GNP-GO.

interactions lead to a shift of the C-O-C and C-OH binding
energies, and consequently resulted the modification of the
two peaks into a new broad peak for the composite with the
lower GO concentration. The other binding energies for
PANI-GNP corresponding to Au4f, C12p, and Nls are
observed at 81, 195, and 395.4 eV, respectively, whereas
those for PANI-GNP-GO are at 81.7, 195.6, and 396.3 eV,
respectively. The increases in the binding energies for Au4f,
C12p, and N1s in PANI-GNP-GO may be due to the increase
in the conjugation between PANI and GNPs because of the
introduction of GO. These data show that a PANI-GNP-GO
nanocomposite is formed.

Figure 3 shows the thermogravimetric curves for GO and
the PANI-GNP and PANI-GNP-GO composites from room
temperature to 800 °C. The TGA curve for GO does not
show any decomposition patterns, whereas that for PANI-
GNP exhibits three different stages of decomposition. The
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Figure 3. TGA curves for GO, PANI-GNP, and PANI-GNP-GO.
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first stage is from room temperature to 200 °C and can be
attributed to the water/moisture release. The second stage,
from 200 to 350 °C, is due to the degradation of the skeletal
PANI structure, and the third is due to the complete de-
gradation of the polymer backbone. The PANI-GNP com-
posite exhibits a residual weight of 55% (weight loss of
45%) at 800 °C, which may be due to the presence of GNPs
in the PANI polymer. The degradation curve for PANI-GNP-
GO is a hybrid of the PANI-GNP and GO curves. The
degradation curves for PANI-GNP-GO are higher than those
of PANI-GNP, with a residual weight of 77% (only 23%
weight loss) at 800 °C, indicating the successful incorpo-
ration of GO in PANI-GNP.

Charge Transport Properties the Composites. Figure
4(a) shows the CV curves for GO, PANI-GNP, and PANI-
GNP-GO composites obtained at 10 mV/s. The CV curve
for PANI-GNP-GO is higher than those of pure GO and
PANI-GNP. Compared with GO and PANI-GNP, PANI-
GNP-GO exhibit greater current density response under
same conditions. The enhanced electrochemical response of
the PANI-GNP-GO nanocomposite is attributed to the surface
modifications, as well as to the synergistic effect/charge-
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Figure 4. (a) CV curves for GO, PANI-GNP, and PANI-GNP-GO
obtained at 10 mV/s, and (b) temperature-dependent DC conduc-

tivity of GO, PANI-GNP, and PANI-GNP-GO in the range of 300-
500 K.
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transport properties between GO and PANI-GNP, as observed
from the spectral and surface modifications of the nano-
composites as given in our earlier report."

The temperature-dependent DC conductivity for the
palletized GO, PANI-GNP, and PANI-GNP-GO were mea-
sured in the range of 300-500 K to facilitate further investi-
gation of the charge-transport properties. The conductivity
was increased with temperature almost linearly as shown in
Figure 4(b). The conductivity values of GO, PANI-GNP, and
PANI-GNP-GO beyond 300-500 K range from 7.08 x 10—
0.027, 0.004-0.31, and 0.01-0.53 S/cm, respectively. The
conductivity values increase as the temperature increases,
indicating a semiconducting behavior.>*° The conductivity
values of the composites indicate that GO has a positive
effect on conduction. This effect may be attributed to the
modifications in the characterization of the composites, as
demonstrated by the spectral characterization and surface
imaging via XRD and XPS analysis.

Cyclic voltammetric and DC conductivity data indicate
that the electrochemical response of PANI-GNP is increased
by GO, which may be due to the increased interaction
between PANI and GO in the PANI-GNP-GO composite.

Conclusions

The characterization of GO, PANI-GNP, and PANI-GNP-
GO using XRD, X-ray photoelectron spectroscopy, and
TGA analysis well supports the formation of the PANI-GNP
and PANI-GNP-GO composites. The CV curve for PANI-
GNP-GO was higher than those of pure GO and PANI-GNP,
which indicating that GO has a positive role to the PANI-
GNP composite regarding on the charge carrier transport
properties. In addition, the temperature dependent DC con-
ductivity obtained in the range 300-500 K range also showed
higher value in the PANI-GNP-GO than those of PANI-GNP
and pure GO, which means the increased interaction bet-
ween PANI and GO in the PANI-GNP-GO composite. This
result strongly suggests that the nano-composite has greater
potential in the field of super-capacitors or other power
source systems.
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