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ABSTRACT: In this paper, we demonstrated the fabrication of high active and high sensitive Au nanoparticles by laser ablation
in liquid (LAL) method, and their application in electrochemical detection of heavy metal ions. First, LAL method are used to
fabricate Au nanoparticles in water in a clean way. Second, the Au nanoparticles were assembled onto the surface of the glassy
carbon (GC) electrode by an electrophoretic deposition method to form an AuNPs/GC electrode for electrochemical
characterization and detection. Through differential pulse anodic stripping voltammetry method, it shows that the AuNPs/GC
electrode could be used for the simultaneous and selective electrochemical detection of Cd2+, Pb2+, Cu2+, and Hg2+. By studying
the influence of test conditions to optimize the electrochemical detection, we can detect Cd2+, Pb2+, Cu2+, and Hg2+

simultaneously with a low concentration of 3 × 10−7 M in the experiments.
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1. INTRODUCTION

With the development of industry and agriculture, heavy metal
pollution is becoming more and more serious. This kind of
contamination by entering the food chain in ecological systems
have posed significant hazards to living organisms even at per
million concentrations due to their toxicity, accumulation, and
low rate of clearance, especially to the health of human
beings.1,2 Recently this phenomenon has aroused wide concern,
and precise identification and concentration assessment of
heavy metal ions in water or in the soil are increasingly
important. So far, a number of techniques and methods have
been utilized to detect heavy metal ions, including atomic
absorption spectroscopy (AAS).3 Atomic fluorescence spec-
trometry (AFS),4 hyper-Rayleigh scattering,5 and inductively
coupled plasma mass spectrometry (ICP-MS).6 Although these
methods are used widely in laboratory and more successful,
they are not suitable for in situ analysis due to the ponderous
and complication instruments. In contrast, the electrochemical
technique has several advantages over these methods as they

are excellently sensitive, simple, fast, and inexpensive. More-
over, its portability and low detection limit permit its use in
online trace detection. Among electrochemical methods,
electrochemical anodic stripping voltammetry can simulta-
neously analyze several heavy metal ions.7−12 Up to now,
anodic stripping voltammetry have been widely used in
determination of heavy metals in liquid, among which
differential pulse anodic stripping voltammetry (DPASV) is
especially adopted due to its enhanced faradaic current and
decreased nonfaradaic charging current.13−18

Obviously, electrode materials are crucial for electrochemical
detection performance. Compared to the traditional electrodes
materials, nanostructured materials have received great interests
due to their enhanced electrochemical performances.19,20

Electrochemical sensors using nanomaterials mainly take
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advantage of their large surface area, fast electronic transport
properties, and high electrocatalytic activities.21,22 Many heavy
metal sensors based on the use of carbon nanostructured
materials,23,24 mesoporous silica,25 and modifications using
nanoparticles, such as silver,26 bismuth,27 and gold nano-
particles,7,13,28,29 have been reported. Gold nanoparticles are
widely used in chemical and biological sensors due to their
highly stability, unique optoelectronic properties, excellent
biocompatibility, and so on.30 A lot of preparative methods for
gold nanoparticles have been reported, but they mainly focus
on the “bottom-up” chemical approaches. On the basis of our
former work on laser ablation in liquid (LAL),31−35 we
prepared the gold nanoparticles by a “top-down” method.
In the past years, LAL has proven to be an effective method

for the formation of nanocrystals for different materials, such as,
metals (Au, Ag, Pt, Cu, Co),36−41 semiconductors, (Si, ZnO,
TiO2, GeO2, etc),

42−47 and diamond and related nanocrystals
(diamond, c-BN, C3N4).

48−50 Unlike other synthetic technique
of nanomaterials, the LAL is a very fast and far-from
equilibrium process, in which the plasma plume from laser
ablation in liquid is in the high-temperature, high-pressures
state and contains highly excited high-density radicals from
target and solution with high kinetic energy. Therefore, LAL
has become an important method to prepare nanostructured
materials with metastable phases51 and immiscible alloying
phase.52 In addition, compared to conventional chemical
methods, the technique of LAL is a chemically “simple and
clean” synthesis strategy because no catalysts and surfactants
are used in the process. Thus, a major advantage of LAL is that
the as-fabricated nanomaterials have bare surfaces with higher
activity. Therefore, we used the high active and high sensitive
Au nanoparticles prepared by LAL in electrochemical detection
of heavy metal ions. The details are as follows.

2. EXPERIMENTAL SECTION

2.1. Chemical Reagents. All reagents were obtained from
Alfa Aesar Corporation with analytical grade and were used
without further purification. Standard mixed metal ion solutions
of 10−5 mol/L were prepared and stepwise diluted to
corresponding solubility immediately before use. All solutions
and subsequent dilutions were prepared using deionized water
purified by Milli-Q filtration system (Millipore, Japan) with a
resistivity of not less than 18 MΩ·cm. Acetate buffer solutions
were prepared by adjusting stock solutions of 0.1 M sodium
acetate (NaAc) to different pH by adding 0.1 M acetic acid
(HAc). The dissolved oxygen in water was removed by purging

solutions with high-purity argon for 1 h prior to each
measurement.

2.2. Preparation of Au Colloid. Au colloidal solution was
prepared through pulsed laser ablation of a gold plate (99.99%)
which is immersed in deionized water at room temperature.
The gold plate was fixed on the bracket in a glass vessel filled
with 10 mL deionized water which was continuously stirred
during irradiating. The laser was first harmonic 1064 nm
Nd:YAG, operated at 60 mJ/pulse with a pulse duration of 10
ns and a frequency of 10 Hz. The laser beam was focused on
the gold target with a 2 mm spot size in diameter through a lens
with a focal length of 150 mm for 30 min. The solution
gradually became red with the increase of ablation time. Au
colloidal solution was obtained.

2.3. Preparation of Au Nanoparticles-Modified GC
Electrode (AuNPs/GCE) by Electrophoretic Deposition.
Prior to the surface modification, the bare glassy carbon
electrode (diameter 2.0 mm) was abraded with fine SiC paper,
polished carefully with 1.0, 0.3, and 0.05 μm alumina slurry, and
then, sonicated in 10% nitric acid, ethanol, and deionized water
successively to clean the surface and remove any polishing
residue. Finally, bare glassy carbon electrode (GCE) was dried
under nitrogen flow. Subsequently, we started to functionalize
the bare GCE by electrophoretic deposition of Au NPs onto its
surface. The cleaned GCE and platinum wire electrode were
used as anode and cathode electrodes under a potential of 1.0 V
for 90 min immersed in the as-prepared Au colloidal solution
(about 10 mL). The distance between the two electrodes was
maintained at 8 mm. The bare GCE could be successfully
modified by the Au nanoparticles, because the Au nanoparticles
obtained by laser ablation in water are negatively charged with
the zeta potential of −58.8 mV. After electrophoresis, the
AuNPs/GC electrode was rinsed softly by deionized water and
then dried by nitrogen flow. Before testing, the AuNPs/GC
electrode was activated in 0.5 mol/L sulphuric acid using cyclic
voltammetry in order to improve its sensitivity. The potential
scan was performed from −1.0 to 1.0 V vs Ag/AgCl with scan
rate of 50 mV/s until the curve was stable.

2.4. Cd2+, Pb2+, Cu2+, and Hg2+ Detection. Differential
pulse anodic stripping voltammetry was used for the detection
under optimized conditions. First, Cd, Pb, Cu, and Hg were
deposited at the potential of −1.0 V vs Ag/AgCl (saturated
KCl) for 300 s by the reduction of Cd2+, Pb2+, Cu2+, and Hg2+

in 0.1 M NaAc-HAc (pH 5.0). Then, these metals were
stripped to metal ions by anodic oxidation under the following
experimental conditions: potential range of −1.0 to 0.5 V;
increment potential = 4 mV; amplitude = 50 mV; pulse width =

Figure 1. Schematic illustration of laser ablating gold target in water.
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0.06 s. The simultaneous detection of Cd2+, Pb2+, Cu2+, and
Hg2+ has been performed at the same experimental condition.
At the end of each detection test, applying a 1 V potential on
the working electrode for 100 s in order to remove the
deposited residual species from its surface.
2.5. Apparatus. Electrochemical experiments were re-

corded using a CHI 660C computer-controlled potentiostat
(ChenHua Instruments Co., Shanghai, China) with a standard
three-electrode system. A bare glassy carbon electrode (GCE,
diameter of 2 mm) or modified GCE served as a working
electrode; a platinum wire was used as a counter-electrode, and
an Ag/AgCl (sat’d KCl) electrode was used as reference
electrode. Transmission electron microscopy (TEM), high-
resolution transmission electron microscopy (HR-TEM), and
selected area electron diffraction (SAED) studies were
performed on a JEM-200CX operated at 200 kV. The
morphologies of the electrode were measured using a field-
emission scanning electron microscope (FESEM, Sirion 200).

3. RESULTS AND DISCUSSION
3.1. Morphologic Characterization of Au Nanopar-

ticles. The LAL process is illustrated in Figure 1. First, the laser
beams through the convex lens focus on the gold plate in
deionized water. The high-temperature and high-pressure gold
plasma is then produced in the solid−liquid interface quickly
after the interaction between a pulsed laser and the gold target.
After that, the subsequent ultrasonic and adiabatic expansion of
the hot Au plasma leads to cooling of the Au plume region and
hence formation of Au clusters. Then, with the extinguishment
of the plasma, the Au nanoparticles formed.
Figure 2a shows the TEM image of the as-prepared

nanoparticles in the colloidal solution. These products are
nearly spherical in shape, and the diameter of the nanoparticles
is between 5 and 35 nm, as is shown in Figure 2d. The
corresponding selected area electron diffraction pattern

indicates that the as-prepared nanoparticles are of gold crystals
(see Figure 2b). A typical HRTEM image of one Au
nanoparticle is shown in Figure 2c. The images show (111)
plane of as-prepared Au nanoparticles. It is worthy noticing that
the as-prepared nanoparticles contain many ultrafine crystalline
Au grains, with many disordered areas surrounding them. This
is in similar with our previous results prepared by LAL method,
such as ZnO nanoparticles.53 The as-prepared Au nanoparticles
are rich in high concentration of defect, which may be
produced in the nonequilibrium process. Because such defects
have high energy, the as-prepared gold nanoparticles may have
high chemical activity.

3.2. Electrochemical Characterization of Au NPs/GC
Electrode. In order to get surface and electrochemical active
information about the Au nanoparticles modified glassy carbon,
we characterized the electrode by FESEM and cyclic
voltammogram. A typical FESEM image of Au nanoparticles
on glassy carbon was shown in Supporting Information Figure
S1. Clearly, scattered and more uniform Au nanoparticles
disperse points appeared in the picture. This demonstrated that
clean and high active Au nanoparticles by LAL have been
successfully modified on the glassy carbon through electro-
phoresis. The cyclic voltammetric signals of bare and Au
nanoparticles modified GCE has been examined in neutral
solution of 5 mM Fe(CN)6

3−/4− containing 0.1 M KNO3 (see
Figure 3a). Compared with the bare GCE, the anodic and
cathodic peak currents of the AuNPs/GC electrode is higher.
The increase of peak current can be contributed to the
modified Au nanoparticles. This indicated that the rate of
electron transfer at the Au NPs/GC electrode has been
increased. The Au NPs/GC electrode has better electro-
chemical catalytic behavior and promotion of electron transfer
process at the modified electrode surface.54 This may be
attributed to the high activity of the Au nanoparticles prepared
by LAL. Cyclic voltammetric curves of bare and AuNPs/GC

Figure 2. (a) TEM images of Au nanoparticles in the colloidal solution formed by laser ablation of Au terget in water. (b−d) Corresponding SAED
patterns, typical HRTEM image, and particle size distribution of Au nanoparticles in part a, respectively.
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electrode were recorded in 0.5 M H2SO4 in the potential range
from −0.2 to 1.5 V (vs Ag/AgCl) with the scan rate of 100
mV/s corresponding to black and red line in Figure 3b. We can
see that there was no peak in forward or backward scan of bare
glassy carbon. However, there appeared a single reduction peak
at +0.92 V (vs Ag/AgCl) of Au NPs/GC electrode which due
to the reduction of gold surface oxide.55 According to these CV
curves, we deduced the real surface area of the Au nanoparticles
on the glassy carbon electrode was about 3.5%.56

Figure 4 presents the DPASV analytical characteristics of
AuNPs/GC electrode. When the accumulation process was

carried out for 300 s at −1.0 V in a solution containing 0.8 μM
each of Cd2+, Pb2+, Cu2+, and Hg2+ in 0.1 M acetate buffer (pH
5.0), the sharp and high peak current for the four target metal
ions were obtained. The increase in stripping currents at this
modified electrode displayed that the AuNPs/GC electrode as
working electrode is very suitable for the accumulation process
of Cd2+, Pb2+, Cu2+, and Hg2+ on the electrode surface, and they
can be identified at potentials of −0.78, −0.56, 0.00, and 0.25 V,
respectively.
3.3. Experimental Parameters Optimization. In order

to get maximum sensitivity for detecting heavy metal by using
the AuNPs/GC electrode, the voltammetric parameters such as
pH value, preconcentration potential, detection temperature,
and preconcentration time were optimized. All the experiments
were performed in mixed solution including 0.8 μM each of
Cd2+, Pb2+, Cu2+, and Hg2+. To obtain the error analysis, several
parallel samples were tested for several times under the same
condition. From the detecting results, we obtained measuring
errors range between 5% and 20%, which are marked by error
bars on points in Figure 5.

Solution pH. The voltammetric behavior of the four metal
ions was strongly influenced by the pH of the buffer solution,
so the solution pH must be carefully considered. Figure 5a
displayed the voltammetric behavior to the four target heavy
metal ions at different pH value in acetate buffer supporting
electrolyte. The effect of pH on the voltammetric response was
researched in the range of 3.0 to 6.0 in 0.1 M acetate buffer
solution. The anodic peak currents for Cd2+, Pb2+, and Hg2+

were gradually increased as pH value was changed from 3.0 to
5.0. As the pH value was further increased to 6.0, for Cd2+ and
Hg2+ the anodic peak current decreased slightly; in contrast,
Pb2+’s anodic peak current decreased distinctly. In general, the
anodic peak currents for the four metal ions reached a
optimization at pH 5.0.
When the pH value was too low, such as 3.0, the small

response of AuNPs/GC electrode to four metal ions may be
attributed to that the AuNPs on the electrode surface be
disturbed by a large number of hydrogen ions (H+) in the
solution. With the increase of pH value, the sensitivity was
improved due to low concentration of H+. If pH value was too
high, such as 6.0, some stripping signals began to decrease,
which may be relative to hydrolysis or valence change of the
four kinds of mental ions.8 Therefore, pH value of 5.0 in 0.1 M
acetate buffer solution should be an optimization for detecting
the four heavy metal ions by the Au NPs/GC electrode.

Preconcentration Potential. In the stripping voltammetry
analysis method, the application of preconcentration potential
is very important to electrode sufficient accumulation and
reduction. Thus, the effect of the deposition potential on the
peak current after 300 s accumulation was investigated in the
potential range from 0 to −1.4 V in 0.1 M acetate buffer
solution at pH 5.0. The results are demonstrated in Figure 5b.
It can be seen when the deposition potential shifts from 0 to
−1.4 V, the stripping peak currents for Cd2+, Pb2+, and Hg2+

reach the highest at −1.0 V. For Cu2+, deposition potential was
best at −1.2 V. The different metal ions’ stripping peak currents
may be due to different standard potentials. In our case, we
select −1.0 V as the optimal preconcentration potential for the
following detections.

Figure 3. Cyclic voltammograms response of bare and Au nanoparticle
modified GCE in the solution of 5 mM Fe(CN)6

3−/4− containing 0.1
M KNO3 (a) and in 0.5 M H2SO4 solution step from −0.2 to 1.5 V vs
Ag/AgCl (b).

Figure 4. DPASVs for 0.8 μM each of Cd2+, Pb2+, Cu2+, and Hg2+ on
Au nanoparticle modified GCE in 0.1 M acetate buffer. The conditions
are respectively, pH 5.0, deposition potential −1.0 V, deposition time
300 s, detection temperature, 45 °C, amplitude 25 mV, increment
potential 4 mV, frequency 15 Hz. The Ag/AgCl electrode was chosen
as the counter electrode.

Figure 5. Experimental parameters optimization. Influence of (a) pH
value; (b) preconcentration potential; (c) detection temperature; and
(d) preconcentration time on the voltammetric response of the Au
nanoparticle modified GCE. Data were obtained by DPASV for 0.8
μM each of Cd2+, Pb2+, Cu2+, and Hg2+. DPASV conditions are
identical to those in Figure 4. The error bars are labeled on points.
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Solution Temperature. The effect of solution temperature
on the detection of the four heavy metal analysis in the range of
5−60 °C was investigated in our work. The initial temperature
of solution was 5 °C. The changes of temperature were
performed by directly heating the solution. The relationship
between solution temperatures and peak currents of four target
metal ions were shown in Figure 5c. As the solution
temperature increases from 5 to 45 °C, Cd2+ and Hg2+’ s
peak currents increase gently and remained almost constant
with the increase of temperature. Pb2+ and Cu2+’ s peak
currents reached a maximum at 45 and 35 °C respectively, and
when the temperature went higher, the peak currents
decreased. A solution temperature of 45 °C may be the most
suitable temperature for metal ions’ accumulation and
reduction at the surface of the AuNPs/GC electrode. We
choose 45 °C as the solution temperature for the following
simultaneous detections. The solution temperature effects in
these electrochemical anodic stripping voltammetry can be
easily understood. The solution temperature affects the
mobility of the ions in solution.57 Relative to low temperature
such as 5 °C, the warmer temperature is more beneficial to a
faster movement of the metal ions to the working electrode
surface. This can lead to a significant improvement of the
sensitivity of the AuNPs/GC electrode during the heavy metal
ions multidetection. Thus, as the temperature increase, the
stripping peak currents of the four heavy metal ions are
boosted. When up to a certain temperature (such as 45 °C for
Pb2+), the adsorption and desorption of the metal ions on the
surface of the working electrode keep in balance and the peak
currents reach the maximum. When the temperature was
higher, sensitivity of the AuNPs/GC electrode reduced. Due to
the optimized temperature, we need a temperature-controlled
heating device in real applications.
Preconcentration Time. The preconcentration time is an

important factor affecting the detection limit and the sensitivity.
In stripping voltammetry, the increase of deposition time
usually brings about the proportional raise of the peak currents.
Figure 5D shows an illustration of peak currents as a function of
deposition time varying from 30 to 360 s. Peak currents of
Cd2+, Pb2+, Cu2+, and Hg2+ slowly increase as the extension of
deposition time from 30 to 300 s. After 300 s, the peak currents
of mostly heavy ions are tending toward stability. Therefore,
300 s was chosen as the optimum deposition time.
3.4. Detection of Cd2+, Pb2+, Cu2+, and Hg2+

Simultaneously under Optimized Conditions. Using the
optimal detecting conditions described above, the DPASVs of
AuNPs/GC electrode in 0.1 M acetate buffer solution
containing Cd2+, Pb2+, Cu2+, and Hg2+ ions with different
concentrations are presented in Figure 6. From bottom to top,
the increasing concentrations of heavy metal ions are 0, 0.3, 0.5,
0.6, 0.7, 0.8, 1.1, and 1.4 μM in sequence. There is no obvious
signal obtained in NaAc−HAc solution (black dot line). In
other curves, the DPASVs exhibited four peak currents at
−0.78, −0.56, 0.00, and 0.25 V, which are corresponding to
oxidation potential of Cd(0), Pb(0), Cu(0), and Hg(0),
respectively. The corresponding linear calibration plots for
peak currents of the four heavy metal ions were shown in
Figure 7. The occasionally reverse phenomena (a peak height
decrease with increasing metal ions concentration) are probably
due to the interference effect from other metals. And likewise,
we did same measurements repeatedly to get the experiment
error, and we obtained the results with error range from 5% to
15%, as labeled by error bars on points in Figure7. The

linearization equations were obtained by fitting and expressed
as follows: i/μA= −1.36 + 3.24c/μM, i/μA= −4.73 + 17.63c/
μM, i/μA = −0.69 + 4.18c/μM, i/μA= −1.21 + 3.39c/μM, for
Cd2+, Pb2+, Cu2+, and Hg2+, respectively. The results shows that
we can detect Cd2+, Pb2+, Cu2+, and Hg2+ simultaneously with a
low concentration of 3 × 10−7 M in the experiments.
Although the electrochemical sensing property of the

AuNPs/GC electrode to heavy metal ions was not the best
comparing to some working electrodes reported previously, the
gold nanoparticles prepared by laser ablation in liquid were first
applied to electrochemical working electrode to simultaneously
detecting four heavy metal ions, and the obtained sensing
performance is good enough for practical application. Such an
attractive electroanalytical performance of the AuNPs/GC
electrode may contribute to four reasons. First, the gold
nanoparticles have very good conductivity and correspondingly
high current density.58 Second, the gold nanoparticles have
clean and bare surface because of preparing in deionized water
without any chemical additives. These two aspects are all quite
conducive to increasing the electron transfer rate between
metal ions and electrode. Third, the gold nanoparticles possess
higher electrochemical activity compared to nanoparticles by
other means due to high concentration of defect produced
during the nonequilibrium process.45 Finally, the gold nano-
particles fabricated by LAL are small, so there are large available
surface areas of the working electrode for the metals ions’

Figure 6. DPASV response of the AuNPs/GC electrode for the
simultaneous detection of Cd2+, Pb2+, Cu2+, and Hg2+ over a
concentration range of 0 to 1.4 μM for each metal ion. From bottom
to top, 0, 0.3, 0.5, 0.6, 0.7, 0.8, 1.1, and 1.4 μM. The detection was
carried out under the optimal detecting conditions.

Figure 7. Respective calibration plots of Cd2+, Pb2+, Cu2+, and Hg2+

corresponding to Figure 6. The error bars are labeled on points.
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deposition to exhibit well-separated stripping signals of each
metal.

■ CONCLUSION
In conclusion, gold nanoparticles were prepared by LAL
method, and used for the simultaneous electrochemical
determination of Cd2+, Pb2+, Cu2+, and Hg2+ for the first
time. Through optimizing the electrochemical detection
conditions, we can detect Cd2+, Pb2+, Cu2+, and Hg2+

simultaneously with a concentration of 3 × 10−7 M in the
experiments. In general, the gold nanoparticles obtained by
LAL method may be promising candidates for use in probing
trace heavy metal ions due to its high electrical conductivity,
wide potential window, clean and nontoxicity. This work can
give important references in the field of both LAL and
electrochemical detection. Also, it should be mentioned that
much deeper work is needed to improve the application level,
such as detection limits in the experiments.
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