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a b s t r a c t

Synthesis, characterization and application of Au-PANI-Calix and Au-PANI-Nap nanocomposites, is
reported herein. An easy template free green synthesis is proposed and discussed for easy expediency.
A variety of analytical techniques were used to characterize the nanocomposites: UV–vis spectroscopy,
Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, Dynamic light scattering (DLS),
X-ray diffraction (XRD), Energy-dispersive X-ray spectroscopy (EDX), and X-ray photoelectron spectro-
scopy (XPS) were used to characterize the nanocomposites. Surface morphology was studied by
transmission electron microscopy (TEM). The nanocomposites were immobilized on screen-printed
electrode and showed electroactivity in neutral pH, making them promising candidates for various
analytical applications. A sensitive and selective detection of Cu2þ was perceived on the Au-PANI-Calix
modified electrode with no interference from ions Kþ , Ni2þ , Co2þ , Pb2þ , Cr3þ with a detection limit of
10 nM. The copper detection is facilitated for accessible ligation with 4-sulfocalix[4]arene, so as the Cu
(II)-Calix complex formed. The electrode modified with Au-PANI-Nap showed sensing application
towards H2O2 with a detection limit of 1 μM. The modified electrodes were reproducible and stable
for 2 months.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Conducting polymers have become important because of their
unique optical, electrical, and mechanical properties [1]. Polyaniline is
an interesting material and has been studied so far since many
decades but lacks commercial applicability in its native and undoped
state. Conducting polymers are needed to fabricate for controllable
conductivity and catalytically properties. Polyaniline (emeraldine salt
prepared with different acid dopants) has broad range of electro-
chemical sensing applications [2–5]. Gold nanoparticles have attracted
attention because of their unique electrical and optical properties as
well as extensive applications in diverse areas [6–8].

Composite materials exhibit interesting and excellent physical
or chemical properties (optical, electrochemical and conductive
properties) due to the hybridization of metal nanoparticles and
π-conjugated polymers. Gold-polyaniline composite are known for
their unique property in which metal provides good stability, high
conductivity, optical properties and polymer is responsible for
variable and controllable conductivity through doping. Generally

when aniline and gold salt HAuCl4 are mixed together, the redox
reaction between aniline and HAuCl4 occurs leading to the forma-
tion of gold/PANI composites. A detailed literature is known for the
synthesis of gold/polyaniline nanocomposite, which involves che-
mical, electrochemical, one step, and two step synthesis while most
of them includes use of external template/additive/stabilizer [9–11].
Mixing of aniline and HAuCl4 in HCl solution lead to the formation
of pure PANI nanofibers as the major products while micrometer
size gold/PANI core/shell composites were found as by-products
[12]. PANI nanorods and gold microspheres apart from each other
were prepared using camphorsulfonic acid to the reaction of aniline
and HAuCl4 [13]. Deposition of ultra-fine Au nanoparticles on
polyaniline nanofibers has been reported for H2O2 sensing [14].
Recently, a detailed review on the synthesis of gold/polyaniline
nanocomposites has been published [15]. Keeping a look in the
literature, the global demand for sensing application in all the
analytical fields is increasing, and then the challenge of inviting new
and applicable nanocomposite has become a fascinating work for
the researchers.

Copper is the third most abundant metal after Fe and Zn,
essential element in human body and has multiple functions
ranging from bone formation and cellular respiration to connec-
tive tissue development [16,17]. However, excess copper accumu-
lation causes severe maladies, such as Alzheimer's, Parkinson's,
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Mankes' and Wilson's and prions diseases [18–20]. Literature
revealed many conventional methods for copper determination
are available mainly as atomic absorption spectroscopy [21]
inductively coupled plasma-mass spectrometry [22], inductively
coupled plasma atomic emission spectroscopy [23]; these meth-
ods are expensive, time-consuming, and not suitable for in situ
monitoring. Electrochemical methods are definitely less expensive
and provide high sensitivity and adequate accuracy. Electroche-
mical detection of copper ions has been reported using polypyr-
role nanowire modified with Gly–Gly–His tripeptide [24],
electrode modified with carnosine–silica hybrid material [25]
and co-poly (cupferron and β-naphthol)/gold nanoparticles mod-
ified glassy carbon electrodes [26]. Although an electrochemical
method offers the easiest way of detection, measurements in
physiological conditions, particularly with real sample, represent
a main challenge. Therefore, it becomes desirable to introduce
such an electrochemical sensor that gives a simple, sensitive and
selective detection of Cu2þ at physiological pH.

Hydrogen peroxide (H2O2) is a simple and small compound in
nature but with great importance in pharmaceutical, clinical,
environmental, mining, textile and food manufacturing applica-
tions [27]. As mentioned for copper, conventional techniques for
hydrogen peroxide determination such as spectrometry [28],
fluorescence [29], chemiluminscence [30] are complex, costly
and time consuming. In comparison, electrochemistry can offer a
simple alternative since H2O2 is an electroactive molecule [31].
Literature reports methods for simple, accurate, and fast analytical
detection of H2O2 using an electrode modified with the redox
active enzyme, horseradish peroxidase (HRP) [32,33] however,
insufficient stability is the main drawback of enzyme-based
sensors, because enzymes denature easily during fabrication,
storage or use. Recently, non-enzymatic electrochemical H2O2

detection has been reported using CuO nanoflowers sensor [34]
and Pd-decorated PEDOT nanospheres [35]. Therefore it is highly
desirable to develop an enzyme-free electrochemical sensor for
H2O2 with high sensitivity and long-term stability.

In our previous published paper we introduced green template
free synthesis of nanocomposite [36], the similar approach is
further explored in the present work to develop the one step
synthesis of new highly electroactive nanocomposites Au-PANI-
Calix and Au-PANI-Nap. HAuCl4 as the oxidant was mixed with the
aniline monomers and dopant mixture, the reduction of HAuCl4
and the oxidization of PANI occur simultaneously, leading to the
formation of nanocomposite, where dopant function was to
produce conductive form of polyaniline. The new nanocomposites
were synthesized, characterized and applied as electrochemical
sensor for Cu2þ and H2O2. The new nanocomposites contains gold
and polyaniline in common with different dopants said naproxen
and 4-sulfocalix[4]arene. The nanocomposites were characterized
by UV–vis spectroscopy, FTIR, Raman spectroscopy, DLS, XRD, EDX,
XPS and TEM. To the best of our knowledge, the nanocompo-
sites presented herein have not been reported elsewhere in the
literature.

2. Experimental

2.1. Chemicals and equipment

Chloroauric acid (HAuCl4), 4-sulfocalix[4]arene, aniline, (S)-
Naproxen and all other chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and used without further purification.
Deionized water having a resistivity of not less than 18 M cm�1

(Milli-Q, Bedford, MA, USA) was used throughout the experiment.
UV–Vis and FTIR spectra were recorded using Cary Eclipse (Varian,
Palo Alto, CA, USA), Spectrum One B (Perkin-Elmer, Waltham, MA,

USA) spectrometers respectively. Surface morphology was char-
acterized using TEM (JEOL, JEM‐1400, Tokyo, Japan). Quantitative
analyses were performed using XPS (ULVACPHI XPS spectrometer
PHI Quantera SXM, Chigasaki, Japan) and EDX (JEOL JSM-7000 F,
Tokyo, Japan). HORIBA JOBIN YVON, HR-800 was used to measure
Raman spectra. Philips PW1830 X-ray diffractor meter was used to
examine the crystalline behavior of the material. Electroanalytical
measurements were carried out at ambient temperature with a
CHI 660B electrochemical workstation. The integrated three-
electrode strip consisting of a carbon working electrode, a silver
pseudo-reference electrode and a carbon counter electrode was
purchased from Zensor R&D (Taichung, Taiwan). The average
diameter and zeta potential of the nanocomposite were measured
using a 90Plus DLS nanoparticle size analyzer and zeta potential
analyzer (Brookhaven Instruments, NY, USA).

2.2. Synthesis of Au-PANI-Calix and Au-PANI-Nap

The synthetic procedure of new nanocomposites is similar to
our previous published article [36]. However in brief the synthetic
procedure is summarized herein. To a stirring solution of aniline
(2 ml, 1 mM), 4-sulfocalix[4]arene (2 ml, 1 mM), or naproxen
(200 ul, 2% aq. suspension) was added at room temperature. Then
2 ml solution of HAuCl4 (1 mM) was added quickly. The reaction
solution turned brown after some time and stirring continued for
20 h and then stopped by centrifugation (20,000 RPM, 10 min),
washed 2–3 times with H2O.

3. Results and discussion

3.1. Synthesis of metal nanocomposite

Au-PANI-Calix and Au-PANI-Nap nanocomposites were synthe-
sized in the present study, using 4-sulfocalix[4]arene/Nap as a
dopant anion. Since it involved a template-free synthesis proce-
dure, the nanocomposites products are free from by-products that
often arise when conventional initiators, such as ammonium
persulfate, are employed. A plausible structure of the nanocom-
posites is indicated in Scheme 1.

3.2. Spectroscopic characterization

Prior to any other characterization, the absorption spectra of
Au-PANI-Calix and Au-PANI-Nap were recorded (Fig. 1). The
absorption band at 534 nm and 542 nm correspond to absorption
band of Au-PANI-Calix and Au-PANI-Nap nanocomposites respec-
tively, that is markedly different from zerovalent Au absorption
band (520 nm).

The FTIR spectral characteristic of Au-PANI-Calix nanocompo-
site mainly resembles PANI. The characteristic bands of PANI at
wavenumbers of 1570 cm�1 (assigned to the stretching of the
quinoid rings), 1495 cm�1 (C¼C stretching of benzenoid rings),
1296 cm�1 (C–N stretching mode), and 1120 cm�1 (N¼Q¼N, Q
representing the quinoid ring) are observed clearly in the FT-IR
spectra of the nanocomposites, and are identical to those of the
emeraldine salt form of PANI [37]. The peaks at 3460 cm�1 and
3257 cm�1 corresponding to –NH stretching and hydogen bonded
–OH respectively in both the nanocomposites. In case of Au-PANI-
Nap, peaks at 2957 and 2942 cm�1 corresponding to asymmetric
and symmetric stretching vibrations of –CH3 and bands at 1629,
1607 and 1480 cm�1 are assigned to stretching vibrations of
aromatic ring. Bands at 1022 and 865 cm�1 are assigned to
absorption of C–O–C in naproxen, while 1173 cm�1 is due to the
C–O absorption. The major peaks in the range of 482–1727 cm�1
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are same as for native naproxen [38], so it clearly shows that the
material is fully doped with naproxen (Fig. 2A).

Raman spectra of the nanocomposites were obtained and
interpretated as follows. Peaks at 1625, 1596 and 1570 cm�1

represent the characteristic bands of semiquinone rings. Band at
1511 cm�1 corresponds to the N–H bending deformation band of
the protonated amine. Peaks at 1348 and 1252 cm�1 are assigned
to the C–N stretching modes and 1179 cm�1 is corresponding to
C–H bending deformation (Fig. 2B).

To further confirm the formation of nanocomposites a powder
XRD pattern recorded from a drop-coated film of the sample on a
silica substrate. The Bragg reflections (111), (200), (220), and (311)
of face-centered cubic (fcc) Au are observed in both the nanocom-
posites (Fig. 3), similarly to those reported in the literature [39].
Diffraction pattern shows a broad peak centered at 2θ¼23.51
which is a characteristic peak of PANI [40]. 2θ between 5–351 is
assigned to the diffraction peaks of naproxen, according to the
literature [41]. XRD analysis supports the presence of doped PANI
and Au(0) nanoparticles in the nanocomposites.

To determine the elemental composition as well as the electro-
nic state of metal ion, the XPS quantitative spectroscopic techni-
que was used. Elemental analysis shows the presence of C, N, O, S
and Au in nanocomposite as assigned in Fig. 4A. The XPS
examination verified that the doublet at 83.5 and 87.2 eV corre-
sponding to 4f5/2 and 4f7/2, respectively, which is due to ele-
mental gold [42]. The splitting of each doublet (3.70 eV) as shown

in Fig. 4B, corresponding to the spacing between the 4f5/2 and 4f7/
2 levels, is in agreement with the literature value [39], confirming
the presence of gold in zerovalent oxidation. Results from XPS
together with those from IR and XRD, confirm the doping and
successful synthesis of nanocomposites. The elemental composi-
tions of the nanocomposites by EDX and XPS are shown in Table 1,
clearly demonstrate the doping of the nanocomposite.

Scheme 1. Plausible structure of the nanocomposites.

Fig. 1. Absorption spectra of Au-PANI-Calix and Au-PANI-Nap; inset shows the
absorption maxima of the nanocomposites (y-axis adjusted to get the graphs closer
together).

Fig. 2. FT-IR Spectra (A) and Raman Spectra (B) of Au-PANI-Calix and Au-PANI-Nap.

S. Tanwar et al. / Talanta 117 (2013) 352–358354



The average diameter and zeta potential of the nanocomposites
was determined by DLS. The respective size and zeta potential of
the Au-PANI-Nap and Au-PANI-Calix obtained were 34.7 7
0.04 nm, 40.170.02 nm and �28.771.7, �23.672.6. The mor-
phology of the nanocomposites was examined by TEM (Fig. 5). The
nanocomposites look spherical or roughly spherical with average
diameter o50 nm (Au-PANI-Calix) and o100 nm (Au-PANI-Nap).
Examination of the reaction product by TEM images revealed that
the PANI formed in the solution nucleates onto the gold particles
in both the nanocomposites (magnified image, in the inset of
Fig. 5), while some PANI seems to provide surface to the particles.

3.3. Fabrication and electrochemical characterization of
modified electrodes

A cast solution of nanocomposite was prepared by ultrasoni-
cating the as-prepared Au-PANI-Nap and Au-PANI-Calix in
dimethylformamide (5 mg/ml). 2 μL of this solution was drop
coated onto a clean screen-printed electrode with a micro syringe
and dried in oven at 37 1C overnight. The as-modified electrode is
subsequently washed several times with deionized water to
remove the loosely bounded polymer nanocomposite and further
used for electrochemical studies. Prior to the electroanalytical
application experiments, all the modified electrodes were acti-
vated by scanning under the potential window between �0.6 V
and 0.4 V in 50 mM phosphate-buffered saline (PBS), pH-7.12 for
20 cycles with a scan rate of 50 mV/s.

The electrochemical properties of the nanocomposite modified
electrodes were studied by means of cyclic voltammetry (CV). Fe
(CN)63� /4� redox couple was selected to compare their character-
istics with that of the unmodified electrode. Fig. 6 shows the
voltammetric behavior of the two electrodes with PBS and with Fe
(CN)63� /4� redox couple. The voltammetric behavior of the
modified electrodes is noticeably different than the unmodified
one (Fig. 6A), the dramatic change in current indicates that
modified electrodes has excellent electrochemical properties. As
expected, both the modified electrodes show a broad reversible
voltammogram, indicating the presence of a large capacitive
charging current compared to unmodified electrode as shown in
Fig. 6B.

To confirm whether the reaction on modified electrode is
reversible or irreversible, a series of cyclic voltammograms (CVs)
were then acquired with the modified electrodes varying the scan
rate from 50 mV/s to 300 mV/s, in 1 mM K3Fe(CN)6 with 0.1 M KCl.
With both the modified electrodes, the peak current (Ip) increases

Fig. 3. Powder XRD pattern of Au-PANI-Calix and Au-PANI-Nap.

Fig. 4. XPS pattern of Au-PANI-Calix and Au-PANI-Nap.

Table 1
Elemental composition by EDX and XPS.

Element (%) EDX XPS

Au-PANI-Nap Au-PANI-Calix Au-PANI-Nap Au-PANI-Calix

C 72.37 62.05 69.61 66.52
N 1.73 6.18 6.21 1.70
O 16.69 10.72 22.84 29.12
Au 9.21 20.80 1.33 2.30
S – 0.26 – 0.36
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linearly with the increasing of the square root of the potential scan
rate (v1/2), indicating that the reactions occurring on the modified
electrode are nearly reversible; in fact, the Randles' slope would be
nonlinear if the redox reactions were either irreversible or quasi-
reversible. These results also confirm that the mass transfer
phenomenon in the double layer region of the electrodes is a
diffusion-controlled process [34].

The reproducibility of both the modified electrodes was
checked, it was observed that there was no deterioration in the
response of the modified electrodes and they were reproducible
and stable for 2 months.

3.4. Copper detection

The CV response of Cu2þ in PBS (50 mM, pH-7.12) at the
electrodes modified with Au-PANI-Calix, demonstrates the marked
change in the performance of cyclic voltametry. In presence of
Cu2þ , a remarkably broad peak at 0.15 V was observed for
modified electrode, indicating that the surface-exposed SO4

2�

groups from 4-sulfo-calixarene could effectively capture copper
ions (Fig. 7). A square wave voltammogram is recorded showing
effect of different concentration of Cu2þ (Fig. 7B); the peak current
at 0.15 V is proportional to the amount of copper ions complexed
at the modified electrode surface; in fact the calibration curve
shows a linear response (R2¼0.995) in a wide range of Cu2þ

concentration (1 mm–5 mM). A good sensitivity was achieved on
electrode modified with Au-PANI-Calix towards Cu2þ; the detec-
tion limit calculated against the blank signal was 10 nM (S/N¼3),
lower than reported in the literature for electrochemical detection
of Cu2þ by other authors [24,43].

After each experiment, the electrode was washed with EDTA
solution followed by water to get the Cu2þ free electrode. As
selectivity is essential, particularly in case of metal ion sensors, it
was investigated by measuring the CV response of Cu2þ in
presence of common ions (Kþ , Ca2þ , Mg2þ , Ni2þ , Co2þ , Pb2þ ,
and Hg2þ at 1 mM concentration). The electrode modified with
Au-PANI-Calix showed no significant change in current, clearly
signifying its selective capture of Cu2þ over other ions.

3.5. H2O2 detection

The electrode modified with Au-PANI-Nap nanocomposite
shows sensing application for H2O2 at physiological pH. The
electroactive response of Au-PANI-Nap towards H2O2 was experi-
mented in N2-saturated PBS (50 mM, pH-7.12). Upon addition of
H2O2, the electrode modified with Au-PANI-Nap exhibits signifi-
cant oxidation and reduction of H2O2 (Fig. 8A), which can be
attributed to the excellent electrocatalytic property of the nano-
composite. Similar results were reported for oxidation and reduc-
tion of H2O2 on Co3O4 nanowalls electrode [44]. The cathodic and
anodic currents increase because of the reduction and oxidation of
H2O2 and that current change was responsible for the concentra-
tion of H2O2 indicating the sensing of Au-PANI-Nap modified
electrode towards H2O2 at physiological pH. The Au-PANI-Nap
modified electrode gives a linear response towards H2O2 in the
concentration range of 5–50 μM (R2¼0.997) as depicted in Fig. 8B.
The detection limit calculated based on the signal to noise (S/
N¼3) was 1 μM. Although another non-enzymatic H2O2 sensor
was already reported in the literature [34], our nanocomposite has

Fig. 5. Transmission electron micrographs of Au-PANI-Calix (A) and Au-PANI-Nap (B); scale bar 200 nm; inset shows the magnified image.

Fig. 6. CV response of unmodified and modified electrode in 50 mM PBS, pH-7.12 (A) and in 0.1 M KCl with 1 mM K3Fe(CN)6 at unmodified and modified electrode (B).
The scan rate was 50 mV/s.
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the advantage of sensing at physiological pH, which is particularly
important for the detection of H2O2 in food and clinical fields.

4. Conclusions

The work presented herein is one-pot synthesis of gold nano-
composites without external additive/stabilizer. A facile green
synthetic approach for gold nanocomposite has been successfully
developed using PANI as reductant, HAuCl4 as oxidant, 4-sulfocalix
[4]arene and Naproxen as dopants. IR, XRD, EDX and XPS analysis
confirmed the successful doping of the nanocomposite materials.
The electrochemical studies revealed the presence of nano gold
that contributes the electrocatalysis nature of nanocomposites.
The dopant (4-sulfocalix[4]arene) assumed to capture copper in
Au-PANI-Calix. The synthesized nanocomposites Au-PANI-Calix
and Au-PANI-Nap showed good catalytical activity and demon-
strated to be applicable as sensors for detection of Cu2þ (LOD
10 nM) and H2O2 (LOD 1 μM), respectively. The synthesized
nanocomposites are advantageous because the as-modified elec-
trodes show sensing activity at physiological pH. Electrochemical
sensing has the advantage of low sample volume and simple
preparation; future studies will be focused on the application of
novel nanocomposites to real sample analysis of Cu2þ and H2O2.
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