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An effective electrocatalyst was generated through the hybridization of graphene with ZnO. First, a
proper amount of graphene oxide was used to cover the ZnO nanoparticles. Then, the composite of
ZnO and graphene (ZnO/RGO) was produced through the in situ reduction of graphene oxide. The
obtained ZnO/RGO composite was employed to determine Cu(ll), Cd(1l), Hg(I1) and Pb(Il) in aqueous
solutions. The limits of detection for Cu(ll), Cd(II), Hg(Il) and Pb(II) were measured to be 0.04 uM,
0.03 uM, 0.06 uM and 0.03 uM, respectively, which are remarkably lower than the guideline values
set by the World Health Organization (WHO).
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1. INTRODUCTION

Owing to their toxicity, even in the trace amounts, towards human health, heavy metals are
remarkably detrimental pollutants. Hence, the development of a quick and facile analytical approach
with sensitivity to detect and monitor environmental contaminants in water is essential. So far, various
mature techniques have been reported to determine heavy metal ions, involving inductively coupled
plasma mass spectrometry, inductively coupled plasma atomic emission spectrometry and atomic
absorption spectroscopy. Nevertheless, these reported spectrometric approaches are not appropriate for
in situ determination, as the employed instruments are sophisticated, laborious, and expensive. In
comparison, electrochemical techniques, which can act as alternatives to the spectroscopic methods,
have been considered as effective approaches for the detection of heavy metal ions, owing to their
characteristics of low cost, short analysis time, outstanding portability and sensitivity. Particularly,
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among these electrochemical approaches, electrochemical stripping voltammetric analysis is a
powerful tool to analyze metal ions, which can detect several metal ions simultaneously with high
sensitivity [1-5]. The efficiency of the accumulation of the target analytes has been enhanced
remarkably by electrodes with chemical modification, which has been further developed for anodic
stripping voltammetry to detect heavy metal ions as a promising and efficient approach. Moreover,
nanostructured materials are significant in the modification of electrodes to electrochemically detect
heavy metal ions, as these materials exhibit specific chemical, electronic, mechanical and thermal
characteristics compared to traditional materials [6].

Due to the high surface area, unique electronic transport properties and outstanding
electrocatalytic activities [7], graphene, which is a “star” material, has been developed to construct
electrochemical sensors as a potential nanoelectrocatalyst. Moreover, graphene applied in
electrochemistry is mostly produced through reducing graphene oxide. In general, the synthesized
graphene possesses diverse functional groups, including carboxyl and hydroxyl groups, which
facilitate the adsorption of heavy metal ions [8]. Nevertheless, the as-prepared graphene sheets tend to
undergo non-reversible agglomeration and even generate graphite through restacking when drying
dispersions of graphene [9-11], due to the n—= stacking interactions and the van der Waals forces
among individual graphene sheets. The agglomeration of graphene sheets can be decreased or inhibited
through the combination of nanoparticles and the graphene sheets [12]. In recent years, various
nanosensors based on graphene have been developed to electrochemically detect heavy metal ions,
including conducting polymers [13, 14] and metal nanoparticle-based graphene [15]. Nevertheless,
only a few papers have reported the use of metal oxide nanoparticle-decorated graphene to detect
heavy metal ions.

ZnO, which is one of the most promising semiconductors, exhibits a hexagonal wurtzite
structure with a broad band gap of 3.37 eV as well as a high exciton binding energy of 60 meV, which
has been widely applied in various areas, such as catalysis, sensors, photonic detectors, photovoltaics,
optoelectronic devices, and polarized light emitting devices [16]. Thus far, numerous ZnO materials
with diverse single-crystal forms have been synthesized, such as thin films [17] as well as numerous
one-dimensional morphologies including nanowires [18], nanorods [19] and nanobelts [20]. In
particular, these nanostructures exhibit high specific surface areas and excellent mechanical stabilities,
which prompt them to be appropriate candidates for the design of sensors [21] and the modification of
electrodes [22].

However, only a few papers have reported electrochemical sensors that selectively and
simultaneously detect various target metal ions, whereas numerous papers have reported the use of
electrochemical sensors for detecting heavy metal ions. Herein, an electrochemical platform was
fabricated through the combination of ZnO with graphene to simultaneously detect Cd(I1), Cu(ll),
Hg(ll) and Pb(Il) in solution through square-wave anodic stripping voltammograms (SWASV). The
ZnO NPs used here not only prevent the aggregation of graphene but also serve as an electrochemical
catalyst for the detection of heavy metal ions. Hence, the glassy carbon electrode modified with ZnO
and RGO exhibited an enhanced sensing capacity compared to bare ZnO or graphene. In addition, a
broad potential gap was observed among the stripping peaks in the simultaneous detection of diverse
heavy metal ions, which indicates that no interference existed between each ion. Therefore, our work
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demonstrates that metal nanoparticles are excellent candidates for modifications of commercial
electrode surfaces and could be potentially applied to real water pollution monitoring applications.

2. EXPERIMENTS

2.1. Chemicals

Zinc nitrate hexahydrate (Zn(NO3),-6H,0) and a hydrazine solution (25% in water) were
purchased from commercial sources. Acetate buffer solutions (0.1 M) at various pH were produced
through mixing stock solutions containing 0.1 M NaAc and HAc, and the phosphate buffer solutions
(PBS, 0.1 M) were produced by mixing stock solutions containing 0.1 M H3PO,4, KH,PO,4 and NaOH.
The graphene oxide powder was commercially available from JCANANO. In this work, Milli-Q water
(18.2 MQ cm) was employed in all the experiments.

2.2. Characterizations

XRD (D8-Advanced, Bruker, Germany) was employed with Cu Ka radiation to record X-ray
diffraction patterns in a 20 range from 5° to 90°. Scanning electron microscopy (SEM, S-4900, Hitachi
High Technologies Corporation, Japan) was used to characterize the surface morphologies of the
samples. A Raman microprobe (Renishaw RM1000) was utilized to collect Raman spectroscopy at
room temperature with a laser wavelength of 514 nm.

2.3. Preparation of Modified Electrode

The preparation of the ZnO/RGO nanocomposite was achieved according to a previous report
[23]. To perform the electrochemical investigation, a GCE was polished by an alumina-water slurry
and rinsed with water. In the case of the surface modification of the electrode, 8 uL of the dispersion of
the catalyst at a concentration of 0.5 mg/mL was deposited on the surface of the GCE. Then, it was
dried at room temperature. A CH Instruments 660A electrochemical workstation (CHI-660A, CH
Instruments, Texas, USA) was employed to carry out the electrochemical measurements, where a
three-electrode system was used. A platinum wire and Ag/AgCl with KCI (3 M) were utilized as the
auxiliary electrode and reference electrode, respectively.

2.4. Cd(I1), Pb(ll), Cu(ll), and Hg(ll) Detection

To detect Cu, Cd, Hg and Pb under optimal conditions, SWASV was employed, where Cd, Cu,
Hg and Pb were deposited through the reduction of Cu(ll), Cd(Il), Hg(ll) and Pb(ll) in 0.1 M NaAc-
HAc solution (pH 5.0) for 150 s with a potential of -1.0 V. The anodic stripping of the electrodeposited
metal, which was the reoxidation of metal into metal ions, was performed with a potential in the range
of -1.0 to 0.5 V under the parameters described below: amplitude, 25 mV; increment potential, 4 mV;
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frequency, 15 Hz. The same experimental conditions were employed to perform the selective and
simultaneous detection of Cd(Il), Cu(ll), Hg(Il) and Pd(lI).

3. RESULTS AND DISCUSSION

The SEM images of ZnO and the nanocomposite of ZnO and RGO synthesized in one-pot are
illustrated in Figure 1. In Figure 1A, a rod-shaped structure with an average length of 1.3 [1M was
observed in the as-synthesized ZnO in the absence of GO. In addition, in Figure 1B, it is obvious that a
similar structure was obtained when the ZnO nanorods were deposited on the surface of the RGO
sheets. In Figure 1B, it can be clearly seen that a large number of ZnO nanorods grew on the surface of
the RGO sheet. Furthermore, the ZnO nanorods occupy the space between two RGO sheets as well,
constructing a sandwich-like structure. This composite structure prevents the RGO sheets from

stacking [24].

Figure 1. SEM images of ZnO nanorods (A) and ZnO/RGO (B) nanocomposite.
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Figure 2. Structural analysis of GO and ZnO/RGO nanocomposite.
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Structural analysis of GO and ZnO/RGO nanocomposite were obtained by XRD, and the
patterns were demonstrated in Fig. 2. As shown in the ZnO/RGO pattern, characteristic peaks emerged
at 31.4 °C, 34.2 °C, 35.7 °C, 47.4 °C, 56.2 °C, 62.5 °C and 67.4 °C are ascribed to the (100), (002),
(101), (102), (110), (103) and (113) phases of hexagonal wurtzite ZnO (JCPDS 36-1451). It is worth
noting that, in the case of GO pattern, a sharp peak at 11.2° was observed. It is related to the (001)
plane of GO [25]. Differently, a broad diffraction peak centered at 26.4° instead of 11.2° emerged in
the ZnO/RGO pattern. This further indicates that GO was reduced under the hydrothermal condition.
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Figure 3. Cyclic voltammograms results of the bare GCE, graphene oxide, reduced graphene oxide,
ZnO nanoparticle, and ZnO/RGO nanocomposite modified GCE (A); Nyquist plot of the
electrochemical impedance spectra of the bare GCE and ZnO/RGO nanocomposite modified
GCE (B) in a Fe(CN)s>"* redox couple containing Fe(CN)s>/* (5 mM) mixing with KCI (0.1
M).

The Fe(CN)s*"* redox couple (Fe(CN)s*/* with a concentration of 5 mM in a 0.1 M KCI
solution) was utilized to measure the cyclic voltammetric response of graphene oxide and the
ZnO/RGO-modified GCE nanocomposite. For comparison, the bare GCE, ZnO nanoparticles and
reduced graphene oxide modified GCE were tested as well, and all results are shown in Figure 3. As
shown, no obvious anodic or cathodic peaks were observed on the graphene oxide modified electrode,
which is completely different from the bare GCE. This can be attributed to the functional groups in
graphene oxide, e.g., hydroxyl, epoxy and carboxyl groups [26, 27]. All these groups have negative
effects on the electron-transfer and mass-transfer processes, and thus, Fe(CN)e>~ was inhibited to be
diffused onto the surface of the electrode. However, owing to the large 2-D electrical conductivity of
GO, a well-defined peak was obtained on the electrode that was modified by reduced graphene oxide.
For the ZnO nanoparticle modified electrode, a similar current response was observed as the bare
GCE; however, the peak separation was significantly increased, suggesting a lower electron-transfer
rate on the electrode surface. This is caused by the attachment of ZnO to the GCE surface. In the case
of the ZnO/RGO nanocomposite electrode, it showed the highest current, indicating that better
electrochemical catalytic behavior was achieved and that necessary additional conduction pathways on
the electrode surface were obtained by the combination of ZnO nanoparticles and reduced graphene
oxide. Moreover, the electron-transfer process was enhanced on the surface of the modified electrode.
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As shown in the cyclic voltammograms, the ZnO/RGO electrode showed the largest capacitive current
compared with the other electrodes, which agrees with a previous report. Thus, the obtained ZnO/RGO
nanocomposite could have great potential application in electrochemical supercapacitors [28].
Warburg impedance at 45° was also observed for all the electrodes of interest. The R value for the
ZnO/RGO electrode was less than that for the bare GCE.

The interface properties of the electrodes were evaluated by electrochemical impedance
spectroscopy (EIS), and the results are shown in Figure 3B. Normally, in the lower frequency range of
the Nyquist plot, the linear part is ascribed to a diffusion-limited process, while in the higher frequency
range, the semicircle portion is related to the electron-transfer resistance (Re) [29]. In Figure 4B,
the Re; value of the bare GCE is approximately 700 Q. After modifying with the ZnO/RGO
nanocomposite, the Re; value of semicircle decreased significantly, and a straight line was observed.
This reveals that the electron-transfer process was remarkably improved on the surface of the
electrode, which is consistent with the results from the cyclic voltammogram.
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Figure 4. SWASYV results of Cu(ll), Cd(Il), Hg(Il) and Pb(ll) on bare GCE, graphene oxide, reduced
graphene oxide, ZnO nanoparticle and ZnO/RGO nanocomposite (pink line) modified GCE in
Cd(l1), Pb(I1), Cu(ll), and Hg(II) solution (0.5 uM mixing with acetate buffer (pH=5.0)) with a
concentration of 0.1 M. Deposition potential: —1.0 V; deposition time: 150 s; amplitude: 25
mV; increment potential: 4 mV; frequency: 15 Hz; vs Ag/AgCl.

The SWASV results of the bare GCE, graphene oxide, reduced graphene oxide,
ZnO nanoparticle, and ZnO/RGO-modified GCE were also obtained and are presented in Figure 4. The
identification potentials of Cu(II), Cd(Il), Hg(II) and Pb(II) were —0.109, -0.774, 0.24 V and —0.578,
respectively. As the figure suggests, when the GCEs were measured at —1.0 V for 150 s in each
solution (0.5 uM Cu(II), Cd(II), Hg(II) and Pb(II) of each mixed with 0.1 M acetate buffer (pH=5.0)),
no obvious peaks emerged for the bare GCE and the GCE modified with the reduced graphene oxide,
while very weak peaks were obtained on the ZnO nanoparticle modified GCE. In addition, in the case
of the ZnO/RGO nanocomposite modified electrode, sharp peaks and high peak current responses to
four metal ions were observed. This strongly reveals that the modification of the ZnO/RGO
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nanocomposite on the GCE gave positive effects on the processes of Cu(ll), Cd(Il), Hg(ll) and Pb(ll)
accumulating on the surface of the electrode. Nevertheless, due to the functional groups on the surface
of the graphene oxide, sharp peaks for Cd(l11) and Pb(Il) were observed. It was found that the adsorbed
metal ions were difficult to be removed because those functional groups can act as anchor sites to
strongly capture the metal ions onto the surface of graphene oxide. This can be attributed to the well-
organized accumulation of metal ions close to the electrode surface by complexation reactions
[30]. Therefore, the electrode modified by graphene oxide is not reusable and therefore is not available
for practical application. It is noteworthy that the ZnO-modified electrode also showed four weak
peaks. This may be caused by the large sizes of ZnO nanoparticles that grew from small ones under the
heating conditions as a result of the Ostwald ripening effect [31]. Apparently, ZnO nanoparticles are of
great importance in the reoxidizing process of metal ions.

The determination maximum of heavy metal ions (0.5 uM Cu(II), Cd(II), Hg(IT) and Pb(II)) on
the ZnO/RGO-modified GCE were obtained by optimizing the voltammetric parameters, including the
deposition potential, deposition time, pH value and supporting electrolytes. For instance, Cd(Il) and
Cu(Il) solutions were chosen to optimize the deposition potential, deposition time and pH value. Three
diverse electrolytes, 0.1 M NH,4CI-HCI solution, acetate buffer and phosphate buffer, were employed
to study the voltammetric behaviors of 4 target metal ions. The pH value of each solution was adjusted
to 5.0, and the test results are shown in Figure 5A. Three peaks, not including Pb(ll), were observed in
the case of the NH,CI-HCI and phosphate buffer solution. However, in the case of the acetate buffer
solution, four well-defined voltammetric peaks in response to the target metal ions were observed.
Thus, 0.1 M acetate buffer solution (pH = 5.0) was employed in the following experiments.

The effect of pH is of great importance and should be selected properly. The voltammetric
responses to pH were studied in a 0.1 M acetate buffer solution, where the pH ranged from 6.0 to 3.0.
As demonstrated in Figure 5B, an increase of the peak current of Cd(ll) occurred when the pH was
changed between 3.0 and 5.0, where a maximum was achieved at a pH value of 5.0, and the peak
current decreased when the pH increased beyond 6.0. Meanwhile, an obvious increase of the peak
current of Cu(ll) occurred when the pH was changed between 3.0 and 5.0, and then, the increase
became less beyond a pH value of 6.0. Complexation and electrostatic attraction mechanisms can
attribute to an increase of the peak current as the pH changes between 3.0 and 5.0. It is believed that
groups, such as hydroxyl and carboxylic, on the surface of the carbon nanotubes are the same as those
on the surface of graphene, which act as active sites to anchor heavy metal ions and possibly possess
pKa values between 3 and 5. At pH values higher than 4, the decrease in the anodic peak current may
be due to the hydrolysis of cations [30]. Therefore, the stripping measurements were conducted in a 0.1
M acetate buffer solution at a pH value of 5.0.

In the testing of the stripping analysis, achieving the best sensitivity may require an adequate
deposition potential. Therefore, when the pH of the 0.1 M acetate buffer solution was 5.0, the
relationship between peak current and deposition potential was investigated after 150 s accumulation,
where the potential was changed from -1.4 to 0 V. The results are exhibited in Figure 5C. Increases of
the stripping peak currents of Cu(ll) and Cd(I1) were observed when the potential changed from -1.0 to
0V, and the value of the peak current of Cu(ll) became the highest at a potential of -1.0 V. However,
the response of the peak current decreased for Cu(ll) and Cd(Il) when the deposition potential was
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lower than -1.0 V. Because formed H, can compete with the codeposition of metal ions when the real
samples are analyzed, even though more negative potentials can lead to higher peak currents for
Cd(Il), a potential of -1.0 V was selected as the best deposition potential in the subsequent
experiments. Various standard potentials can possibly lead to different performances for the different
metals.

Because there were correlations between the sensitivity and detection limit with deposition
time, different deposition times were investigated in this work. The relationships between the
deposition time and the peak currents of 4 target metal ions are shown in Figure 5D. Due to the
increase of the amount of analytes on the functionalized surface of the electrode, increasing the
deposition time between 10 and 150 s enhanced the stripping peak currents of both Cu(Il) and Cd(ll).
Saturation on the surface at high amounts of metal ions will make the upper limit of detection lower
even though the increase of the deposition time can improve the sensitivity. Thus, a deposition time of
150 s was selected to obtain a wider range of response and a lower limit of detection.
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Figure 5. Optimized experimental conditions. Effect of (A) the supporting electrolytes; (B) pH value;
(C) the deposition potential and (D) the deposition time on the voltammetric response of the
ZnO/RGO nanocomposite modified GCE.

SWASV was employed to determine Hg(ll) and Cu(ll) at the electrode of ZnO/RGO
individually and simultaneously under the optimized experimental conditions. The SWASV responses
for Hg(ll) are shown in Figure 6A with different concentrations of Hg(Il) [32-35]. Excellent peaks
were obtained with concentrations between 0.2 and 0.6 uM, where these peaks were in proportion to
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the Hg(ll) concentration. The linear equation was i = 0.877 + 2.754c with a correlation coefficient of
approximately 0.998, and the tested LOD was 0.07 uM. As depicted in Figure 4B, the SnO,/rGO
electrode had SWASV responses to Cu(ll) in a concentration range of 0.1 to 1.3 uM. The linear fit
equation was i = 1.41 + 4.851 c with a correlation coefficient of approximately 0.996, and the tested
LOD was 0.04 uM. As depicted in Figure 6C, excellent Cu(ll) peaks were obtained during the
simultaneous analysis of Hg(ll) and Cu(ll). Meanwhile, the Hg(ll) stripping peaks showed poor
structure. A Cu-Hg intermetallic compound was formed, which lead to this result. As illustrated in
Figure 6D, the calibration plots showed good linearity for Hg(Il) between 0.4 and 1.2 uM, while the
linearity for Cu(II) was good between 0.2 and 0.6 uM. The linear fit equations were i = 0.724 + 2.662 ¢
and i = 1.36 + 9.241 ¢ with correlation coefficients of approximately 0.984 and 0.995, respectively,
and the tested LODs were 0.07 and 0.01 uM for Hg(Il) and Cu(Il), respectively. The sensing
performance of the proposed sensor was compared with recently reported sensors, as shown in Table 1.
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Figure 6. SWASYV response of GCE functionalized by the nanocomposite of ZnO/RGO for isolated
analysis of (A) Hg (II) at the concentration ranging from 0.2 to 0.6 uM and (B) Cu (II) at the
concentration ranging from 0.1 to 1.3 pM. (C) SWASYV response of GCE functionalized by the
nanocomposite of ZnO/RGO for the simultaneously analysing Hg(ll) and Cu(ll)with a
concentration of 0.4 to 1.2 uM and 0.2 to 0.6 uM for Hg(II) and Cu(Il), respectively. (D) The
individual calibration curves of Hg (11) and Cu (11).
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Table 1. Performance comparison of the ZnO/RGO/GCE with for Hg(l1) and Cu(ll) detection.

Electrode Linear range Detection limit Reference
Hg (I1) Cu(ll) Hg (11) Cu(ll)
G-Nafion/Bi/GCE 0.8-1.9 |0.05-0.5uM | 0.04 uM 0.01 uM [13]
uM
Nafion/Bi/NMC/GCE | 0.5-1.5 |0.1-3 uM 0.005 uM 0.02 uM [36]
uM
MWCNTs- 0.1- 1.0 -2.0 uM 0.02 uM 0.2 uM [37]
Nafion/Bi/GCE 0.6uM
GNFs-Nafion/Bi/GCE | 0.5-1.8 | 0.1-1.0 uM 0.05 uM 0.03 uM [38]
uM
OMC/Nafion/GCE 0.2-1.0 1.5-5uM 0.03 uM 0.5 uM [39]
uM
ZnO/RGO 04-12 |04-1.2uM 0.07 uM 0.01 uM This work
uM
35+
] Hg(I)
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Figure 7. SWASV response of the GCE functionalized by ZnO/RGO nanocomposite for
simultaneously analysing Hg (I1), Pb (I1), Cd (I1) and Cu (Il) at the concentration ranging from
0 to 1.3uM for every metal ion.

In Figure 7, under optimized experimental conditions, the SWASV analysis to analyze Cu(ll),
Cd(I1), Pb(I1) and Hg(ll) upon increases in the concentrations were typically recorded by the electrode
modified with the nanocomposite of ZnO/reduced graphene oxide. The well-defined nanocomposite
was employed to determine the 4 target metal ions. Isolated peaks at approximately 0.24, -0.6, -0.8 and
-0.1 V for Hg(ll), Pb(Il), Cd(Il) and Cu(ll) were observed when all species coexisted. As reported in
previous literature, the formation of an intermetallic compound may result in decreases of the peaks for
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both Hg(Il) and Cu(ll). The voltammetric peaks were separated enough, and the electrode of the
ZnO/RGO nanocomposite was feasibly employed for selective and simultaneous detection. The
resultant calibration curves of Hg(ll), Pb(ll), Cd(Il) and Cu(ll) were established from 1.2 to 0.3 uM.
The resulting LODs of Hg(ll), Pb(Il), Cd(Il) and Cu(ll) were identified as 0.06, 0.03, 0.04 and 0.03
uM, respectively. Compared with the standards set by the World Health Organization (WHO), the

resulting LODs are lower than the guideline values.
Interference of other metal ions with the detection of at ZnO/RGO modified GCE was

examined. Different chemical species, including Ca**, Co?*, Cr**, Mn?*, Ni**, Zn?*, SO, CI", NOs*",
NO; and CIO, , at 1 uM, had no significant influence on the signals of 0.5 uM each of Hg (1), Pb (1),
Cd (11) and Cu (1) with deviations below 5.0%. As the results showed, the electrode is highly selective
for the simultaneous determination of Hg (1), Pb (I1), Cd (I1) and Cu (Il) in the presence of different
cations and anions. The repeatability of the electrode was investigated by repetitively determining the
mixed solution containing 0.5 uM each of Hg (1), Pb (I1), Cd (1) and Cu (II). It was found that the
relative standard deviations (RSD) of peak currents for the four metal ions were 1.7% for Hg?*, 2.4%
for Pb**, 2.1% for Cd** and 3.1% Cu*".

4. CONCLUSIONS

A hydrothermal one-pot method was employed to fabricate a new ZnO/RGO nanocomposite. A
GCE functionalized by the ZnO/RGO nanocomposite was successfully used to selectively determine
different heavy metal ions. The obtained results indicate this novel nanocomposite of ZnO/RGO,
which contains the advantages of ZnO as well as graphene, is a potential material to electrochemically
detect heavy metal ions. Various potentials of separated stripping peaks were achieved for Hg(ll),
Pb(I1), Cd(I1) and Cu(ll) on the nanocomposite of ZnO/RGO. Compared with the standards set by the
World Health Organization (WHO), the resulting LODs are lower than the guideline values.
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