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This paper reports the synthesis of HCl-doped Au@polyaniline
(Pani) nanocomposite fibers by the in situ oxidative polymerization of aniline in the presence of gold nanoparticles. Thus
prepared nanocomposite fibers were characterized by SEM,
TEM, XRD, Raman spectroscopy, XPS, UV-visible diffused
reflectance spectroscopy, TGA, and DSC. The Au@Pani
nanocomposite fibers showed superior DC electrical conductivity to HCl-doped Pani, which might be due to the increased
mobility of the charge carriers after the incorporation of gold
nanoparticle in Pani. Au@Pani also exhibited a better ammonia sensing and recovery response than Pani, which might be
due to the increase in the surface area of Pani after the incorporation of gold nanoparticles.
Keywords: gold nanoparticle, Pani nanocomposite, conductivity,
ammonia sensing, thermal stability, UV absorbance

1. INTRODUCTION
Recently, polyaniline (Pani) has been studied extensively
by several researchers worldwide for its wide applications in
electrochromic devices, secondary batteries, catalysis, and
electrostatic discharge protection.[1-4] Among the conducting
composite materials, nanocomposites of Pani with metal
oxides for gas sensing applications have attracted particular
interest because its good environmental and chemical stability,
ease of synthesis, inexpensive monomer, higher sensitivity,
reversible response, and quick response time.[5] Compared to
pure Pani, the obtained nanocomposite of Pani with metal
oxides shows a greater response in gas sensing, catalysis etc.
owing to the synergism between the constituents.
In recent years, composites of Pani with a range of metal
oxides, such as SnO2,[6] TiO2,[7] WO3,[8] In2O3,[9] and MoO3,[10]
have been assessed for gas sensing applications. On the other
hand, there are few reports of nanocomposites of Pani with
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gold for gas sensing applications.[11] Therefore, considerable
work is needed to develop better gas sensors exhibiting a
greater response and better recovery. Ammonia is considered
to be a hazardous chemical substance because of its toxic
nature. The leakage of ammonia into the atmosphere poses
serious environmental problems. Therefore, the reliable and
quick detection of NH3 gas is needed.
The aim of this study was to prepare HCl-doped Au@Pani
nanocomposites for NH3 gas sensing. A nanocomposite of
Pani with gold is expected to produce synergism between the
constituents, which can be exploited for its improved response
and recovery behavior for ammonia sensing application.
Therefore, in this study, HCl-doped Au@Pani nanocomposites were prepared using a simple facile in situ oxidative
polymerization technique. The structure, morphology, thermal
stability, electrical conductivity, and optical properties were
also examined.

2. EXPERIMENTAL PROCEDURE
Aniline and gold nanoparticles (mean diameter ~10 nm)
were purchased from Sigma Aldrich. Potassium persulphate

2

M. Hasan et al.

(PPS), HCl, and methanol were obtained from Duksan Pure
Chemicals, Korea, and used as received. The water used in
these experiments was de-ionized water from a PURE
ROUP 30 water purification system.
The Au@Pani nanocomposite fibers were prepared by the
in situ oxidative polymerization of aniline with gold
nanoparticles using PPS as an oxidizing agent. The molar
ratio of the Pani/oxidant was 1/0.5 in all experiments. Gold
nanoparticles (1, 2 or 3% of weight of aniline monomer)
were mixed with a 1 M HCl solution and ultrasonicated for
15 min. Aniline was then added to the above dispersion, and
stirred vigorously to allow the proper mixing of gold
nanoparticles, which was later polymerized by the addition
of an oxidant prepared in a 1 M HCl solution. The reaction
mixture was stirred constantly for 24 h. The resulting
mixture transformed slowly to greenish black slurry, which
was filtered and washed thoroughly with double distilled
water to remove the excess acid and PPS until the filtrate
became colorless. The nanocomposite fibers after washing
were de doped in a 1 M ammonia solution, followed by
washing with methanol to remove the Pani oligomers. The
prepared emeraldine base form of the Au@Pani nanocomposite
fibers were then doped with 500 mL of a 1 M HCl solution
by stirring the nanocomposite fibers in the wet stage for 2 h.
The HCl-doped Au@Pani nanocomposite fibers were filtered
and dried at 60°C for 24 h in an air oven, converted to a fine
powder and then stored in a desiccator until needed.
Structural analyses of the samples were carried out by
x-ray diffraction (XRD, PAN analytical, X’pert PRO-MPD)
in the range, 10 - 90° 2θ, using Cu Kα radiation (λ =
0.15405 nm). Raman spectroscopy (InVia Reflex UV Raman
microscope, Renishaw, UK) was used to examine the type of
interaction between Pani and Au in the composite fibers. Xray energy photoelectron spectroscopy (XPS, ESCALAB
250) was performed using a monochromatized Al Kα x-ray
source (hν = 1486.6 eV) with a 500 μm spot size. The surface
morphology was examined by scanning electron microscopy
(SEM, Hitachi-4200). The optical properties were determined
by ultraviolet-visible-near infrared (UV-VIS-NIR, VARIAN,
Cary 5000, USA) spectrophotometry. The microstructural
properties were analyzed by field emission transmission
electron microscopy (FE-TEM, TecnaiG2 F20, FEI, USA)
operating at an accelerating voltage of 200 kV. Thermogravimetric analysis (TGA, SDT Q600, USA) was performed
by heating the samples from 25°C to 800°C at a rate of 10°C
min−1 in a nitrogen atmosphere. Differential scanning
calorimetry (DSC, Q 200, USA) was performed by heating
the samples from 25°C to 250°C. All DC electrical conductivity
(σ) measurements were performed using a 4-in-line probe
electrical conductivity measuring instrument with a PID
controlled oven (Scientific Equipment, Roorkee, India). The
DC electrical conductivity was calculated using the following
equation.[12]

σ = (ln2(2d/t))/(2πd(V/I))

(1)

where σ, I, V, d, and t are the DC electrical conductivity
(S cm−1), current (A), voltage (V), probe spacing (cm), and
thickness of the pellet (cm), respectively.

3. RESULTS AND DISCUSSION
Figure 1 shows XRD patterns of the Au@Pani nanocomposite fibers. In the case of Pani present in the composite
structure, the main reflection peaks at ~20° and ~25° 2θ,
clearly showed amorphous peaks. This can be attributed to
the parallel and perpendicular periodicity of the polymer
chain.[13] The XRD pattern of Au in Au@Pani nanocomposite
fibers was consistent with previously published work,[14]
indicating the successful incorporation of gold nanoparticles
into the polymer Pani. On the other hand, in case of Au, all
the reflection peaks at ~38°, 42°, 64°, and 78° 2θ, showed
broader peaks, which can be interpreted based on Pani being
amorphous and having a significant effect on the crystallinity
of Au in terms of beige formation, resulting in a decrease in
peak intensity.[15] Other workers also reported missing or
diffused XRD peaks due to the low concentration of
nanomaterial in their nanocomposite system.[16]
Figures 2(a) and (b) show SEM images of Pani and
Au@Pani nanocomposite fibers, respectively. In the case of
Pani, dense fibrous structures can be seen (Fig. 2(a)). The
fibrous morphology can be attributed to the rapid polymerization technique, which might be due to the fact that aniline
polymerization starts as soon as oxidant is added. This
polymerized aniline acts as a seed on which further aniline is
adsorbed and subsequently polymerized. Because all the
oxidant is added quickly, a fibrous morphology is formed
and polymerization stops as soon as the oxidant is exhausted,
thereby limiting any secondary growth. The SEM image of

Fig. 1. XRD patterns of the Au@Pani nanocomposite fibers.
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Fig. 2. SEM images of (a) Pani, (b) Au@Pani nanocomposite fibers
and TEM images of Au@Pani nanocomposite fibers (c and d).

Fig. 4. (a) TGA of Pani and Au@Pani nanocomposite fibers and (b)
DSC of Pani and the Au@Pani nanocomposite fibers.

Fig. 3. Raman spectra of the Pani and the Au@Pani nanocomposite
fibers.

the Au@Pani nanocomposite shows similar features with
some dispersed Au nanoparticles because most of the
nanoparticles may be encapsulated by Pani during the
polymerization process.
Figures 2(c) and (d) show TEM images of the Au@Pani
nanocomposite fibers. From the TEM images, tubular and a
small amount of flakes can be seen. The flaky structures may
be small polymerized aniline, which did not grow into long
strands due to the lack of availability of either the oxidant or
aniline monomer.
Figure 3 shows Raman spectra of the Pani and Au@Pani
nanocomposite fibers. The bands at 1553 cm−1 and 1466 cm−1
were assigned to the C-C stretching band from the benzenoid
unit and C=N stretching band from the quinoid unit,

respectively.[17] The band at 1147 cm−1 was assigned to the
C-H in plane bending vibration of the quinoid rings.[17] The
band observed at 1323 cm−1 can be assigned to the C-N+
stretching vibrations of the semiquinone radicals, which was
assigned to the protonation process through polysemiquinone
radical formation mechanism[18] and is related to the
electrical conductivity of Pani. After the incorporation of
gold nanoparticles in Pani, the intensity of all the bands
increased, showing an enhancement in electrical conductivity
(Fig. 7(b)). An increase in band intensity might also be
attributed to the surface-enhanced Raman scattering effect
(SERS effect) of gold nanoparticle on the surface of Pani. A
similar increase in band intensity due to the addition of gold
nanoparticles in Pani has also been reported.[19]
Figures 4(a) and (b) show the thermogravimetric and
differential thermal analysis of Pani and Au@Pani nanocomposite fibers. The thermal decomposition of both Pani
and Au@Pani nanocomposite fibers occurred through three
different weight loss steps. The initial weight loss below
150°C can be attributed to the evaporation of adsorbed
moisture and other volatile matter retained in the composite
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system. The second stage, from 200 to 425°C, was assigned
to the removal of higher oligomers of Pani.[20] The third stage
observed after 425°C can be attributed to the thermooxidative decomposition of Pani, resulting in various
degradation products, such as ammonia, aniline, methane,
acetylene, etc.[21] In the case of the Au@Pani nanocomposite
fibers, an improvement in the thermal stability was observed
(Fig. 4(a)), which might be due to the successful incorporation
of gold nanoparticles in the composite structure. The
Au@Pani nanocomposite fibers showed a larger residual
weight of 43% (weight loss of 57%) at 800°C compared to
Pani, which might be due to the presence of gold nanoparticles
in the Pani polymer. The improved thermal stability of the
Au@Pani nanocomposite fibers can also be attributed to the
reduced mobility of the polymer chains, which suppresses
free radical transfer via interchain reactions, resulting in a
shift of the onset temperature of thermal degradation towards
higher temperatures.[22] The peaks in the DSC thermogram
(Fig. 4(b)) showed heat variations associated with an
exothermic and endothermic reaction. An endothermic peak
was observed around 228°C, which was attributed to thermal
decomposition of the oligomers. Another endothermic peak
for Pani and Au@Pani nanocomposite fibers was observed
at approximately 598 and 592°C, respectively, which can be
attributed to the degradation of Pani backbone.
Figure 5 shows the UV-Vis diffuse absorbance spectra of
Pani and the Au@Pani nanocomposite fibers. In both cases,
π-π* absorption peak at approximately 300 nm and the
polaronic band at approximately 430 nm were observed,
confirming the synthesis of HCl-doped Pani. The broad
bands at approximately 620 nm were assigned to the π-π*
transitions of quinine-imine groups.[23] The absorption band
observed between 200 and 250 nm was enhanced in case of
the Au@Pani nanocomposite fibers. In all the other regions,

Fig. 5. UV-visible diffuse absorbance spectra of Pani, and Au@Pani
nanocomposite fibers.

Fig. 6. XPS spectra of the Au@Pani nanocomposite fibers.

the absorbance spectra were similar for both Pani and the
Au@Pani nanocomposite fibers, which may be due to the
very small amount of gold nanoparticles present in the
composite system. A similar result was also reported for
previous work on Pani/gold composites.[24]
The surface composition and chemical state of the
Au@Pani nanocomposite fibers were examined by XPS
analysis. The XPS survey scan of the Au@Pani nanocomposite
fibers (Fig. 6) showed the chemical states of Au, C, N, O, Cl
and S in the composite structure. XPS of nitrogen (1s level)
showed a peak at approximately 399 eV, which may be due
to the quinonoid imine (=N-) in Pani.[25] XPS of carbon (1s
level) showed a peak centered at approximately 285 eV,
which can be attributed to the carbon backbone of Pani. XPS
of oxygen (1s level) showed a broad peak at approximately
530 eV, and can be attributed to the adsorbed oxygen.[26]
XPS of Au (4f level) in Au@Pani nanocomposite fibers
showed broad and diffused peaks at around 84 eV, indicating
the presence of gold nanoparticles in the Au@Pani nanocomposite fibers. On the other hand, the missing peak of the
Au XP spectra at approximately 88 eV in the composite
structure clearly suggested that there were no interactions
between Pani and gold nanoparticles.[27] The diffused peak of
Au in the Au@Pani nanocomposite fibers were assigned to
the encapsulation of Au by Pani. A similar result has been
reported for Ag/TiO2 in the Ag/TiO2@Pani nanocomposite.[28]
The DC electrical conductivity of Au@Pani nanocomposite
with 1, 2 and 3% of Au was measured to be 6.10, 6.17 and
6.20 S/cm, respectively (Fig. 7(a)). The electrical conductivity
of Pani was improved after the incorporation of Au
nanoparticles due to the additive/synergistic effect of both
Pani and Au because both Au and Pani are conducting.[29]
Saini et al.[30] explained that Au nanoparticles act as conductivity bridges between the different Pani chains leading
to an increase in electrical conductivity. Mondal et al.,[31]
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Fig. 7. (a) DC electrical conductivity of HCl-doped Au@Pani nanocomposite fibers and (b) Schematic diagram of the electrical conductivity in Au@Pani nanocomposite fibers.
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The Au@Pani nanocomposite tested for the ammonia
sensing studies showed an enhanced sensing response
compared to pure Pani. The change in electrical resistivity
upon exposure to ammonia was exploited to measure the
sensitivity of Au@Pani nanocomposite towards ammonia
under ambient conditions. Figure 8 shows that the Au@Pani
nanocomposite had lower resistivity than Pani at the same
exposure period. On the other hand, the resistivity never
returned to the initial value upon exposure to an ambient
atmosphere due to competition between the two process, i.e.
simultaneous electrical compensation of Pani leading to acid
base neutralization and the desorption of ammonia.
Therefore, with each exposure, the conductivity decreases as
some Pani becomes neutralized with each exposure to
ammonia. The high sensing response of the Au@Pani
nanocomposite can be attributed to an increase in the surface
area of Pani when it is coated over the Au nanoparticles,
leading to the exposure of more active sites, hence an
increase in sensitivity.

4. CONCLUSIONS
The HCl-doped Au@Pani nanocomposite fibers were
synthesized using in situ oxidative polymerization, and the
surface, structural, thermal, DC electrical conductivity, and
ammonia-sensing behaviors of the composite nanofibers
were examined using a range of different techniques. The
Au@Pani nanocomposite fibers compared to HCl-doped
Pani showed superior DC electrical conductivity and an
excellent response towards ammonia sensing. Moreover, the
Au@Pani compared to Pani showed a better recovery
response.
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Fig. 8. Variations in the resistivity of the HCl-doped Pani and
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who examined nanocomposites of silver with Pani, reported
a similar increase in conductivity due to an increase in the
percolation path after the incorporation of silver nanoparticles.
Based on these observations, it is believed that the incorporation
of Au into Pani forms a more efficient network for charge
transport forming a percolative pathway, resulting in an
increase in electrical conductivity. The increase in the
amount of Au nanoparticles above 1% does not show any
significant increase in conductivity suggesting that the
percolation threshold of Au is ~1% in Au@Pani nanocomposite
system. Figure 7(b) shows a schematic diagram of the
different possibilities for the movement of charge carriers in
the Au@Pani nanocomposite system.[32]
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