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Abstract: A BiNPs@NPCGS nanocomposite was designed for
highly efficient detection of multiple heavy-metal ions by in

situ synthesis of bismuth-nanoparticle (BiNP)-enriched nano-

porous carbon (NPS) on graphene sheet (GS). The NPCGS
was prepared by pyrolysis of zeolitic imidazolate framework-

8 (ZIF-8) nanocrystals deposited on graphene oxide and dis-
played a high surface area of 1251 m2 g¢1 and a pore size of

3.4 nm. BiNPs were deposited on NPCGS in situ by chemical
reduction of Bi3 + with NaBH4. Due to the restrictive effect of
the pore/surface structure of NPCGS, the BiNPs were uniform

and well dispersed on the NPCGS. The BiNPs@NPCGS

showed good conductivity and high effective area, and the
presence of BiNPs allowed it to act as an efficient material

for anodic-stripping voltammetric detection of heavy-metal

ions. Under optimized conditions, the BiNPs@NPCGS-based
sensor could simultaneously determine Pb2 + and Cd2 + with

detection limits of 3.2 and 4.1 nm, respectively. Moreover,
the proposed sensor could also differentiate Tl+ from Pb2 +

and Cd2 + . Owing to its advantages of simple preparation,
environmental friendliness, high surface area, and fast elec-
tron-transfer ability, BiNPs@NPCGS showed promise for prac-

tical application in sensing heavy-metal ions.

Introduction

Bismuth-based electrodes have emerged as an effective substi-
tute to mercury-drop and mercury-film electrodes for detection

of heavy metals with the advantage of environmental friendli-
ness.[1] These electrodes can be conveniently utilized without

removing dissolved oxygen and avoid the interference of hy-
drogen evolution during stripping analysis.[2] Different Bi pre-
cursors, such as Bi oxide, Bi citrate, Bi titanate, Bi aluminate,
and Bi zirconate, have been used to develop Bi films for elec-

trochemical measurements.[3] Compared with bismuth films,
bismuth nanoparticles (BiNPs) exhibit higher catalytic activity,
electroanalytical ability, and signal-to-noise ratio owing to the
large surface area, extensive active sites, high surface free
energy, and enhanced mass-transfer effect.[4] In addition, due

to size-induced quantum confinement effects, BiNPs have tun-
able electronic properties,[5] which lead to their wide applica-

tion in the detection of heavy-metal ions.[6]

Normally, BiNPs are combined with functionalized nanoma-
terials for immobilization on an electrode surface, which en-

hances the modification amount and improves the stability.
Carbon nanomaterials, which have high thermal conductivity,

high mechanical strength, excellent electronic-transport ability,

and high surface area,[8] are the most extensively used materi-
als in BiNP immobilization. For example, a reduced graphene
oxide/BiNPs composite has been proposed for the detection of

heavy metals, and detection limits on the mg L¢1 level have
been obtained.[9] Nanoporous carbon (NPC) is also extremely

attractive in electroanalytical applications due to its low cost,
excellent chemical stability, high surface area, and versatile
structures.[10] In this work the advantages of BiNPs and NPC
were integrated to design a novel nanocomposite, namely,

BiNPs@NPCGS, for highly efficient multiple detection of heavy-
metal ions. The NPC on graphene sheet (GS) was synthesized
by pyrolysis of zeolitic imidazolate framework-8 (ZIF-8) deposit-
ed on graphene oxide (Scheme 1).

Metal–organic frameworks (MOFs) are an interesting class of

crystalline molecular materials.[11] Their structures are versatile

Scheme 1. Schematic synthesis of BiNPs@NPCGS for sensitive electrochemi-
cal detection of Pb2 + and Cd2 + .
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and controllable by architecture design and pore functionaliza-
tion. Particularly, their pore size, volume, and functionality are

tailorable in a rational manner.[12] As a zeolite-like MOF, ZIF-8
shows a high degree of microporosity and exceptional thermal

and chemical stability,[13] and has been used for removal of
contaminants and extended environmental applications.[14] In

particular, owing to the permanent nanoscale cavities and
open channels, ZIF-8 is a good template to synthesize porous
carbon directly on carbonization.[15, 16] ZIF-8-templated nanopo-
rous materials have been reported to have unexpectedly high
surface area, considerable hydrogen-storage capacity, and
good electrochemical properties. In addition, N-decorated NPC
has also been prepared by using N-enriched ZIF-8 as template
and precursor with furfuryl alcohol and NH4OH as the secon-
dary carbon and nitrogen sources, respectively.[17] This material

exhibits remarkable CO2 adsorption capacity, CO2/N2 and CO2/

CH4 selectivity, and excellent activity for the oxygen reduction
reaction.

Herein, NPC was prepared on GS for in situ growth of BiNPs.
Due to the p–p interaction between the imidazole ligand and

GO, nanosized ZIF-8 could be formed on the surface of GO to
produce ZIF-8@GO composite. On carbonization under nitro-

gen, the obtained nanoporous NPCGS showed good electrical

conductivity, high surface area, and large pore volume with
a pore size of 2.6 nm. Through in situ deposition of BiNPs on

NPCGS, the resulting BiNPs@NPCGS exhibited high effective
area and excellent electroanalytical ability to simultaneously

detect Pb2 + and Cd2 + down to the nanomolar level. The syn-
thesized BiNPs@NPCGS was a favorable electrode-modification

material and could be applied to design a highly sensitive

method for electrochemical assay of heavy-metal ions.

Results and Discussion

Characterization of NPCGS and BiNPs@NPCGS

The crystalline structures of both ZIF-8@GO and NPCGS were

analyzed by powder XRD. As shown in Figure 1 A, ZIF-8@GO
exhibited a well-recognizable diffraction pattern with reflection

peaks (Figure 1 A, curve b) similar to those of the simulated
pattern of ZIF-8 (Figure 1 A, curve a), which indicated that
ZIF-8@GO retained the nanosized crystals of ZIF-8. In contrast,
NPCGS only showed two broad peaks around 24 and 448 (Fig-

ure 1 A, curve c). These signals, which correspond to the (002)
and (100) planes of turbostratic carbon, indicate the typical
graphite structure of NPCGS. In addition, the peak at 448 dem-
onstrated the generation of a high degree of intralayer con-
densation, which would greatly improve the electrical conduc-

tivity of NPCGS.[18] XRD experiments were further performed to
characterize the formation of BiNPs@NPCGS (Figure 1 B). The

pattern of BiNPs@NPCGS showed obvious peaks of the (012),

(104), and (110) planes of the rhombohedral crystal structure
of Bi (Figure 1 B, curve b),[19] which confirmed the successful

deposition of BiNPs on NPCGS.
Both ZIF-8@GO and NPCGS were further characterized by

Raman spectroscopy (Supporting Information, Figure S1). The
Raman spectrum of ZIF-8@GO not only showed similar bands

to ZIF-8 at 168, 686, 1146, and 1458 cm¢1 corresponding to

Zn¢N stretching, imidazole ring puckering, C5¢N stretching,
and methyl bending, respectively,[20] but also showed the typi-

cal D and G bands of carbon at 1340 and 1580 cm¢1, indicating

successful synthesis of ZIF-8@GO. However, only the D and G
bands were observed for NPCGS, which suggested complete

calcination of ZIF-8 on graphene.
The nitrogen adsorption/desorption isotherm of NPCGS

showed a hysteresis loop between the adsorption and desorp-
tion branches (Figure 1 C), which implies that it has a nanopo-

rous structure. The surface area of NPCGS determined by the

BET method was 1251 m2 g¢1, and its porous volume was
about 0.81 cm3 g¢1. The surface area and porous volume were

higher than those of 1067 m2 g¢1 and 0.66 cm3 g¢1[21] as well as
720 m2 g¢1 and 0.26 m3 g¢1[22] of reported NPCs. Moreover, the

nanopores of NPCGS exhibited a narrow size distribution cen-
tered at 3.4 nm (Figure 1 D).

The morphologies of the precursors played a critical role in

the preparation of carbon products. Similar to free ZIF-8 (Fig-
ure 2 A), a TEM image revealed that the ZIF-8 prepared on GO
sheets was nanocrystalline with a mean particle size of 100–
120 nm (Figure 2 B). After calcination, the NPCGS exhibited the

crumpled and wrinkled flakelike structure of GS along with
NPC of high degree of porosity (Figure 2 C), which led to the

high specific surface area of NPCGS. After in situ deposition of

BiNPs on NPCGS (Figure 2 D), numerous uniformly distributed
nanoparticles with a size of about 2 nm were observed on the

surface of NPCGS, which indicated the successful formation of
BiNPs@NPCGS.

Electrochemical characterization of BiNPs@NPCGS-modified
electrodes

The electrochemical features of a BiNPs@NPCGS-modified

glassy carbon electrode (BiNPs@NPCGS/GCE) were first investi-
gated in 5 mm [Fe(CN)6]3¢/4¢ containing 0.1 m KCl (Figure 3 A).

Compared with the cyclic voltammograms of bare GCE (Fig-
ure 3 A, curve a), BiNPs@RGO/GCE (Figure 3 A, curve b), BiNPs@

Figure 1. A) XRD patterns of ZIF-8 (a), ZIF-8@GO (b), and NPCGS (c). B) XRD
patterns of BiNPs (a) and BiNPs@NPCGS (b). C) N2 adsorption (!) and de-
sorption (&) isotherms and D) pore-size distribution of NPCGS. Inset of D):
enlarged view of the distribution of small pore diameters.
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NPC/GCE (Figure 3 A, curve c), and NPCGS/GCE (Figure 3 A,

curve d), BiNPs@NPCGS/GCE (Figure 3 A, curve e) showed en-
hanced peak currents, and the decrease of DEp to 116 mV (Fig-
ure 3 A, curve e) from 196 mV (Figure 3 A, curve a) suggested
faster electron transfer between [Fe(CN)6]3¢/4¢ and the elec-

trode. Electrochemical impedance spectra (EIS) were also used
to evaluate the electron-transfer resistance Ret of the modified
electrodes (Figure 3 B). In a typical EIS, the diameter of the

semicircle is equal to Ret, which reflects the electron-transfer ki-
netics of the redox probe at the electrode surface. In compari-

son with the bare GCE (Figure 3 B, curve a), BiNPs@
RGO/GCE (Figure 3 B, curve b), BiNPs@NPC/GCE (Figure 3 B,

curve c), and NPCGS/GCE (Figure 3 B, curve d), the gradual de-

crease in Ret of BiNPs@NPCGS/GCE (Figure 3 B, curve e) con-
firmed the excellent electric conductivity of BiNPs@NPCGS.

The effective area of BiNPs@NPCGS/GCE was measured by
chronocoulometry (Figure 3 C) in 0.1 mm K3[Fe(CN)6] , the diffu-

sion coefficient D of which is 7.6 Õ 10¢6 cm2 s¢1,[23] on the basis
of Equation (1)[24]

QðtÞ ¼ 2nFAcD1=2t1=2

p1=2
þ Qdl þ Qads

ð1Þ

where n is the electron-transfer number, A the effective surface
area of the working electrode, c the concentration of substrate,

D the diffusion coefficient, Qdl the double-layer charge, which
could be eliminated by background subtraction, Qads the Fara-

daic charge consumed by adsorbed species, and the other
symbols have their usual meaning. From Figure 3 D, the effec-

tive area of BiNPs@NPCGS/GCE was calculated to be 0.546 cm2,

which is much higher than 0.0187 cm2 of bare GCE, 0.0962 cm2

of BiNPs@RGO/GCE (curve b), 0.127 cm2 of BiNPs@NPC/GCE

(curve c), and 0.180 cm2 of NPCGS/GCE (curve d). Such a high
effective area of BiNPs@NPCGS/GCE was favorable for design-

ing a highly sensitive platform for sensing heavy-metal ions.
This advantage was further confirmed by the square-wave
anodic-stripping voltammetric (SWASV) responses of 0.2 mm
Pb2 + and 0.4 mm Cd2 + at different electrodes (Supporting Infor-
mation, Figure S2). The BiNPs@NPCGS/GCE showed much
better defined stripping peaks with larger peak currents than
bare GCE, BiNPs@RGO/GCE, BiNPs@NPC/GCE, and NPCGS/GCE,

which indicated better absorbability and conductivity of
BiNPs@NPCGS toward the target heavy-metal ions.

Optimization of detection conditions

To achieve the maximum sensitivity and precision for tracing

heavy-metal ions with BiNPs@NPCGS/GCE, the pH of the detec-
tion solution, weight fraction of GO used for material prepara-

tion, deposition potential, and time were optimized (Support-

ing Information, Figure S3). The voltammetric responses of
Pb2+ and Cd2 + showed maxima at pH 5.0, which was selected

as the optimal pH for stripping-voltammetric analysis. With in-
creasing weight fraction of GO in the preparation of

BiNPs@NPCGS, the SWASV responses of both Pb2 + and Cd2 +

increased and reached maxima at 5.0 wt % GO. Further increas-

es in GO content resulted in a decrease of the SWASV peak

current. This phenomenon could be attributed to the relatively
low ratio of ZIF-8 to GO, which resulted in less NPC and thus
fewer BiNPs on BiNPs@NPCGS. Therefore, 5.0 % of GO was se-
lected for the preparation of BiNPs@NPCGS nanocomposite. In

addition, when the deposition potential shifted from ¢0.8 to
¢1.3 V, the stripping peak currents of both Pb2+ and Cd2 + in-

creased and reached maxima at ¢1.0 V. At deposition poten-
tials more negative than ¢1.0 V, the responses decreased due
to competitive generation of H2. Thus, ¢1.0 V was chosen as

the optimal deposition potential, at which the responses
reached the saturated value at a deposition time of 180 s.

Analytical performance

On using BiNPs@NPCGS/GCE to analyze Pb2 + and Cd2 + simul-
taneously, two individual and well-defined peaks at approxi-

mately ¢0.6 and ¢0.8 V were observed (Figure 4 A). Because
the two peaks were completely separate, detection selectivity

and precision of BiNPs@NPCGS/GCE for Pb2 + and Cd2 + were
feasible. The stripping peak currents of both Pb2 + and Cd2 + in-

Figure 2. TEM images of A) ZIF-8, B) ZIF-8@GO, C) NPCGS, and
D) BiNPs@NPCGS.

Figure 3. A) Cyclic voltammograms and B) EIS spectra of a) bare GCE,
b) BiNPs@RGO/GCE, c) BiNPs@NPC/GCE, d) NPCGS/GCE, and e) BiNPs@
NPCGS/GCE in 0.1 m KCl containing 5 mm [Fe(CN)6]3¢/4¢. Plots of C) Q versus
t and D) Q versus t1/2 of these electrodes in 0.1 m KCl containing 0.1 mm
K3[Fe(CN)6] .
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creased proportionally to increasing concentrations of Pb2 +

and Cd2+ . The corresponding calibration curves for Pb2+ and
Cd2 + showed linear ranges from 0.06 to 0.6 mm and 0.08 to

0.8 mm, respectively (Figure 4 B). The linear equations were
evaluated as I/mA =¢0.44 + 46.27 C/mM and I/mA =¢1.12 +

36.78 C/mM for Pb2 + and Cd2+ , with correlation coefficients of
0.9970 and 0.9980, respectively. The limits of detection were

calculated to be 3.2 nm for Pb2+ and 4.1 nm for Cd2 + , which

are much lower than the respective concentrations of 10[25]

and 3 mg L¢1 [26] in drinking water permitted by the World

Health Organization. The detection limit and sensitivity of
BiNPs@NPCGS/GCE were greatly superior to those of other

stripping-voltammetric detections of Pb2 + and Cd2 + using
electrodes modified with mesoporous silica,[27] carbon nano-

tubes,[28] Hg film,[29] polyaniline,[30] and bismuth film.[31]

Interference, stability, and repeatability

Mutual interference between heavy-metal ions is a major prob-

lem in simultaneous detection. Hence, the mutual interference

between Pb2 + and Cd2 + at BiNPs@NPCGS/GCE was evaluated.
On fixing the concentration of Cd2 + and increasing the concen-

tration of Pb2 + , the peak current of Pb2 + increased while that
of Cd2 + remained the same (Figure 5 A). Similarly, when the

concentration of Pb2 + was fixed and the concentration of Cd2 +

increased, the peak current of Cd2 + increased while the peak
current of Pb2 + remained the same (Figure 5 B). In addition, the
calibration plots of peak current versus concentration exhibit-

ed good linearity in the ranges of 0.06 to 0.6 mm and 0.08 to
0.6 mm for Pb2 + and Cd2 + , respectively. The linear equations
were evaluated as I/mA =¢0.15 + 49.69 C/mM and I/mA =

¢0.71 + 39.60 C/mM for Pb2 + and Cd2 + , with correlation coeffi-
cients of 0.9911 and 0.9907, respectively (Figure 5 C and D).

The detection slopes of both Pb2 + and Cd2 + were similar to
those shown in Figure 4 B (49.69 versus 46.27 for Pb2 + and

39.60 versus 36.78 for Cd2 +), and thus indicated that no

mutual interference between Pb2 + and Cd2 + occurred at
BiNPs@NPCGS/GCE. Moreover, the individual SWASV peak of

Tl+ could also be observed at BiNPs@NPCGS/GCE (Supporting
Information, Figure S4), which implies that BiNPs@NPCGS is an

efficient material for distinguishing Tl+ in a mixture of Pb2 +

and Cd2 + .

To evaluate the interference of other ions, the effects of vari-

ous metal ions including Mg2 + , Fe3+ , Co2 + , Ni2+ , Zn2 + , Hg2 + ,
Mn2+ , Cu2 + , and Al3 + at a concentration of 10 mm on the de-

termination of 0.2 mm Pb2 + and 0.4 mm Cd2 + was examined at

BiNPs@NPCGS/GCE. Except for Cu2 + and Hg2 + at high concen-
trations (>1 mm), no remarkable influence was observed, and

deviations were less than 5 %. Mercury ions could be reduced
and form a film on the surface of electrode, which caused Pb2 +

and Cd2 + to be reduced more easily by forming an amal-
gam.[32] Consequently, the anodic-stripping peak currents in-

creased in the presence of Hg2+ . However, the SWASV signals

for Pb2+ and Cd2 + were significantly diminished in the pres-
ence of Cu2 + , possibly due to the formation of intermetallic

compounds.[33] Therefore, ferricyanide was selected to exclude
the interference of Cu2 + .

The repeatability of BiNPs@NPCGS/GCE was investigated by
repetitively determining 0.2 mm Pb2 + and 0.4 mm Cd2 + . The rel-

ative standard deviations (RSDs) of peak currents were 2.6 and

3.0 %, respectively (n = 10). The response sensitivity was re-
tained to more than 95 and 93 % over six weeks. The reprodu-
cibility of the electrode preparation was also studied. Six elec-
trodes were prepared from the same batch and evaluated by

detecting 0.2 mm Pb2 + and 0.4 mm Cd2 + . Their RSDs were 2.6
and 2.3 %, respectively. The high stability and good reproduci-

bility indicated that the BiNPs@NPCGS-modified electrode was
suitable for analysis of real samples.

Real-sample analysis

The feasibility of the detection method using BiNPs@
NPCGS/GCE was investigated by detecting Pb2 + and Cd2 + in

natural water samples, including tap water and lake water

(from Xuanwu Lake in Nanjing, P. R. China). All samples were
filtered through a 0.2 mm membrane prior to detection. These

water samples did not show any response of Pb2 + and Cd2 + ,
that is, the concentrations of Pb2 + and Cd2 + were extremely

low. The samples were spiked with different concentrations of
Pb2 + and Cd2 + for recovery evaluation (Table 1). The average

Figure 4. A) SWASV responses of BiNPs@NPCGS/GCE for the simultaneous
analysis of Pb2 + and Cd2 + at 0, 0.06, 0.08, 0.1, 0.2, 0.4, and 0.6 mm for Pb2 + ,
and 0, 0.08, 0.1, 0.2, 0.4, 0.6, and 0.8 mm Cd2+ (a–g, respectively). B) Calibra-
tion curves for Pb2 + and Cd2 + . Figure 5. SWASV curves of A) Pb2 + at 0, 0.06, 0.08, 0.2, 0.4, and 0.6 mm (from

a to f) in the presence of 0.4 mm Cd2 + and B) Cd2 + at 0, 0.08, 0.1, 0.2, 0.4,
and 0.6 mm (from a to f) in the presence of 0.2 mm Pb2+ at BiNPs@NPCGS/
GCE. C) and D) Corresponding linear calibration plots against [Pb2 +] and
[Cd2 +] .
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recoveries ranged from 93.2 to 101.8 % for three determina-

tions, and this indicated good accuracy of BiNPs@NPCGS/GCE
for Pb2 + and Cd2 + detection in real samples.

Conclusion

A BiNPs@NPCGS nanocomposite with good conductivity and
high surface area was synthesized for effective detection of

multiple heavy-metal ions. The NPCGS was obtained by calci-

nation of the precursor ZIF-8 deposited on GO, and BiNPs
were well-dispersed on NPCGS by in situ reduction. The

BiNPs@NPCGS integrated the advantages of BiNPs and NPC for
electrochemical analysis of metal ions, and the modified elec-

trode could simultaneously detect Pb2 + and Cd2 + with high
sensitivity and good accuracy. The BiNPs@NPCGS nanocompo-

site is an excellent electrode-modification material for applica-
tions in the fast and convenient determination of heavy-metal

ions in environmental systems.

Experimental Section

Materials and reagents

Zn(NO3)2·6 H2O was purchased from Xilong Chemical Co., Ltd. (P. R.
China). 2-Methylimidazole was purchased from Sigma-Aldrich.
CdCl2·2.5 H2O was supplied by Alfa Aesar China Ltd. (P. R. China).
Pb(NO3)2 and other metal salts were purchased from Nanjing
Chemistry Agent Co., Ltd. (P. R. China). GO and reduced GO (RGO)
were purchased from XFNANO Materials Tech Co., Ltd. (Nanjing, P.
R. China). 0.1 m acetate buffer solutions with different pHs were
prepared by mixing stock solutions of 0.1 m sodium acetate and
acetic acid. Other reagents were of analytical grade and used as re-
ceived. Ultrapure water obtained from a Millipore water purifica-
tion system (�18 MW cm, Milli-Q, Millipore) was used in all assays.

Apparatus

All electrochemical experiments were performed on a CHI660D
electrochemical workstation (CH Instruments Inc. , U.S.A.) with
a conventional three-electrode cell, in which bare or modified
glassy carbon electrode (GCE, d = 3 mm), SCE, and platinum wire
served as the working, reference, and auxiliary electrodes, respec-
tively. EIS analysis was performed in 5 mm [Fe(CN)6]3¢/4¢ containing
0.1 m KCl. TEM images were recorded on a JEM 2100 high-resolu-
tion transmission electron microscope (JEOL, Japan). XRD patterns
were measured on Rigaku Dmax 2200 X-ray diffractometer with
CuKa radiation (l= 1.5416 A). Nitrogen adsorption/desorption iso-
therms and pore size distributions were measured at 77 K by using
a Micrometeritics ASAP 2020 system. Surface-enhanced Raman

scattering measurements were performed with a Renishaw in Via-
Reflex Raman microscope system (Renishaw, U.K.).

Preparation of NPCGS and BiNPs@NPCGS

The ZIF-8 nanocrystals were prepared according to a previous re-
port.[13a] Zn(NO3)2·6 H2O (1.17 g, 3.95 mmol) in 8 mL of ultrapure
water was added to a solution of 2-methylimidazole (22.7 g,
276.5 mmol) in methanol (80 mL) with stirring at room tempera-
ture. After stirring for about 5 min, the ZIF-8 nanocrystals were col-
lected by centrifugation, washed with ultrapure water several
times, and dried at 60 8C. For the preparation of ZIF-8@GO, 80 mL
GO solutions in methanol with different weight fractions compared
to ZnII were prepared and mixed with 2-methylimidazole (22.7 g).
After stirring for 30 min, a solution of Zn(NO3)2·6 H2O (1.17 g in
8 mL) was added to the solution. The mixture was stirred for 1 h at
room temperature, and then the product was collected by centrifu-
gation, washed several times with ultrapure water, and dried at
60 8C.

ZIF-8@GO was heated to 800 8C at a rate of 5 8C min¢1 and then py-
rolyzed at 800 8C for 2 h under N2. After cooling to room tempera-
ture, the resultant black powder was collected and stirred in
10 wt % HCl solution for 24 h. Then, the product was collected by
centrifugation, rinsed with ultrapure water, and dried at 60 8C over-
night to obtain NPCGS.

NPCGS (2.0 mg) was dispersed in 5 mL of ethylene glycol (EG) and
the dispersion ultrasonicated for 1 h. After dissolving 4.85 mg of
sodium citrate in the dispersion, 5 mL of Bi(NO3)3·5 H2O (8.15 mg)
in EG was added and the mixture stirred for 12 h. Then 0.5 mL of
0.1 m NaBH4 was added to the mixture. After shaking for 1 h, the
as-synthesized solid products were separated by centrifugation,
washed thoroughly with ultrapure water and absolute ethanol to
remove any impurities, and dried in a vacuum oven at 50 8C for
24 h to obtain BiNPs@NPCGS nanocomposite. The BiNPs,
BiNPs@NPC, and BiNPs@RGO were prepared by similar procedures.

Electrochemical detection of Pb2 ++ and Cd2 ++

Firstly, the bare GCE was polished with 0.3 and 0.05 mm alumina
slurry on microcloth pads, successively sonicated with pure water
and ethanol for 3 min, and dried with nitrogen. 5 mL of 1 mg mL¢1

BiNPs@NPCGS in ethanol was then dropped onto the electrode
surface. After the solvent was evaporated, the electrode was thor-
oughly rinsed with deionized water, and dried in a nitrogen
stream. The NPCGS-, BiNPs@GS-, and BiNPs@NPC-modified GC elec-
trodes were prepared by similar procedures. SWASV was used for
the detection of Pb2 + and Cd2 + with a deposition potential of
¢1.0 V for 180 s in 0.1 m acetate buffer (pH 5.0). The anodic strip-
ping of electrodeposited metal was performed in the potential
range of ¢0.95 to ¢0.35 V with the following parameters: frequen-
cy, 15 Hz; amplitude, 25 mV; increment potential, 4 mV.
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Table 1. Determination of Pb2 + and Cd2 + in water samples with the
BiNPs@NPCGS-modified electrode.

Sample Added [nm] Result [nm] Recovery [%]

lake water Pb2 + 100.0 93.2�1.26 93.2
Cd2 + 100.0 101.8�1.31 101.8

tap water Pb2 + 200.0 203.35�1.27 101.7
Cd2 + 200.0 199.24�1.35 99.62
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