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ABSTRACT: This article discusses the results for the de-
velopment of a nanogold-particle/polyaniline-modified glassy
carbon electrode for the detection of arsenic(III) in water. A
thin polyaniline filmwas electropolymerized onto a glassy car-
bon electrode. The gold nanoparticle was then deposited onto
the polyaniline-coated glassy carbon electrode via potential
step electrolysis from 1.1 to 0 V versus Ag/AgCl/NaCl (satu-
rated) for 45 s from a 0.5M H2SO4 solution containing 0.1 mM
NaAuCl4 in the absence and presence of a 0.1 mM KI additive.
The surface of the modified electrode was examinedwith scan-
ning electron microscopy. Cyclic and anodic stripping voltam-

metry of arsenic(III) was performed on the modified electrode.
The thus modified nanogold-particle/polyaniline-modified
glassy carbon electrode prepared in the presence of the I� (KI)
additive showed a high sensitivity in detecting arsenic(III) in
water, and with stripping voltammetry, a limit of detection of
0.4 ppb arsenic was obtained, which is much lower than the ar-
senic guideline limit of theWorld Health Organization. � 2007
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INTRODUCTION

Arsenic (As) is an important environmental concern
because of its high toxicity to a broad spectrum of liv-
ing organisms at the level of parts per billion. The con-
tamination of drinking water and groundwater with
As has been reported in many parts of the world.1 In
some parts of the contaminated areas, the As level in
drinking water is above the World Health Organiza-
tion guideline value of 10 ppb (10 mg/L).2

As can exist in natural environment in four oxida-
tion states: As5þ, As3þ [or As(III)], As0 [or As(0)], and
As3�. The mobility and chemical form of As determine
its toxicity.3 The trivalent inorganic forms, such as ar-
senic trichloride and arsenic trioxide, are highly toxic
and are 60 times more poisonous than the metal, its
pentavalent salts, or organo-As compounds.4 The
behavior of As species will change, depending on the
biotic and abiotic conditions of the water.

The detection of trace amounts of As appears to
be a pressing need as the scale of the As problem
for nature and the human life has become clear; it
has been emphasized by extensive studies illustrated
in a special issue of Talanta5 entirely dedicated to
various aspects of As exposure in nature. Indeed, a
number of detection methods have been developed.5

Most of them possess limits of detection below the
World Health Organization guideline value of 10
ppb. However, some methods for the determination
of As at the level of the World Health Organization
guideline have also been developed, reported, and
reviewed elsewhere.6–9 The reliable techniques are
suitable for laboratory conditions only. In addition,
they are time-consuming and not suitable for the
routine analysis of a large number of samples.
Therefore, a rapid, portable sensor needs to be de-
veloped to overcome these problems. The use of
electrochemical methodologies5,10–12 for detecting As
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has recently come to the forefront of research as a
possible means of fulfilling these requirements.

Materials in the nanoscale range have shown
superior functional properties for a wide range of
technological applications, including catalysis, op-
tics, microelectronics, and chemical/biological sen-
sors. Metal nanoparticles provide three important
functions for electrocatalysis: the roughing of the
conductive sensing interface, catalytic properties,
and conductivity properties.7 Several works have
been based on gold (Au) nanoparticles. Recently,
the detection of As(III) with a Au-nanoparticle-
modified glassy carbon (nano-Au/GC) electrode
was performed with a limit of detection (LOD) of
0.0096.13 In another study,14 As detection was per-
formed with nano-Au/GC electrodes prepared both
in the absence and in the presence of an I� additive,
and a superior detection level was attained with the
latter electrode.

Polymer-modified electrodes prepared by electro-
polymerization have received extensive interest in
the detection of analytes because of their selectivity,
sensitivity, and homogeneity in electrochemical dep-
osition, strong attachment to the electrode surface,
and high chemical stability in air.15 However, the
application of a polymer-modified electrode for As
detection is, to the best of our knowledge, yet to be
reported. This study presents the electrochemical
detection of As(III) with a nano-Au/polyaniline-
modified glassy carbon (nano-Au/PANI/GC) elec-
trode prepared in the absence and presence of an I�

additive. With square-wave voltammetry (SWV), an
LOD of 0.4 ppb (0.4 mg/L) was obtained, which is
much lower than the As guideline limit of the World
Health Organization.

EXPERIMENTAL

All the reagents used in this work were obtained
either from Kanto or Wako Chemicals Co. (Tokyo,
Japan); they were analytical-grade and hence used
without further purification, except for aniline,
which was distilled before its use. All the solutions
were prepared with deionized water purified by a
Milli-Q system. According to the previous work,16 a
stock solution of 8.2 mM As(III) was prepared: 8.1
mg of As2O3 was dissolved in a minimal amount of
concentrated NaOH (1.0M), and then the solution
was acidified with concentrated HCl (1.0M) to adjust
the pH to 3 and diluted to a total volume of 10 mL
with deionized water.

The procedure for the deposition of the Au nanopar-
ticles onto bare glassy carbon (GC; diameter ¼ 1 mm)
was adapted from earlier reports.17,18 The GC elec-
trode was polished with alumina powder with
decreasing sizes from 1 to 0.06 mm. The electrode was

sonicated for 10 min in deionized water after each
stage of polishing. The Au nanoparticle was electrode-
posited from an acidic bath of 0.5M H2SO4 containing
0.1 mM Na[AuCl4]�2H2O in the absence and presence
of 0.1 mM KI by the stepping of the electrode potential
from 1.1 to 0 V for a total deposition of 45 s. Because a
longer deposition time would yield a Au film instead
of nanoparticles,13 the potential stepping in this work
was carried out three times; each constituted 15 s of
deposition, and thus a total duration of 45 s was
achieved for Au-nanoparticle deposition onto the elec-
trode matrices employed. The nano-Au/GC electrodes
thus prepared in the absence and presence of KI are
termed nano-Au/GC and I�-nano-Au/GC electrodes,
respectively.

A thin polyaniline (PANI) film was electrodepos-
ited onto the polished, bare GC (diameter ¼ 1 mm)
electrode for a pulse width of 500 ms at 1.0 V from
an electrolytic solution containing 0.5M aniline
and 1.0M HCl. The film thus grown was rinsed
several times with deionized water and 0.5M
H2SO4 before its further use in the experiments.
The deposition of Au nanoparticles onto the poly-
aniline-coated glassy carbon (PANI/GC) electrode
was carried out in the same way as that onto the
bare GC electrode. Before use, an electrochemical
pretreatment of each electrode was carried out to
obtain a stable cyclic voltammogram (CV) of the
nano-Au-modified electrode (shown later in Fig. 4)
by a continuous cycling of the electrode potential
from �0.2 to 1.5 V. Such cycling of the electrode
potential effectively removed the adsorbed I� from
the nano-Au-modified electrodes prepared in the
presence of the I� additive. The Au-nanoparticle/
PANI-modified GC electrodes thus prepared in the
absence and presence of KI are termed nano-Au/
PANI/GC and I�-nano-Au/PANI/GC electrodes,
respectively.

The surface morphology of the modified electrodes
was carried out with a model JSM-T220 scanning elec-
tron microscope (JEOL Optical Laboratory, Tokyo,
Japan) at an acceleration voltage of 15 kV and a work-
ing distance of 4–5 mm. All electrochemical measure-
ments were performed with a BAS 50 B/W computer-
controlled electrochemical analyzer with a standard
three-electrode system. A platinum wire was used as
a counter electrode with a silver/silver chloride/satu-
rated sodium chloride [Ag/AgCl/NaCl (saturated)]
reference electrode in the cell assembly for all the elec-
trochemical experiments performed. All the measure-
ments were carried out under an N2 gas atmosphere
at 20 6 28C.

RESULTS AND DISCUSSION

Chronocoulometrywas adopted for the synthesis of thin
PANI films on the GC electrode (diameter ¼ 1 mm,
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geometric area ¼ 7.854 � 10�3 cm2). Through the con-
trol of the pulse width, the thickness of the films could
be controlled. The prepared PANI films with several
thicknesses were attempted by the variation of the
pulse width from 100 to 1000 ms at 1.0 V. Conse-
quently, a PANI film prepared with a pulse width of
500 ms at 1.0 V was found to be suitable in terms of
the formation of a thin film with good adherence to
the substrate, reasonable electroactivity, and polymer
characteristics in an acidic medium. Figure 1 shows
the CVs of the bare GC and PANI/GC electrodes in
0.5M H2SO4 at a potential scanning rate of 0.1 V/s. In
both cases, the CVs represent those obtained in the
third cycle, which appeared to be the stable features of
the voltammograms observed. Above 1.0 V, a sharp
rise in the anodic current associated with the evolution
of oxygen gas was observed for both electrodes. The
anodic and cathodic peaks observed at 0.55 and 0.5 V
for the PANI/GC electrode correspond to the oxida-
tion (doping) and reduction (dedoping) of the PANI
film, respectively, showing the characteristic behaviors
of PANI associated with potential sweeping in acidic
media.19

The electrodeposition of Au nanoparticles on the
GC and PANI/GC electrodes from an electrolytic so-
lution containing Au(III) was first attempted via the
sweeping of the electrode potential between 1.2 and
�0.1 V at 0.1 V/s, as shown in Figure 2. The results
show the CV responses of both electrodes in a 0.5M
H2SO4 solution containing 0.1 mM Na[AuCl4] and
0.1 mM KI. Sharp cathodic peaks of nearly equal
magnitudes around 0.5 V were observed for both
electrodes employed. Similar results were observed
in our previous work,14 suggesting the deposition of

Au onto the electrode surfaces by the reduction of
Au(III) to metallic Au(0) as follows:

½AuCl4�� þ 3e� ¼ Au0 þ 4Cl� (1)

To deposit nano-Au particles onto the GC and
PANI/GC electrodes, in both the absence and pres-
ence of I�, the procedure from the previously pub-
lished reports13,18 was adopted. The electrodes were
immerged into an electrolytic solution containing
Au(III), and a potential step from 1.1 to 0 V was
applied for 45 s (the deposition for 45 s was not car-
ried out at once but followed a progressive deposi-
tion of 15 s repeated three times; thus, a total of 15 s
þ 15 s þ 15 s ¼ 45 s of deposition was achieved).
With the charge–time plots during Au deposition,
the surface coverage (G) of the nano-Au particles de-
posited on the electrode surfaces was calculated
with the following equation:

G ¼ Qdep

nFA
(2)

where Qdep is the amount of the charge that passed
during the electrodeposition of Au, n is the number of
electrons transferred [shown in eq. (1); in this case, n
¼ 3], F is the Faraday constant (96,485 C/mol), and A
is the geometric surface area of the GC electrode
(7.85 � 10�3 cm2). The surface coverage of Au nano-
particles deposited onto the GC and PANI/GC elec-
trodes was found to be 5.3 � 10�9 and 5.6 � 10�9

mol/cm2, respectively, under the experimental con-
ditions employed. In addition, the surface coverage

Figure 1 CVs of (- - -) GC and (—) PANI/GC electrodes in
0.5M H2SO4 solutions. I and E refer to current and potential,
respectively. The potential scanning rate was 0.1 V/s.

Figure 2 CVs of (- - -) GC and (—) PANI/GC electrodes in
0.5MH2SO4 solutions containing 0.1 mMNaAuCl4 and 0.1 mM
KI solutions. The potential scanning rate was 0.1 V/s.
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of the nano-Au/GC electrode was found to be 6.0
� 10�9/mol cm2.

Typical scanning electron microscopy (SEM) images
of I�-nano-Au/GC, nano-Au/GC, and I�-nano-Au/
PANI/GC electrodes are shown in Figure 3. In the
presence of the I� additive, Au particles seemed to be
deposited on the substrates on a nanometer scale,
typically 20–30 nm, and were dispersed nicely on the
substrates [Fig. 3(a,c)], whereas large particles with a
dendritic shape were observed to be deposited in the
absence of the I� additive [Fig. 3(b)]. The electrodes
thus obtained were used for the detection of As(III) in
water.

To get surface information about the Au nanopar-
ticles electrodeposited onto the I�-nano-Au/GC and
I�-nano-Au/PANI/GC electrodes, CVs were next
recorded in 0.5M H2SO4 at a scanning rate of 0.1 V/s.
The obtained results are shown in Figure 4. In both
cases, a sharp cathodic peak at about 0.9 V could be
observed. Analogous voltammetric profiles with a ca-
thodic peak at 0.9 V for a 0.1 mM Au(III) solution
were also reported previously and were attributed to
the reduction of Au surface oxide.17,18 To estimate the
real surface area of the Au nanoparticles deposited on
the electrodes, the obtained characteristic CV res-
ponses, as shown in Figure 4, were used. The real sur-
face areas were evaluated by the calculation of the
amount of charge consumed during the reduction of
the Au surface oxide monolayer with a reported value
of 400 mC/cm2.20,21 The real surface areas were thus
evaluated to be 1.53 � 10�3 and 1.21 � 10�3 cm2 for
I�-nano-Au/GC and I�- nano-Au/PANI/GC electro-
des, respectively. Similarly, the surface area of the
nano-Au/GC electrode was also estimated, and the
obtained surface area was higher (1.85 � 10�3 cm2)
than those of the electrodes prepared in the absence of
the I� additive.

Figure 5(a) shows the electrochemical response of
As(III) to the I�-nano-Au/PANI/GC electrode at a
scanning rate of 0.1 V/s in a 1.0M HCl solution con-
taining 8.2 mM (0.61 ppm) As(III). The reduction
wave that emerged around �0.3 V could be attrib-

uted to the three-electron reduction of As(III) to
As(0).22 On the reversal anodic scan, an oxidation
wave was observed at about 0.25 V. This process
was ascribed to the subsequent reoxidation of As(0)
to the parent As(III) species. Both the cathodic and
anodic waves were found to increase with the addi-
tion of As(III) to the 1.0M HCl solution, as depicted
in Figure 5(a–e). The observed anodic peak current
at 0.3 V for each As(III) concentration gave a linear
relationship between them in the low concentration
range of As(III) (inset in Fig. 5).

The electrochemical response of As(III) was next
examined by SWV because high sensitivity and a
large linear range could be achieved with the SWV
technique.13,14 Also, according to the same report,14

the SWV parameters of a 75-Hz frequency and 25-
mV amplitude were chosen for all the subsequent
analysis in this study. The SWV responses of As(III)
reduction at �0.3 V for 60 s of predeposition at

Figure 3 SEM images of nano-Au particles electrodeposited on (a) GC and (b,c) PANI/GC electrodes from 0.5M H2SO4

solutions containing 0.1 mM NaAuCl4 in (a,c) the presence and (b) absence of 0.1 mM KI.

Figure 4 CVs of (- - -) I�-nano-Au/GC and (—) I�-nano-
Au/PANI/GC electrodes in 0.5M H2SO4 solutions. The
potential scanning rate was 0.1 V/s.
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nano-Au/GC, I�-nano-Au/GC, and I�-nano-Au/
PANI/GC electrodes were examined, and the
results are shown in Figure 6. By the subtraction of
the background current, the anodic stripping peak
currents for the reduction of As(III) in a 1.0M HCl
solution containing 8.2 mM As(III) were in the
following order: nano-Au/GC < I�-nano-Au/GC

< I�-nano-Au/PANI/GC. The sensitivity of the I�-
nano-Au/PANI/GC electrode toward As(III) analy-
sis in its very low concentration was then exam-
ined. Figure 7 shows the SWV curves obtained in
1.0M HCl solutions containing 610 or 0.4 ppb
As(III). A sharp anodic peak at 0.21 V with the
solution containing 610 ppb As(III) was associated
with the As(0) reoxidation, as described previously.
Notably, a similar stripping anodic wave was also
observed around 0.23 V even in the solution con-
taining as little as 0.4 ppb As(III). At this low
As(III) concentration solution, however, the I�-
nano-Au/GC electrode showed no such stripping
peak,14 although it possessed comparable sensitivity
in detecting As(III) at concentrations as high as 610
ppb. The origin of the superior detection capacity
of the I�-nano-Au/PANI/GC electrode in the low
As(III) concentration was not studied further in this
work, but the superior sensitivity may have arisen
from the high dispersion of nano-Au particles in
the polymer segment, as evidenced by the SEM
measurements.

CONCLUSIONS

This study offers considerable simplicity and supe-
rior sensitivity for the detection of As (III) on I�-
nano-Au/PANI-modified GC electrodes. A high
LOD sensitivity of 0.4 ppb has been achieved and
thus provides the possibility of using this electrode
for the detection of As(III) in a real matrix, such as
As-contaminated natural water.

Figure 7 SWV response of (a) 610 and (b) 0.4 ppb As(III)
in 1.0M HCl solutions to I�-nano-Au/PANI/GC electrodes
for a predeposition time of 60 s at �0.3 V. Curve c corre-
sponds to the background response (i.e., an As-free 1.0M
HCl solution).

Figure 6 SWV curves for 0.61 ppm As(III) in 1.0M HCl
solutions obtained with (a) I�-nano-Au/PANI/GC, (b) I�-
nano-Au/GC, and (c) nano-Au/GC electrodes. J and E
refer to current density and potential, respectively. The
SWV parameters were a square-wave amplitude of 25 mV,
a square-wave frequency of 75 Hz, and predeposition at
�0.3 V for 60 s for each electrode.

Figure 5 CV response of I�-nano-Au/PANI/GC electro-
des in 1.0M HCl solutions containing various As(III) con-
centrations of (a) 0.61, (b) 0.61 � 2, (c) 0.61 � 3, (d) 0.61
� 4, and (e) 0.61 � 5 ppm. The inset shows a plot of the
anodic peak current versus the As(III) concentration.
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