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Abstract In this work, a water-soluble gold nanoparticle-encapsulated polyaniline nanocomposite

(AuNP-PANI) was prepared in the presence of an ionic surfactant such as cetyltrimethylammonium

bromide (CTAB) using versatile two steps method. The prepared nanoparticles (AuNPs) were char-

acterized by UV–Visible spectroscopy, Transmission Electron Microscope (TEM) and Dynamic

Light Scattering (DLS). The nanocomposite (AuNP-PANI) were initially characterized using

UV–Visible spectroscopy, Transmission Electron Microscope (TEM), Scanning Transmission Elec-

tron Microscope (STEM) and DLS. The structure and composition of AuNP-PANI further char-

acterized using Fourier Transmission Infrared Spectroscopy (FTIR), X-ray diffraction study

(XRD), Energy Dispersive X-ray Spectroscopy (EDS) and Thermogravimetric analysis (TGA).

Electrochemical properties of AuNP-PANI were studied using Cyclic Voltammetry (CV). The pre-

pared nanocomposite exhibited good surface enhanced Raman scattering (SERS) of 4-amino thio-

phenol (4-ATP) and 4- (dimethyl amino) pyridine (4-DMAP) for which the enhancement factor

(EF) were found to be1.95 � 105 and 2.016 � 105, respectively. The nanocomposite also showed

excellent catalytic activity for the chemical degradation of Congo red (CR) and methylene blue

(MB) as evidenced from the calculated rate constants which were determined to be 0.30 s�1 and

0.33 s�1, respectively.
� 2019 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Multifunctional metal nanoparticles such as gold (Bogdanovic´
et al., 2014; Cui et al., 2012), copper (Bogdanovic´ et al., 2015),
silver (Blinova et al., 2009), palladium (Mullane et al., 2004),

platinum (Islam et al., 2011) and nickel (Zhang et al., 2015)
as well as graphene oxide (Zeng et al., 2018) have been recently
reported to combined with polyaniline (PANI) to obtain new

http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2019.05.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:polchemvb2005@gmail.com
https://doi.org/10.1016/j.arabjc.2019.05.004
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2019.05.004
http://creativecommons.org/licenses/by-nc-nd/4.0/


4010 P. Mondal et al.
nanocomposites material. This type of nanocomposite materi-
als is interesting as they combine the properties of both the
inorganic and organic material with high surface area. PANI

has drawn considerable attention in the last few years because
of its unique chemical and physical properties, which are basi-
cally relative to its oxidation and protonation state (Wang

et al., 2016) ranging from the fully reduced leucoemeraldine
form to the half-oxidized emeraldine base form, and to the
fully oxidized pernigraniline form. It is a promising material

for many applications such as in rechargeable batteries, sen-
sors, actuators, electromagnetic shielding, antistatic coatings,
corrosion protection, and electro-optic and electrochromic
devices (Zhang et al., 2004; Duan et al., 2006; Zhang et al.,

2017).
Gold nanoparticles (AuNPs) have been achieved great

attention as a convenient and suitable components for a range

of applications including catalysis, photocatalysis, imaging,
sensing, drug delivery and gene targeting owing to their unique
properties such as electrical, optical, magnetic, chemical and

redox property (Zeng et al., 2019). When PANI and AuNP
are combined, nanocomposite materials can be created which
possess the merits of both organic and inorganic materials.

Incorporation of AuNPs into PANI improves the properties
of electrochemical, electrocatalytic activities and sensing capa-
bilities, as compared to those of pure PANI. Furthermore, the
poor processability due to insolubility of PANI in common

organic solvents and water may overcome after formation of
PANI-AuNP nanocomposite in colloidal forms. Electrochem-
ical and chemical methods (Lv et al., 2018) are generally two

primary ways for the preparation of PANI-metal nanoparticle
composites. Metal nanoparticles are incorporated electro-
chemically into PANI which is often achieved by the electro-

chemical reduction of the corresponding metal complex ions
(such as AuCl4

- and PtCl6-), which act as counterions in the
predeposited PANI film via an ion exchange procedure (Lv

et al., 2018). PANI-metal nanoparticle composites have been
prepared chemically which often follows one of the two routes:
(i) chemical polymerization of PANI with help of the pre-
formed particles (Sarma and Chattopadhyay, 2004), or (ii) a

‘‘one-pot” approach where the aniline monomers act as reduc-
tant for the metal ions (Mallick et al., 2005). Under certain
experimental conditions, the products of the one-pot method

are in colloidal form which helping them to disperse well in
the solution. Peng et al. (2006) reported the synthesis of
PANI-Au nanocomposite using micelles of sodium dodecyl

sulfate (SDS) by the direct oxidation of aniline where AuCl4
-

as the oxidant. The PANI-AuNP showing uniform morphol-
ogy and well-defined inner structures as well as composite par-
ticles disperse well in water. Yukou Du and his co-workers

(Zou et al., 2017; Wang et al., 2019) very recently reported
the electrochemical synthesis of AuNPs/graphene and
AuNPs/poly(3,4 ethylenedioxythiophene)(PEDOT) nanocom-

posite for sensors and electrocatalys respectively.
Surface enhanced Raman scattering (SERS) is becoming a

promising technique in various fields of research such as single

small molecule detection (Sharma et al., 2015), biological
imaging (Dinh et al., 2005), investigation of living cells
(Moreno et al., 2017), and trace analysis (Liu et al., 2011;

Jiang et al., 2013). Very recent, for detection of such molecules,
metallic nanoparticles (Ag, Cu, Au etc.) play very important
role for SERS enhancement (Wang et al., 2012). Tian et al
reported (Tian et al., 2014) the SERS activity on Rhodamine
6G using various kind of gold such as gold nanostar; nanotri-
angle and nanospheres. Surface functionalized AuNPs were
used as a SERS substrate by Torul et al. (Torul et al., 2014)

using 3-mercaptophenylboronic acid (3-MBA) and 1-
decanethiol (1–DT) for the quantification of glucose. But the
surface enhancement factor (EF) using only AuNPs or func-

tionalized nanoparticles not show the promising result. There-
fore, researchers are interested in increasing the EF for SERS
substrate. The EF factor may be increased if the AuNPs

embedded onto polymer matrix. Guo et al. (2015) reported
the biocompatible SERS substrate using gold nanoparticle-
based silk film where 4-(dimethylamino) pyridine and Rho-
damine 6G were used for SERS analysis. Chen et al. (2016)

reported that PANI when fabricating on the surface of gold
nanorods (GNR) via one-pot oxidative polymerization showed
the excellent SERS signals. In comparison with the conven-

tional gold-based SERS probes (Wang et al., 2012; Zhang
et al., 2013), the fabrication of GNR-PANI core-shell
nanoparticles were easily fabricated in low-cost. Goldcorne-

polanilineshell nanowires were prepared (Dutt et al., 2015) by
swollen liquid crystals template (SLCs) method to study the
SERS activity using methylene blue as well as catalytic degra-

dation of organic dyes. Very few works have been reported on
AuNPs-PANI for detection of substrate using SERS
technique.

Dyes are the major product from the textile industry which

cause significant pollution (Kumar and Chowdhury, 2018).

Among the dye molecules, the Congo red (CR) and methylene
blue (MB) are ionic dyes, and consumption of these dyes cause

serious problem such as difficult breathing, burning sensation,
abdominal and chest pain, severe headache, profuse sweating,
mental confusion, painful micturition, and

methemoglobinemia-like syndromes (Jain et al., 2007;
Bhattacharyya and Sharma, 2005). Currently, different meth-
ods such as chemical reduction (Yang et al., 2018), pho-

todegradation (Thongrom et al., 2014), reverse osmosis
(Wilhelm and Stephan, 2007) and coagulation (Shi et al.,
2007) have been reported in the literature for the safe disposal
of these dyes. But all methods are very slow process and take a

long time for degradation of dye molecules. Currently, noble
metals such as Au, Pt and Ag are known to catalyse the chem-
ical reduction of dyes, but the rate of degradation is not so

high. Therefore, rate of degradation may be enhanced if the
metallic nanoparticles (Au, Pt, Ag, Cu etc.) are embedded into
the polymer matrix.

In the present study, we reported the synthesis of AuNP-
PANI nanocomposite using two step methods where cetyl
trimethylammonium bromide (CTAB) serves as the micelle
in anilinium chloride medium to stabilize the PANI nanopar-

ticles for preparing AuNP-PANI nanocomposite in the pres-
ence of prepared colloidal gold nanoparticles. The prepared
nanocomposite (AuNP-PANI) is further shown to have good

SERS enhancement and high rate of catalytic activity for dye
degradation.
2. Experimental section

2.1. Materials

Gold(III) chloride hydrate (HAuCl4, xH2O), sodium citrate
dihydrate (Na3C6H5O7, 2H2O), 4-(Dimethylamino) pyridine
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(4-DMAP), 4-Aminothiphenol (4-ATP), Congo red (CR),
Methylene blue (MB), ammonium peroxydisulfate (APS) and
cetyltrimethylammonium bromide (CTAB), all purchased

from Sigma-Aldrich, were used as received. Aniline monomer
(p.a., > 99.5%, Sigma-Aldrich) was distilled under reduced
pressure and stored at room temperature, under argon atmo-

sphere to use. All the working solution were prepared using
Millipore filtered water.

2.2. Characterization techniques

The absorption spectra of Au NPs and AuNP-PANI
nanocomposite were recorded using UV–Visible Spectropho-

tometer (UV-1601, Shimadzu). The size of the AuNPs and
its composite were characterized using a Philips CM200-
FEG high-resolution Transmission Electron Microscope
(TEM) with a bias voltage of 200 kV. The TEM samples were

prepared by dipping carbon-coated copper grids in the AuNP
solution and AuNP-PANI solution, and then drying them in
air for over two hours. An Accumet meter (AB 15, Fisher Sci-

entific) was used to measure pH. The Fourier Transform Infra-
red (FTIR) were recorded using KBr pellets by using Bruker
IFS66V/S. Thermo-gravimetric analysis (TGA) was made

using a Pyris Diamond TG/DTA (Perkin Elmer) thermal anal-
yser in nitrogen atmosphere at a heating rate of 10 ◦C/min.
Electrochemical analysis was carried out under a nitrogen
atmosphere using a handheld Potentiostat (CH Instrument).

A conventional three-electrode cell was used for recording
the cyclic voltammogram of AuNP-PANI nanocomposite. A
glassy carbon working electrode (3 mm diameter) was pre-

pared by successive polishing with 1.0, 0.3, and 0.05 mm alu-
mina slurries, followed by sonication (5 min) in mili-Q water
after each polishing step. The Ag/ AgCl reference electrode

was prepared by immersing a silver wire into 1.0 M HCl, wash-
ing with acetonitrile, and air drying. A platinum wire was used
as the counter electrode.

2.3. SERS experiments

SERS measurements were performed on a homemade Raman
spectrometer with a 633-nm helium–neon excitation laser and

triple-grating monochromator (Spectra Pro 300i, Action
Research). The laser beam was focused onto the sample
through a Mitutoyo M Plan Apo 50 X objective with 0.42 N.

A. Measuring power at the samples was 1 mW, and all spectra
were collected in single scan with exposure times of 30 s. The
materials (1 mg/mL AuNP-PANI nanocomposite and PANI)

were dispersed in 10 mL ethanolic solution of 0.1 mM 4-
DMAP and 4-ATP separately for 12 h and were drop cast
on quartz clean glass slides. Under similar condition PANI

and AuNP-PANI were drop cast on quartz clean glass slides.

2.4. Catalytic study for dye reduction

The chemical reduction of MB and CR dyes using NaBH4 was

tested in the presence of AuNP-PANI nanocomposite as cata-
lysts using the procedure reported in the literature (Dutt et al.,
2015; Shi et al., 2007). 1 mL of 10 mM NaBH4 solution was

mixed with 1 mL of 1 mM MB and 1 mL of 1 mM CR sepa-
rately and the mixture was made up to 10 mL using mili-Q
water and then stirred for 10 min and the progress of the reac-
tion was studied by recording the UV–visible absorption spec-
tra at different time intervals. For reduction of dyes, AuNP-
PANI nanocomposite acts as the catalyst, 40 mL of the catalyst

which is dissolved in water (1 mg/mL) was added into 1 mL
(1 mM) of MB or CR in the presence of 10 mM NaBH4 and
sonicated for 5 min, and the progress of the reaction was mon-

itored. The catalytic activity of the nanocomposite was com-
pared with the activity of PANI nanostructure under similar
condition.

3. Results and discussions

3.1. Characterization of AuNPs and AuNP-PANI

nanocomposite

3.1.1. UV–Visible absorption spectroscopy and TEM imaging

AuNPs of various size were prepared using slightly modified
‘Turkevich method (Turkevich et al., 1951; Enustun and

Turkevich, 1963) with varying concentration of sodium citrate
where sodium citrate served as both the reducing agent as well
as stabilizing agent. When the concentration of citrate

increases the size of the AuNPs decreases which is clear evident
from UV–Vis spectra (Fig. 1a) and TEM images (Fig. 2 a–d).
To prepare AuNP-PANI nanocomposite, anilinium chloride

(HCl medium) was taken in CTAB solution and injected into
the 13-nm colloidal gold solution. The TEM image of prepared
AuNP-PANI (Fig. 2f) indicates that the AuNPs are widely dis-
persed in PANI nanostructures.

For the preparation of PANI nanostructure, CTAB acts as
a micelle to stabilize the PANI. In the presence of HCl, aniline
molecules should be protonated. Thus, the aniline molecules

would be mainly located in the outer region of the CTAB
micelle. The electrostatic attraction made the negatively
charged persulfate ions approach the outer surface of micelles

and oxidize the aniline molecules, which encourage the poly-
merization and at the CTAB protects the aggregation PANI
(Fig. 2e).

As AuNPs possess easily detectable optical properties due
to their local surface plasmon resonances, we investigated
the surface plasmon absorption behaviour of AuNPs in aque-
ous solutions (Fig. 1a) and its nanocomposite (Fig. 1b). From

the experimental spectra (Fig. 1a), it is evident that the peak of
SPR wavelength increases from 518 to 530 with the increases in
size of AuNPs from 13 nm to 44 nm (Fig. 2 a–d) due to

decrease of sodium citrate concentration. The UV–Vis spectra
(Fig. 1b) of AuNP-PANI nanocomposite formed using 13 nm
AuNPs colloid solution exhibits three absorption peaks at 710,

532 and 352 nm. The peak at 352 nm is attributable to
polaron? p* transition (Jain et al., 2006), whereas weak
broad band at �710 nm is associated with p? polaron band

of the isolated (localized) polarons (Venugopal et al., 1995).
These absorption peaks are characteristic absorption peaks
of the emeraldine oxidation state of PANI (Huang et al.,
2003). The presence of this peak indicates that PANI in the

nanocomposite is in the conductive state (Mostafaei and
Zolriasatein, 2012; Xu et al., 2010). But a distinct SPR band
is observed of AuNPs in AuNP-PANI nanocomposite at

532 nm which is shifted from 518 nm. Thus, we may conclude
that AuNPs are just dispersed in PANI nanostructure.

TEM images of AuNPs and their corresponding size distri-

bution are shown in Fig. 2(a–d). From Fig. 2, one can see that
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Fig. 1 (a) Surface Plasmon absorption spectra of AuNPs of different diameters in aqueous solution, and (b) UV–Vis spectra of PANI

nanostructure and AuNP-PANI nanocomposite.

Fig. 2 TEM images and size distribution curves of citrate capped gold nanoparticles after incubating 0.5 mL (a & a0), 1 mL (b & b0),
1.5 mL (c & c0) and 3 mL (d & d0) citrate solution; (e) Pure PANI nanostructure and (f & f0) AuNP-PANI nanocomposite.
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the size of AuNPs increases with the decrease of citrate concen-

tration and it has a good correlation with the increase of SPR
band of AuNPs (Fig. 1a). To obtain further insight into the
structural features of the AuNP–PANI nanocomposite, TEM
was applied to study its surface morphology. Fig. 2e shows

the typical TEM image of PANI alone and the AuNP–PANI
(Fig. 2f). From the TEM image of pure PANI, we found that
PANI is a nanostructure. AuNPs can be loaded onto the

nanostructure of PANI, forming a relatively uniform AuNP-
PANI nanocomposite with diameters between 75 and

105 nm. For further confirmation of nanocomposite (AuNP-
PANI), the high-resolution selected area diffraction pattern
(SAED), Scanning Transmission Electron Microscope
(STEM) and Energy Dispersive X-ray Spectroscopy (EDS) ele-

mental map of AuNP-PANI are shown in Fig. S-1 (Supporting
Information).

In order to study the in-situ formation process of AuNP-

PANI nanocomposite, UV–Visible spectra were recorded as



Fig. 4 FTIR spectra of (a) PANI nanostructure and (b) AuNP-

PANI nanocomposite.
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a function of time (every 10 min) which tract the process
(Fig. 3). From the UV–Vis spectra (Fig. 3) it is clearly that
at the beginning of the reaction there is only one peak observed

at 518 nm and this peak is the well-known surface plasmon res-
onance (SPR) band of AuNPs (Haiss et al., 2007). After addi-
tion of 10, 25 and 50 mL of anilinium chloride in CTAB to 13

AuNPs, the intensity of SPR band increased continuously and
red shift of the absorption peak was observed from 518 to
528 nm (Fig. 3a–c) but no red shift was observed when the con-

centration of aniline is 10 mL (Fig. 3a). It is well known that,
the intensity of the SPR band increases with growing particle
size due to the increased mean free path of the electrons
(Phan et al., 2013) as well as the change of chemical environ-

ment around the preformed AuNPs (Jain et al., 2006;
Bogdanovic et al., 2015). The increasing intensity and red shift
of SPR band of AuNPs may be due to after addition of aniline

resulted in re-growth of the initially formed AuNPs without
initiating of new particles. It should be noted that with increas-
ing aniline volume, the particle growth process became faster

(less time) and the final particle size became larger which is evi-
dent from TEM images (Insert, Fig. 3).

3.1.2. FTIR spectra analysis

FTIR analysis was performed to characterize the samples of
pure PANI nanostructure (Fig. 4a) and AuNP-PANI
nanocomposites (Fig. 4b). In the IR spectrum of PANI

(Fig. 4a), the prominent absorption peaks at 1622 and
Fig. 3 The time dependent AuNP-PANI growth using (a) 10 mL, (
10 min. Insert showing the TEM images after adding (a) 10 mL, (b) 25
1510 cm�1 are due to the quinoid and phenylene ring deforma-
tion of PANI (Pillalamarri et al., 2005). The peaks at

1192 cm�1 correspond to the in-plane bending of the C–H
bonds in phenylene, and the band at 805 cm�1 is owing to
the out of- plane C–H bending modes of the quinoid units
b) 25 mL and (c) 50 mL aniline. The spectra were recorded every

mL and (c) 50 mL aniline onto AuNPs. The scale bar is 20 nm.



Fig. 6 TGA analysis of (a) PANI nanostructure and (b) AuNP-

PANI nanocomposite.
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(Venugopal et al., 1995). The peak at 1346 cm�1 related to pro-
tonation/doping level of PANI chain. The FTIR spectrum of
AuNP-PANI nanocomposite (Fig. 5b) resembles that of pure

PANI. The peak positions in the AuNP-PANI nanocompos-
ites spectrum undergo shifting because of the AuNP assembled
with the-PANI matrix. A very weak intense peak at 1452 cm�1

observe in AuNP-PANI which indicates the C–C stretching
vibration of benzenoid (B) ring in NH-B-NH unit of PANI
(Venugopal et al., 1995). N–H stretching vibration of PANI

is observed at 3312 cm�1 shifted to 3340 cm�1 in AuNP-
PANI nanocomposite. The spectral changes observed in the
AuNP-PANI nanocomposite indicates that there are signifi-
cant interactions between AuNP and PANI in the composite

material.

3.1.3. X-ray diffraction analysis

Powder X-ray Diffraction (XRD) pattern of pure PANI
nanostructure and AuNP-PANI nanocomposite are shown in
Fig. 5. The XRD pattern of PANI nanostructure shows only
two broad peaks (Fig. 5a) indicate PANI is in an amorphous

state. On the other hand, the XRD pattern of AuNP-PANI
nanocomposite gives new peaks (Fig. 5b). The broader peak
of PANI nanostructure appearing at a 2h value of 25� is due

to the periodicity parallel to the polymer chains of PANI
(Bogdanovic et al., 2015). The new peaks of AuNP-PANI
nanocomposite at 2h values at 38.2�; 44.2�, 64.7�, 77.7� and

81.72�, correspond to Bragg’s reflection from the (1 1 1),
(2 0 0), (2 2 0), (3 1 1) and (2 2 2) planes of Au (Venugopal
et al., 1995). These new peaks are in good agreement with pre-

viously reported data (Feng et al., 2006) and it properly
matches with X’pert HighScore Plus Software. The XRD pat-
tern of AuNP-PANI confirms the presence of AuNP embed-
ded in a PANI matrix. The relative intensity of XRD peaks

in AuNP-PANI increases when the amount of AuNP was
increased.

3.1.4. Thermal analysis

Results of thermal gravimeter analysis of pure PANI nanos-
tructure and AuNP-PANI nanocomposite are shown in
Fig. 6. The PANI nanostructure (Fig. 6a) shows two stage
Fig. 5 XRD pattern of (a) PANI, (b) AuNP-PANI and (c)

AuNP rich AuNP-PANI.
degradation of weight loss while AuNP-PANI nanocomposite
shows three stage degradation of weight loss. The first stage
weight loss observed prior to 100 �C due to the loss of moisture
from both the samples. The second stage weight loss occurs

after 450 �C for PANI nanostructure which indicates the
degradation of polymer. In case of AuNP-PANI nanocompos-
ite, the second stage weight loss (150–550 �C) may be due to

loss of AuNP from the PANI matrix. The third stage weight
loss (>550 �C) of the nanocomposite may be due to degrada-
tion of PANI from the nanocomposite. From this analysis, it

may be concluded that after incorporation of AuNP onto
PANI the thermal stability of polymer is enhanced which indi-
cates an interaction between AuNP and PANI matrix. Thus,
the TGA results are in good agreement with the XRD pattern

(Fig. 5) of PANI and AuNP-PANI with respect to the interac-
tion between AuNP and PANI matrix.

3.2. Electrochemical studies

The rate of electron transfer increases when strong electronic
interaction occurs between conducting nanomaterials and

PANI matrix (Tian et al., 2004). AuNP-PANI modified elec-
trode exhibited a strong redox peak at 640 mV in 0.1 M PBS
solution (Fig. 7c). No such strong peak was observed on the

bare GCE (Fig. 7a) and bare GCE modified PANI electrode
(Fig. 7b). Thus, PANI is inactive at pH 7.0 PBS solution.
Thus, the present study shows that PANI retains its redox
activity under acidic condition which is similar to the earlier

(Pillalamarri et al., 2005). But AuNP-PANI nanocomposite
is redox active at pH 7.0 due to high surface area which pro-
duces more active sites for charge transfer through the

nanocomposites’ matrix (Pillalamarri et al., 2005). Fig. 8
shows the electrochemical responses of the AuNP-PANI
nanocomposite modified electrode at various pH. In this case

the redox peak at around 275 mV (Fig. 8), this can be attribu-
ted to the conversion of emeraldine form (half oxidised form)
to pernigraniline (full oxidised form). Another peak at negative

potential ranging around 650 mV is due to the conversion of
leucoemeraldine to conductive emeraldine form.

With an increase in pH of the solution (Fig. 8), the redox
peaks move closer corresponds to the both leucoemeraldine/



Fig. 7 Cyclic Voltammogram (CV) of (a) bare GCE, (b) PANI

and (c) AuNP-PANI modified electrode in 0.1 M PBS solution

(pH = 7.0). The scan rate was 50 mV/s.

Fig. 8 Cyclic Voltammograms of the AuNP-PANI modified

electrode in 0.1 M PBS solutions of different pHs. The scan rate

was 50 mV/s.

Fig. 9a Raman Spectra of PANI (black line), AuNP-PANI

(violet line), bulk 4-ATP (violet line) and SERS spectrum of 4-

ATP absorbed on AuNP-PANI surface (blue line). AuNP-PANI

was immersed in 0.1 mM 4-ATP solution (ethanol) and then dried

in air.

Fig. 9b Raman Spectra of PANI (black line), AuNP-PANI

(violet line), bulk 4-DMAP (violet line) and SERS spectrum of 4-

DMAP absorbed on AuNP-PANI surface (blue line). AuNP-

PANI was immersed in 0.1 mM 4-DMAP solution (ethanol) and

then dried in air.
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pernigraniline form of PANI. The intensity of redox peak cur-
rent (ip) increases with the decrease of pH of the solution

which indicates that the kinetics of the oxidation and reduction
processes depend on the concentration of H+ ions in the solu-
tion. In other words, the proton is involved in the rate-
determining step of the redox process. The electrochemical

behaviour of the nanocomposites’ is similar to that of the pure
PANI sample (Tang et al., 2008), which clearly suggests that
the addition of AuNP does not influence the electrochemical

behaviour of PANI.

3.3. SERS studies

4-ATP and 4-DMAP were used as reporter molecules to study
the SERS activity by AuNP-PANI nanocomposite. Such mole-
cules were chosen because of their strong affinity with AuNP

surface and they show distinct Raman features. The Raman
spectra of these two molecules immersed with pure PANI
and AuNP-PANI are shown in Figs. 9a and 9b). The strong
absorption band (Fig. 9a, red line) of bulk 4-ATP located at

1591, 1178, 1086, and 463 cm�1 which are assigned to the
modes of tCC, dCH, tCS, and tCCC, respectively (Li et al.,
2009) and these peaks were observed to be enhanced when 4-

ATP was treated with AuNP-PANI surfaces. All the peaks
assignments are presented in Table S1 (Supporting informa-
tion). In the SERS spectrum, the band of tCS shifts from
1091 cm�1 to 1086 cm�1, and the intensity of the band at

1591 cm�1 increases largely, indicating that the thiol group
of 4-ATP directly contacts with AuNP of AuNP-PANI
nanocomposites.

For further confirmation of SERS activity of AuNP-PANI
molecule, we studied another molecule 4-DMAP (Fig. 9b) and
its peaks assignment are presented in Table S2 (supporting

information). The predominant strong band (Fig. 9b, blue line)



Fig. 10b Time dependent UV–Visible absorption spectra of MB

showing the dye reduction by NaBH4 in presence of AuNP-PANI

nanocomposite. The spectra were recorded in every 1 min.
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of AuNP-PANI-4-DMAP at 736, 939, 973, 1053 and
1223 cm�1 are due to the C–N–C wagging, Ring breathing &
CH3 rocking, trigonal bending and C–H out-plane bending,

CH3 rocking and C–H in-plane bending respectively (Guo
et al., 2015). The potential of AuNP-PANI substrate is demon-
strated by considerable enhancement of intensities and the

enhancement factor (EF) of intensity was calculated by using
the following equation (Camargo et al., 2009; Chen et al.,
2016)

EF ¼ ISERS=IBULK � d=MW:C ð1Þ
where ISERS is the intensity of a vibrational mode in the
surface-enhanced spectrum, and IBULK is the intensity of the
same mode in the Raman spectrum, D is the density of bulk

molecule, Mw is the molecular weight of bulk molecule, and
c is the concentration of the bulk molecule. Using Eq. (1).
The enhancement factors at peak 463 cm�1 for 4-ATPand at
736 cm�1 for 4-DMAP are 1.95 � 105 and 2.016 � 105 respec-

tively. Although the EF of the present prepared material is not
so high, and the value is in the normal range, but it is higher
than the other gold-polyaniline nanocomposites (Dutt et al.,

2015; Chen et al., 2016). This SERS enhancement towards ref-
erence molecules are may be due to the surface
hydrophobicity-hydrophilicity of AuNPs when embedded with

PANI nanostructure through Au-N electrostatic interaction.
Without PANI, AuNP does not play such SERS enhancement.
Similar type of result was reported by Zhizhchenko et al.
(2018).

3.4. Catalytic activity

The catalytic activity of AuNP-PANI nanocomposites for the

reduction of organic dyes was monitored using UV–visible
spectroscopy. The catalytic reduction of CR and MB was fol-
lowed by using the procedure reported earlier (Zhizhchenko

et al., 2018). The time-resolved UV–visible absorption spectra
of CR and MB in the presence of the catalysts and the reduc-
ing agent are shown in Figs. 10a and 10b, respectively. The

progress of the reduction of CR and MB is evident in
Figs. 10a and 10b in the form of decrease in the intensity of
the absorbance maximum(kmax) at 500 nm for CR and at
Fig. 10a Time dependent UV–Visible absorption spectra of CR

showing the dye reduction by NaBH4 in presence of AuNP-PANI

nanocomposite. The spectra were recorded every 1 min.
664 nm for MB, respectively. The characteristic peaks for the
dyes disappear completely after 8 min, indicating the comple-
tion of the reaction. The reduction of the dyes in absence of
catalyst (AuNP-PANI) is negligible after 8 min (Fig. S2, Sup-

porting Information). The dye reduction data fitted well in a
linear plot of ln(C0/Ct) versus reduction time. Ct and C0 are
the concentrations of the dye at time t and t0 respectively.

The reaction thus follows the first order kinetics as with respect
to CR and MB as the concentration of NaBH4 (10 mM), was
relatively larger than that of CR and MB (1 mM), which was

reported earlier (Wang et al., 2012; Enustun and Turkevich,
1963). The kinetic curves for the reductive degradation of
CR and MB in the presence and absence of the catalyst and

comparison of first-order rates are shown in Fig. S3(a) and
(b) (Supporting Information). The rate constant (k, s�1) was
obtained from the linear plot and found to be 0.30 s�1 and
0.33 s-1for CR and MB respectively. Both these values are

higher than the reported values with gold nanoparticles
(Wang et al., 2012). A comparison of the catalytic activities
of various catalysts for the chemical reduction of CR and

MB is summarized in Table S-3 (Supporting Information). It
is clear from the Table S-3 (Supporting Information) that the
present AuNP-PANI nanocomposite is better than other

known catalysts which have been reported in the literature
(Sharma et al., 2016; Gan et al., 2013; Nadaf and Kanase,
2016; Subair et al., 2016).

It has been reported that without any catalyst the reduction

of dyes (CR & MB) in the presence of excess NaBH4 will not
proceed (Enustun and Turkevich, 1963). In the present study,
we also tested the catalytic activity of bulk PANI in the pres-

ence of NaBH4 under similar condition and the results are
shown in Fig. S4 (Supporting Information), which clearly
reveals that the bulk PANI does not catalyse the dye reduc-

tion. Thus, the catalytic reduction process mainly depends
on the presence of gold in AuNP-PANI nanocomposite. Gen-
erally, the coin metal acts as an electron relay in the redox

reactions (Enustun and Turkevich, 1963). The electrons are
donated by NaBH4 to Au and the dye molecules capture the
electrons from Au (Enustun and Turkevich, 1963). It is evident
that the adsorption of dye molecules on the catalyst surface are
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required for the promotion of electron relay. The enhanced
catalytic activity of the nanocomposite over Au nanoparticles
may be due to the concentration of dyes molecules enriched

onto the colloid gold nanoparticles in AuNP-PANI
nanocomposite.

4. Conclusions

In summary, we have synthesized gold nanoparticles of vari-
ous size by changing the concentration of sodium citrate.

The smaller size (13 nm) of gold nanoparticles is used for the
synthesis of AuNP-PANI nanocomposite in widely disperse
form. The variation of size of AuNPs with respect to citrate

concentration is characterized by UV–Visible spectroscopy
and TEM images. The nanocomposite (AuNP-PANI) was ini-
tially characterized using UV–Visible spectroscopy, Transmis-

sion Electron Microscope (TEM), Scanning Transmission
Electron Microscope (STEM) and the size of the correspond-
ing AuNP-PANI from DLS properly matched with TEM
image. The structure and composition of AuNP-PANI were

further characterized using Fourier Transmission Infrared
Spectroscopy (FTIR), X-ray diffraction study (XRD), Energy
Dispersive X-ray Spectroscopy (EDS) and Thermogravimetric

analysis (TGA). Electrochemical properties of AuNP-PANI
were studied using Cyclic Voltammetry (CV). The formation
of the nanocomposite reveals that increasing the concentration

of aniline, accelerates the reaction, and increase the particle
size. AuNP-PANI nanocomposite shows excellent SERS
enhancement towards the reference molecules (4-DMAP & 4-
ATP) and use as an efficient catalyst for the degradation of

dye molecules. AuNP-PANI may be used for biosensors.
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