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Facile synthesis of AQNPs on reduced graphene
oxide for highly sensitive simultaneous detection
of heavy metal ions
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Silver nanoparticles grown on reduced graphene oxide (AgNPs/RGO) were successfully synthesized via
a facile in situ method. The samples were characterized by scanning electron microscopy (SEM), Raman
spectroscopy, field emission transmission electron microscopy (FETEM) and X-ray diffraction (XRD). The
results show that silver ions distribute extensively on the RGO sheets. In order to prepare an
electrochemical sensor, the AgNPs/RGO nanocomposite was used to modify the surface of a magnetic
glassy carbon electrode. The device was characterized by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS). The as-prepared AgNPs/RGO nanocomposite was measured with square
wave anodic stripping voltammetry (SWASV), and exhibited excellent electrochemical activity and
sensitivity towards the detection of heavy metal ions, including Pb(i), Cd(i), Cu() and Hg(i). The
sensitivities were respectively 48.69, 40.06, 15.66 and 43.18 pA uM~! and the limits of detection (LOD)
were respectively 0.141, 0.254, 0.178 and 0.285 uM. Compared to the bare RGO film, the AgNPs/RGO

nanocomposite showed a significantly higher activity for anodic stripping analysis of the four considered

Received 23rd February 2017 . . ) . .
Accepted 5th April 2017 heavy metal ions; in particular, the peak current enhancement was about 1.5 times higher for Pb(i).
Experiments also show that the AgNPs/RGO-modified electrode displays good anti-interference

DOI: 10.1035/c7ra02267k properties. Moreover, this study provides a potential material for electrochemical detection of heavy
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1. Introduction

It is well documented that heavy metal pollutants, including
Cd(u), Pb(u), Cu(u) and Hg(u) ions, have attracted a great deal of
attention due to their high toxicity, easy accumulation and lack
of degradability. This type of pollutant could be seriously
hazardous not only for the environment around biological
systems but also directly for human beings.'”® Therefore, it is
significant to develop direct and highly sensitive tools to
determine the concentration of heavy metals in solutions. To
date, many kinds of techniques have been applied for the
detection of heavy metal ions, including mass spectrometry,”
optical methods® and electrochemical methods.® Recent devel-
opments in materials science and technology have enabled
rapid electrochemical analysis with low power consumption,
high sensitivity and wide adaptability,’ and therefore
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metal ions, individually or simultaneously.

electrochemical analysis methods for detecting heavy metals
certainly have great potential. A key step for electrochemical
analysis methods to detect heavy metal ions is the design and
synthesis of the working electrode materials. Among the working
electrode materials, it is difficult to ignore metal nanoparticle-
modified electrodes, which have been proven to display
remarkable electrochemical sensitivity thanks to their large
specific surface area, fast electron transfer and high density of
active sites.">"> Among the different metal nanoparticles, silver
nanoparticles (AgNPs) show interesting quantum characteristics,
allowing for a large specific surface area, small particle diameter,
fast electron transfer ability, etc. Therefore, AgNPs are one of the
most suitable materials to develop nanocomposite electro-
chemical sensors.”* So far, various nanomaterials, including
noble metal nanoparticles (NPs), carbon nanotubes (CNTs) and
graphene, have been applied to fabricate electrochemical
sensors.”"” In addition, graphene oxide and reduced graphene
oxide (RGO) have attracted great attention thanks to their high
sensitivity, low cost and eco-friendly properties. In the past few
years, a series of carbonaceous materials, including graphene,'®**
carbon nanotubes (CNTs),**?> carbon paste, carbon nano-
spheres® and porous carbons,”** have been used to make effi-
cient electrochemical sensors. Several groups have investigated
graphene oxide and metal nanoparticle composite electrodes for

This journal is © The Royal Society of Chemistry 2017
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electrochemical sensors. Periyasami Gnanaprakasam et al. have
fabricated AuNPs on reduced graphene oxide for the simulta-
neous detection of toxic heavy metal ions and bioremediation
using bacteria as the scavenger.>® Riyaz Ahmad Dar et al. have
prepared an AgNPs/GO composite and applied it for As(m)
detection.” Yan Wei et al. have fabricated a SnO,/RGO nano-
composite for the simultaneous electrochemical detection of
heavy metal ions.”® However, so far, AgNPs/RGO nanocomposites
have rarely been reported to be applicable for the detection of
other kinds of heavy metal ions, including Pb(u), Cd(u), Cu(x) and
Hg(u). Hence, it is meaningful to investigate the use of AgNPs/
RGO nanocomposites as an electrochemical sensing material
to individually and simultaneously detect heavy metal ions
through square wave anodic stripping voltammetry (SWASV).
Based on the above considerations, in this work we applied
a facile approach to synthesize RGO and different mass ratio
AgNPs/RGO nanocomposites, which were applied as electro-
chemical sensors to detect heavy metal ions. Specifically, the
AgNPs/RGO nanocomposite was deposited on the surface of
a magnetic glassy carbon electrode to act as a novel electro-
chemical sensor for detecting and quantifying environmentally
toxic elements, including Pb(u), Cd(u), Cu(u) and Hg(u). The
sensor could not only adsorb all kinds of heavy mental ions due
to its large electrochemically active surface area, but it also
ensured a fast and high sensitivity current response thanks to
the high electron transfer speed between the electrode and
solution. Furthermore, the mutual interference and cycling
stability of the working electrode were studied in detail.

2. Experimental

2.1. Materials

Analytical grade reagents were used for the synthesis of the
AgNPs/RGO nanocomposites. Graphite powder (320 mesh,
spectrum pure), ascorbic acid, H,SO4, KMnO,, AgNO; and H,0,
(30 wt%) were purchased from Sinopharm Chemical Reagents
Co., Ltd., Shanghai, China and used without further purifica-
tion. Stock solutions of heavy metal ions including Hg(u), Cd(u),
Pb(u) and Cu(u) were prepared with Hg(NO;),, 3CdSO,-8H,0,
Pb(NO3), and Cu(NO;),. In order to regulate the pH value,
several drops of HNO; were added to the Hg(NO;), and
Pb(NO3), stock solutions. Acetate buffer (HAc-NaAc) solutions
(0.1 M) were prepared by mixing stock solutions of 0.1 M HAc
and NaAc, and were used as the supporting electrolyte. The
water used in the experiments was obtained from an ultra-pure
water manufacturing system (URT-11-10T).

2.2. Characterizations

The morphology of the AgNPs/RGO nanocomposites was char-
acterized by field-emission scanning electron microscopy
(FESEM, Hitachi S-4700) and field emission transmission elec-
tron microscopy (FETEM, JEOL 2100). X-ray diffraction (XRD)
patterns of the AgNPs/RGO nanocomposites were acquired on
a Maxima 7000S XRD (Shimadzu, Japan). Raman spectra were
collected on a Jobin-Yvon LabRam HR800 Raman spectrometer.
Electrochemical experiments were carried out using a ZAHNER-
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PP211 electrochemical workstation. A conventional three-
electrode configuration was used. The working electrode was
a bare or modified magnetic glassy carbon electrode (MGCE, 3
mm in diameter), and an Ag/AgCl (3 M KCl) electrode and
a platinum electrode were used as the reference and counter
electrodes, respectively. Furthermore, electrochemical imped-
ance spectra measurements were performed in 0.1 M KCI con-
taining 1.0 mM K;[Fe(CN)¢]. In addition, pH measurements
were performed using a pH meter.

2.3. Synthesis of the AgNPs/RGO nanocomposites

The AgNPs/RGO nanocomposites were prepared following an in
situ synthesis method. Firstly, RGO was prepared from natural
graphite via a modified Hummers' method.** Secondly, in order
to prepare nanocomposites with RGO : Ag mass ratios of 1 : 0.25
and 1:0.75, 31.25 and 93.75 mg of AgNO; were respectively
dispersed in 50 mL of RGO DMF solution (2.5 mg mL™ ") by
stirring at 60 °C for 2 h. During the AgNPs/RGO nanocomposite
preparation process, 30 mL of 2.6% ascorbic acid was added to
reduce the silver ions directly onto the RGO and 0.6 g of beta
cyclodextrin was used as a stabilizing agent. Then, the AgNPs/
RGO nanocomposites with different mass ratios were obtained
by centrifugation (2000 rpm). For comparison, bare RGO was also
prepared under the same conditions.

2.4. Preparation of the AgNPs/RGO/MGCE

In order to decrease the residue on the surface of the bare
MGCE, the bare MGCE was ultrasonically cleaned in ethanol for
20 min and then polished carefully by using 0.3 pm and 0.05 pm
alumina slurry. The polished MGCE was washed with HNO;
(1:1), absolute ethylene, and deionized water to reduce the
amount of adsorbed substances on the surface of the electrode,
and then dried at room temperature. Then, 1 mg of AgNPs/RGO
nanocomposite powder was dispersed in 2 mL of alcohol. To
create a homogeneous suspension, 20 mL of the solvent mixture
was ultrasonically stirred for 3 h. Subsequently, 4 pL of the
homogeneous suspension was added onto the MGCE surface
and dried at room temperature. Hence, the modified electrode
was composed of AgNPs/RGO/MGCE. In order to facilitate
comparison, an RGO/MGCE was also prepared with an RGO
homogeneous suspension following the same procedure.

2.5. Simultaneous detection of heavy metal ions

In order to realize the individual and simultaneous detection of
Pb(u), Cd(u), Cu(u) and Hg(u), electrochemical analysis
measurements were carried out by using SWASV. Firstly, the
AgNPs/RGO/MGCE was put into a mixed metal solution
including 0.1 M HAc-NaAc solution (pH = 5.0) and heavy metal
ions. Then, heavy metal ions were deposited onto the surface of
the working electrode at the potential of —1.5 Vvs. SCE for 150 s.
The deposition process was used to reduce the heavy metal ions
from the mixture solutions onto the working electrode. On the
contrary, stripping was performed to oxidize the reduced
metals. All experiments were implemented under the following
experimental conditions: the scanning potential ranged from
—1.0 to 0.6 V; the amplitude was 20 mV; the step height
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potential was 5 mV; the period was 40 ms; the time of integra-
tion was 2 ms; the start ramp was 100 mV s~ '; the frequency was
25 Hz. Furthermore, a positive potential was applied to the
modified electrode for 60 s to remove the deposited residual
heavy metal ions from the surface after each detection test.

3. Results and discussion

3.1. Morphological and structural characterization of the
AgNPs/RGO nanocomposites

The morphology and structure of the as-prepared AgNPs/RGO
nanocomposites were characterized by SEM and TEM and
shown in Fig. 1. The SEM and TEM images show that the RGO
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Fig.1 SEM and TEM images of the RGO film (a and c) and the AgNPs/
RGO nanocomposite film (b and d).
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Fig.2 (a) Raman spectra of RGO and AgNPs/RGO. (b) XRD of AgNPs/RGO.
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surface was crumpled and wrinkled with a multi-layer structure.
Hence, it could provide a large surface area for the attachment
of AgNPs. As shown in Fig. 1b, AgNPs were homogeneously
distributed on the RGO sheets. This demonstrates a strong
interaction between the RGO and AgNPs. Fig. 1c and d show
typical TEM images of RGO and the AgNPs/RGO nano-
composites, indicating that AgNPs are attached onto the surface
of the RGO nanosheets. The highly dispersed AgNPs on the RGO
nanosheets probably contribute to the high electrochemical
activity of the sensor.

Fig. 2a shows the Raman spectra of RGO and the AgNPs/RGO
nanocomposites. Each curve displays two obvious peaks, cor-
responding to the D and G bands of graphene.*® The D and G
bands of RGO in the AgNPs/RGO nanocomposites were
respectively observed at 1350 and 1587 cm™ ', while the D and G
band of RGO were respectively observed at 1345 and 1350 cm ™.
In addition, we calculated the D/G intensity ratio for the AgNPs/
RGO nanocomposites to be Ip/Ig = 1.2, as compared with 1.00
for RGO. The moderate increase in the Ip/lg intensity ratio
indicates the reduction of the exfoliated RGO in the AgNPs/RGO
nanocomposites. The crystalline structure of the AgNPs/RGO
nanocomposites was analyzed by XRD analysis as displayed in
Fig. 2b. The diffraction peaks observed at 38.1°, 44.3° and 64.4°
were consistent with the (111), (200) and (220) planes of Ag
crystals. In addition, a broad diffraction peak is detected at 26 =
23.5°, representing the (002) plane of the graphitic carbon in the
nanocomposites.® These results show that crystalline AgNPs
were successfully deposited on the surface of the RGO
nanosheets.

3.2. Electrochemical characterization of AgNPs/RGO/MGCE
(RGO : Ag = 1:0.25 and 1: 0.75)

The cyclic voltammetry responses of the bare MGCE, and the
MGCEs modified with RGO and the different mass ratio AgNPs/
RGO nanocomposites (RGO : Ag = 1:0.25 and 1:0.75) were
examined using the redox couple in 5 mM K;[Fe(CN)q] containing
0.1 M KCl solution (Fig. 3a). Compared with the bare MGCE, the
anodic and cathodic peaks for the MGCEs modified with RGO
and the AgNPs/RGO nanocomposites were decreased. The anodic
and cathodic peaks in the AgNPs/RGO nanocomposite-modified
MGCE decrease with increasing Ag content, indicating that the
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(a) Cyclic voltammograms and (b) electrochemical impedance spectra obtained on the bare MGCE, and the MGCEs modified with RGO

and the different mass ratio AQNPs/RGO nanocomposites in an electrolyte solution of 5 mM Ks[Fe(CN)gl and 0.1 M KCL. Scan rate: 100 mV s™%,

polarization potential: 0.25V, frequency spectra: 1-100 000 Hz.
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between the sensitivity versus Pb(i) for the modified electrodes based on the different materials considered in this work.

presence of RGO and AgNPs/RGO slows down the electron
transfer in the MGCE. On one hand, this phenomenon was
attributed to hydroxyl and carboxyl functional groups from
RGO,*** which can hinder the diffusion of ions and the electron
transfer to the electrode surface. On the other hand, the AgNPs
on RGO are relatively stable and possess weak redox properties.

EIS was used to further characterize the interface properties
in the AgNPs/RGO/MGCE samples. In a typical Nyquist plot, the
semicircle portion represents the electron-transfer resistance
(Ret) in the high-frequency range, while the linear part corre-
sponds to the low-frequency range, where a diffusion-limited
process occurs.*® As shown in Fig. 3b, the Ret value of the
bare MGCE is very small. The size of the semicircle domain, and
therefore the Ret value, was increased by the presence of RGO.
The addition of AgNPs further increased the Ret value. This
confirms that the presence of the AgNPs/RGO nanocomposite
on the electrode surface limits the electron-transfer on the
electrochemical probe.

3.3. Optimization of the modified electrodes

In order to obtain higher detection sensitivity, modified elec-
trodes were tested under the same conditions. The SWASV
responses towards Pb(u) for the RGO/MGCE and both AgNPs/
RGO/MGCE nanocomposites (1:0.25 and 1:0.75) are dis-
played in Fig. 4a-c. An obvious peak corresponding to the
electrochemical detection of Pb(u) is clearly observed at about
—0.57 V. Furthermore, as seen in Fig. 4d, significantly different
sensitivities towards Pb(u) detection were associated with each
modified electrode material. Interestingly, the Pb(u) detection
sensitivity of the (1 : 0.75) AgNPs/RGO/MGCE was the highest.
Then follows the (1:0.25) sample and the RGO-modified

This journal is © The Royal Society of Chemistry 2017

electrode. This indicates that the more AgNPs are present, the
higher the sensitivity for the detection of heavy metal ions is.
The increase in the stripping peak current shows that the
reduction of Pb(u) to Pb(0) was more efficient at the AgNPs/RGO
nanocomposite surface. It is thus clear that Pb(u) was selectively
deposited on top of AgNPs/RGO. The high sensitivity versus
Pb(u) detection may rely on the presence of hydroxyl groups,
providing a strongly hydrophilic surface. Table 1 summarizes
and compares the sensitivity and detection limit of our modi-
fied electrodes with previous studies on Pb(u) electrochemical
sensing. The results demonstrate that a high sensitivity towards
Pb(u) was achieved with the best performing RGO : Ag=1:0.75
electrode, which was selected for the subsequent detection of
multiple heavy metal ions.

Tablel Comparison of the current sensitivity with previously reported
values of different electrodes

Sensitivity
Electrode (nA pM ) LOD (uM) Ref.
RGO/GCE 31.98 0.533 This work
AgNPs/RGO/GCE 42.15 0.141 This work
(RGO : Ag =1:0.25)
AgNPs/RGO/GCE 48.69 0.155 This work
(RGO : Ag =1:0.75)
AuNPs/RGO/GCE 47.76 12.69 nM 26
Band Fe;0,/rGO GCE 13.6 0.169 36
Fe;0,/MWCNTs GCE 11.4 6.0 pM 37
MnO,/GCE 22.4 — 38
RGO/MWCNTs GCE 42.1 0.052 39
SnO,/graphene/GCE 18.6 0.0018 28
Porous Co3;0,4,GCE 71.5 0.018 40

RSC Adv., 2017, 7, 21618-21624 | 21621
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3.4. Electrochemical detection of heavy metal ions with
AgNPs/RGO/MGCEs

The detection of heavy metal ions by the AgNPs/RGO (1 : 0.75)
electrode, including Pb(u), Cd(u), Cu(u) and Hg(u), was per-
formed under similar experimental conditions with individual
ions or simultaneously. Fig. 4c shows the SWASV response to
Pb(u) over the metal ion concentration range from 0.05 to 2.5

b)
Cu(Il )
260 3.5uM
3 coly=869+H1566 2
Naw7 40 R2=0.986
2401 2
(] 0
01 2 3
g 20 o (uM)
O
0

10 09 08 07 -06 o4 02 00 02
Potential (V) Potential (V)

) d)

120] Hel) 501 89
< Z40] | |

1250 g 914431 4 = .
3 90 1u?O szuggmj ik_ fﬁ/.:;o
S 601 2 | =
g ieroreeeny A 220
5 301 o i =
&) §10
0 0

Pb(Il ) Cd(Il ) Cu(ll ) He(I )

e
o

01 02 0.

3 04 05
Potential (V)

Fig.5 (a—c) SWASV responses and the corresponding calibration plots
of the AgNPs/RGO nanocomposite-modified MGCE for the individual
determination of Cd(n), Cu(n), and Hg(n) after 150 s in 0.1 M HAc—NaAc
solution (pH = 5.0). Deposition potential: —1.0 V; amplitude: 25 mV;
increment potential: 4 mV; frequency: 15 Hz. (d) Comparison between
the sensitivity versus Pb(i), Cd(i), Cu(n) and Hg(i) of the AgNPs/RGO
nanocomposite-modified electrode.

a) 120 Cd(Il)

1004 1.5uM
80

Hg(Il )

604

40

Current (pA)

204

2100 075 -050 025 0.00 025 0.50

Potential (V)

o
N

%

S

Ca(r )

Hg(II
2.0uM e(l)

Current (pA)
2

100 -075 050 -025 000 025 0.50
Potential/V

Fig. 6

View Article Online

Paper

uM in 0.1 M HAc-NaAc (pH = 5.0). The Pb(u) peak is clearly seen
at about —0.56 V, the linearization equation is i/uA = 32.65 +
48.69 c/uM, with a correlation coefficient of 0.986 (inset of
Fig. 4c), the sensitivity for electrochemical analysis of Pb(u) is
48.69 pA M, and the limit of detection (LOD) is calculated to
be 1.41 x 10”7 M (30 method). The SWASV responses to Cd (1)
over the concentration range from 0.05 to 3.5 uM are shown in
Fig. 5a. The Cd(u) peak is visible at about —0.74 V. The linear-
ization equation is i/uA = —1.93 + 40.06 ¢/uM, with a correlation
coefficient of 0.973 (inset of Fig. 5a) and with a sensitivity of
40.06 pA pM ™', The limit of detection (LOD) is found to be
2.54 x 1077 M. The SWASV responses to Cu(n) and Hg(u) over
the respective concentration ranges of 0.05 to 3.5 uM and 0.5 to
3.0 uM are displayed in Fig. 5b and c. Peaks are seen at —0.05 V
for Cu(u) and +0.32 V for Hg(u), and the linearization equations
for the electrochemical detection are i/pA = 8.69 + 15.66 ¢/uM
and i/uA = —8.91 + 43.18 c/uM, respectively. The correlation
coefficients for Cu(u) and Hg(u) are 0.986 and 0.976 (inset of
Fig. 5b and c), corresponding to a sensitivity of 15.66 and 43.18
pA pM ' and a detection limit of 1.78 x 10~7 M for Cu(n)
and 2.85 x 10”7 M for Hg(u). The sensitivities are compared
in Fig. 5d.

As shown in Fig. 6a, different concentrations of heavy metal
ions (Pb(u), Cd(u), Cu(u), and Hg(u)) were simultaneously
detected under similar conditions. The results show that the
detection (individual or simultaneous) of the four considered
heavy metal ions results in well-separated stripping peaks,
respectively observed at —0.56 V, —0.74 V, —0.05 V and +0.32 V.
It is thus easy to distinguish the four heavy metal ions from the
potential of the stripping peak with our modified electrode.
Fig. 6b shows the interference between the four metal ions. In
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(a) SWASV responses of the AgNPs/RGO nanocomposite-modified MGCE for the simultaneous detection of Cd(u), Pb(i), Cu(n), and Hg(i)

over a concentration range between 0.05 and 1.5 uM. (b) Calibration plots toward Cd(u), Pb(i), Cu(n), and Hg(n). (c) SWASV response for the
simultaneous detection of Cd(n), Pb(i1), and Hg(i) over a concentration range between 0.05 and 2.0 uM. Deposition potential: —1.2 V, amplitude:
20 mV, frequency: 25 Hz and vs. Ag/AgCl/KCl (3 M KCl saturated with AgCl). (d) Calibration plots toward Cd(i), Pb(u), and Hg(i).
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order to better analyze the interference of these four metal ions,
Table 2 displays the sensitivity, correlation coefficient, and
calculated LODs for the individual and simultaneous detection
of each metal ion. In simultaneous detection, the sensitivity
versus Cu(u) and Cd(u) is significantly enhanced; this is ascribed
to the presence of a Hg film during the enrichment process.**
However, the sensitivity versus Pb(u) and Hg(un) is significant
decreased, which is attributed to the adsorption of ions from
the solution.® In the field of electrochemical detection of heavy
metal ions, the hanging mercury drop electrode (HMDE) has
been widely used to improve the detection sensitivity.** Fig. 6a
shows that the stripping peak of Pb(u) is a side-by-side bimodal,
with peaks appearing respectively at —0.56 V and —0.46 V. This
could be caused by the presence of metal ions on the AgNPs/
RGO electrode surface.**** This phenomenon implies that the
nature of the Pb(0)-enriched AgNPs/RGO nanocomposite elec-
trode surface may have changed. As seen from Fig. 6c, the
double stripping peak of Pb(u1) obviously disappears when Cd(1),
Pb(u) and Hg(u) coexist; only one single stripping peak for Pb(u)
appears at —0.56 V. In contrast to Fig. 6a, this phenomenon was
associated with the disappearance of the Cu(u) peak. In addi-
tion, when Pb(u), Hg(u) and Cd(u) are detected at the same time
(Fig. 6d), the sensitivity versus Cu(u) and Cd(u) detection was
significantly enhanced; this can be ascribed to the formation of
inter-metallic assemblies of the two metals during the enrich-
ment process when both Cu®>* and Pb*" are present.*?

3.5. Stability measurements

The stability of the AgNPs/RGO nanocomposite-modified elec-
trode is vital in practical applications. The cycling performance of
the AgNPs/RGO nanocomposite-modified electrode towards the
detection of Cd(u) at 1.0 uM after 5 days of storage in air is dis-
played in Fig. 7a. It is clear that the stripping currents are nearly
constant with cycling and remain steady after 9 cycles. Up to
98.1% of the peak current was preserved after 9 cycles and 5 days.
These results demonstrate that the AgNPs/RGO nanocomposite-
modified electrode showed good cycling stability and possible
long-term durability as a sensor for detecting heavy metal ions. In
order to further study the kinetics and cycling stability, EIS was
performed on the AgNPs/RGO electrode before and after the 9
cycle test (Fig. 7b). Clearly, there was almost no change in ESR
before and after the ageing test, demonstrating that the internal

Table 2 Comparison between individual and simultaneous metal ion
detection

Correlation Sensitivity

Analyte LOD (uM) coefficient (pA pmol ")
Individual analysis Pb(u)  0.141 0.986 48.69

cd(m)  0.254 0.973 40.06

Cu(n)  0.178 0.986 15.66

Hg(m)  0.285 0.976 43.18
Simultaneous analysis Pb(u)  0.287 0.933 28.52

Cd(m)  0.245 0.951 48.07

Cu(m)  0.171 0.976 17.75

Hg(n)  0.180 0.973 26.49
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Fig. 7 (a) SWASV responses towards Cd(i) and (b) EIS of the AgNPs/
RGO nanocomposite electrode in the 1st cycle and after the 9th cycle.
(c) SWASV response for the simultaneous detection of 1 uM Cd(u), Pb(i),
Cu() and Hg() by a bare glassy carbon electrode, RGO/GCE and
AgNPs/RGO/GCE.

resistance of the AgNPs/RGO nanocomposite was slightly
affected. Nyquist plots also indicate that no significant change in
Rct occurs before and after the test. The SWASV response for the
simultaneous detection of 1 uM Cd(u), Pb(u), Cu(u) and Hg(u) by
a bare glassy carbon electrode, RGO/GCE and AgNPs/RGO/GCE is
displayed in Fig. 7c. The results show that there is no obvious
stripping peak for the bare glassy carbon electrode, while the
stripping peaks of Cd(u), Pb(u), Cu(u) and Hg(u) by the AgNPs/
RGO/GCE are respectively 2.3, 2, 2.7, and 4 times the height of
those with the RGO/GCE. Therefore, the AgNPs/RGO-modified
electrode is superior for the simultaneous detection of a variety
of heavy metal ions. The AgNPs/RGO nanocomposite is thus
suitable to be used as an electrochemical sensing material to
detect heavy metal ions.

4. Conclusion

In this work, RGO and two different mass ratio AgNPs/RGO
nanocomposites were designed and prepared by a facile
method. The capacity of these three different materials to
electrochemically detect toxic Pb(u) ions was investigated in
detail. It was found that the three modified electrodes allow
reliable and high sensitivity analysis of Pb(u) species. The
higher the AgNP content, the higher the sensitivity; thus the
sensitivity associated with the RGO-modified electrode was
the lowest. Furthermore, the best performing AgNPs/RGO
(RGO : Ag = 1:0.75) nanocomposite-modified electrode was
used as the working electrode for the individual and simulta-
neous determination of heavy metal ions, such as Cd(u), Pb(u),
Cu(n) and Hg(u). The electrochemical results demonstrated
a high sensitivity, and a low detection limit for the simulta-
neous detection of Cd(u), Pb(u) Cu(u) and Hg(u). The experi-
ments also show that the AgNPs/RGO-modified electrode
displays good anti-interference properties. The superior
stability of the AgNPs/RGO nanocomposite means it has great
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potential as an electrode material for application in the field of
electrochemical detection of heavy metal contamination.
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