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A B S T R A C T

Heavy metals are ubiquitous in the environment, and their excessive discharge and bioaccumulation can cause
cardio-vascular and urinary diseases in humans. Among them, lead ion (Pb2+) and cadmium ions (Cd2+) are
designated as the most typical toxic metal ions in human blood and drinking water. Thus, high-performance
monitoring of Pb2+and Cd2+ pollution is necessary. Nanomaterials have been extensively used in electro-
chemical sensing due to their excellent physicochemical properties. In this study, we prepared ordered meso-
porous carbon doped hollow spherical bismuth oxide nanocomposites (hsBi2O3-OMC NCs), and constructed it
into an electrochemical sensor for highly sensitive and specific detection of Pb2+ and Cd2+ in environmental
media and human blood based on the differential pulse anodic stripping voltammetry (DPASV). The experi-
mental results demonstrate that the detection range could be broadened to 200 nM with detection limits of
0.025 nM for Pb2+ and 0.045 nM for Cd2+. Compared with conventional detection techniques, this sensor ex-
hibited simple operation, minimal background interference, multipath applicability and economic efficiency.
Therefore, we believe that this work is significant for pollution monitoring, environmental restoration and
emergency treatment.

1. Introduction

Heavy metals (HMs) pose an increasing threat to ecological safety
and public health due to their toxicity which can be greatly amplified
by the accumulation of organisms through the food chain [1]. Lead ion
(Pb2+) and cadmium ion (Cd2+) act as the most notorious pollutants in
human blood, as they can cause severe plastic anemia, musculoskeletal,
urinary and cardiovascular diseases. Numerous epidemiological studies
observed that these adverse effects are associated with three exposure
routes: breathing, eating and skin contact [2,3]. Although discharge of
HMs from industry has been extensively controlled in recent years,
many sites in Hunan Province are still seriously polluted due to nu-
merous non-ferrous metal mineral resources. The level of HMs in the
river sediment and wetland soil is high, especially in the Xiangjiang

River Basin, causing great harm to surrounding residents. Therefore, it
is significant to develop convenient detection methods for extensive
investigation of Pb2+ and Cd2+ levels in natural water, soil and human
blood in contaminated regions. The most common detection techni-
ques, such as graphite furnace atomic absorption spectrometry (GF-
AAS), atomic fluorescence spectrometry (AFS), and inductivity coupled
plasma atomic emission spectrometry (ICP-AES), are based on the ele-
ment's intrinsic physical properties [4–6]. However, these methods
usually require large-scale instruments, tedious pretreatment process,
and excessively high detection limit, which is not conducive to the
detection of ultra-trace concentrations in human blood. Hence, the
development of universally applicable detection technology for Pb2+

and Cd2+ quantification in environmental media and human blood
with high selectivity and sensitivity is paramount to contaminate
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regions spanning the globe.
Recently, differential pulse anodic stripping voltammetry (DPASV)

has received scientific attention on trace heavy metal determination in
human blood and environmental media owing to their high anti-in-
terference ability, effective pretreatment step and fast response time.
However, traditional construction methods of bismuth electrodes for
DPASV detection, including in-situ/ex-situ depositing bismuth film at
an electrode surface [7,8], or drop-casting pre-synthesized bismuth
solution on the electrode surface [9], displayed limited sensitivity, and
the additional processing step hindered the real-time performance of
on-site detection. To overcome these drawbacks, many efforts have
been devoted to the design of high-performance electrochemical sensor
that is applied to new electrode nanomaterials, which had ultra-high
peak signal-to-noise ratio, strong biocompatibility and excellent phy-
sicochemical properties.

Hollow materials, such as metallic oxides [10], mesoporous mate-
rials [11], and bimetallic composites [12], have attracted much atten-
tion in electrochemical sensing field. For example, Liu et al. [13] fab-
ricated a mediator-free biosensor to immobilize hemoglobin through
hollow titanium dioxide modified rGO microspheres. Xiong and his co-
workers also prepared an original electrochemical sensor to distinguish
homologues and isomers based on hollow mesoporous silica spheres
[14]. Inspired by the above work, we found that hollow spherical bis-
muth oxide (hsBi2O3), benefiting from its good electrical conductivity
and thermal properties, has a great potential for applications in the
electrochemical sensing. Moreover, our previous work has proven that
ordered mesoporous carbon (OMC) with extremely ordered structural
integrity and uniform pore consistency are more suitable as a spring
board when applied in electrochemical analysis [15,16]. Secondly,
compared with activated carbon or bio-char, OMC has much-improved
interface load ratio and conductivity because of its high surface area,
abundant and high-density groups and regular meso-structure. Finally,
OMC-metal oxide nanocomposites can achieve integrated performance
with synergistic effects in environmental monitoring and clinical di-
agnosis because of their excellent biocompatibility and facile regulation
[17,18].

Herein, an integrated ordered mesoporous carbon doped hollow
spherical bismuth oxide nanocomposites (hsBi2O3-OMC NCs) was de-
veloped, optimized and validated in real samples. The hsBi2O3-OMC
NCs enlarged active surface area and high conductivity, more electro-
active sites, diffusion resistance minimization and excellent bio-
compatibility. Additionally, this sensor showed outstanding perfor-
mance with a good linear range of 0.50–200 nM, lower detection limits
of 0.025 nM and 0.045 nM to Pb2+ and Cd2+, respectively. More im-
portantly, this strategy affords a simple, sensitive and universal plat-
form for detection of HMs in both human blood and environmental
media.

2. Experimental

2.1. Materials and measurements

Pluronic copolymer (P123, Sigma-Aldrich). Tetraethoxysilane
(TEOS), Furfuryl alcohol, Chitosan ((C6H11NO4) n), Bismuth nitrate (Bi
(NO3)3·5H2O), Cadmium nitrate (Cd (NO3)3·4H2O), and Lead nitrate
(Pb (NO3)2) (Macklin Biochemical Co., Ltd. China). All the working
solutions were stepwise diluted stock solution (1.0 μM Cd(NO3)2 or Pb
(NO3)2) and stored at 4 °C for further use. Supporting electrolyte
(0.10M, pH 4.5) was prepared by CH3COOH and CH3COONa. Milli-Q
water (18.2MΩ cm−1, Millipore) was used throughout the experiment.
All chemicals were analytical grade.

Transmission electron microscopy (TEM) and Field emission scan-
ning electron microscopy (FESEM) were performed with a FEI Tecnai
G2 F20 and a Hitachi S-4800 microscope, respectively. X-ray photo-
electron spectroscopy (XPS) was characterized by Kratos XSAM800, and
X-ray diffraction (XRD) was analyzed with Bruker D8 Discover using Cu

Kα radiation with 40 kV operation voltage from 10° to 80°. The auto-
matic specific surface area and porosity analyzer (JW-BK122W) was
determined by the specific surface areas of hsBi2O3-OMC NCs.
Functional groups of the hsBi2O3-OMC NCs were characterized by
Fourier infrared spectrometer (FTIR, Thermo ESCALAB 250XI) using
the KBr disk as the background, and the spectra was scanned from 400
to 4000 cm−1 with a resolution of 4 cm−1.

2.2. Preparation of hsBi2O3-OMC NCs

SBA-15 and OMC were synthesized according to our published
studies [15,16]. Briefly, 100mg of as-prepared SBA-15 were soaked
with 10mL of miscible liquids (ethanol and 50mg oxalic acids). Then,
2mL of furfuryl alcohol were added to the mixture and stirred until
completely dissolved. Next, the solution was placed in the oven at 90 °C
for 10 h, and the obtained solid was ground sufficiently and subse-
quently calcinated at 900 °C for 2 h in a vacuum tube furnace. Finally,
2.0 M NaOH solutions were used to remove silicon template and obtain
the OMC material.

Additionally, the hsBi2O3-OMC NCs were obtained by solvothermal
method as follows. Before ultrasonically dispersed to form a homo-
geneous liquid, 500mg of OMC and 970mg of Bi (NO3)3·5H2O were
dissolved into the mixture solution (30mL of glycerol and 30mL of
absolute ethanol). Next, the mixed liquor was decanted in inner lining
of Teflon reactor, sealed and heated at 160 °C for 5 h. The as-formed
precipitate was collected and washed with deionized water for several
times after the reactant cooled to room temperature, followed by drying
at 60 °C overnight. Finally, the precipitate was calcined in a muffle
furnace at 270 °C for 2 h, with a heating rate of 2 °C/min to obtain
hsBi2O3-OMC NCs.

2.3. Fabrication of hsBi2O3-OMC NCs based electrochemical sensor

Before the modification step, the bare GCE was polished orderly
with 1, 0.3 and 0.05 μm alumina slurry, followed by rinsing ultra-
sonically with acetone, ethanol and ultrapure water, respectively, and
finally allowed to dry at ambient temperature. Then, the bare GCE was
scanned by cyclic voltammetry in 0.50MH2SO4 between −0.4 V and
0.8 V (vs. SCE) at 100mV s−1 to reach a steady state. Additionally,
15mg of hsBi2O3-OMC NCs were dispersed in 10mL of 0.1M acetic
acid containing 12mg of chitosan under sonication to form stable and
homogeneous suspension. Fabrication of hsBi2O3-OMC NCs/GCE was
carried out and 5.0 μL of hsBi2O3-OMC NCs suspension were dropped
onto the GCE surface by one-step, and left to dry overnight at ambient
environment. For comparison, 5.0 μL of OMC suspension were dropped
onto the bare GCE surface to fabricate the OMC/GCE.

DPASV experiments were conducted on an electrochemical work-
station (CHI760E, CHI Instruments Co., China) with a classical three-
electrode system, including a glassy carbon working electrode (mod-
ified with hsBi2O3-OMC NCs), a Pt wire as the counter electrode, and a
Hg/HgO electrode as the reference electrode, respectively. The vol-
tammetry measurements of hsBi2O3-OMC NCs/GCE was performed in
0.1M supporting electrolyte (pH 4.5, 0.1M KCl) containing different
concentration Pb2+ and Cd2+. The following parameters were used for
DPASV measurements: step potential 5 mV, frequency 50 Hz, amplitude
25mV and scan rate 100mV s−1.

3. Results and discussion

3.1. Characteristic and electrochemical property

Nitrogen adsorption-desorption analysis revealed that hsBi2O3-OMC
NCs had mesoporous structure due to the presence of type-IV isotherm
and hysteresis loop (Fig. S1). The specific surface area of hsBi2O3-OMC
NCs is 1505.6m2/g, and the pore volume is 2.00 cm3/g (Table S1),
which are in line with other mesoporous materials exhibiting similar
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pore sizes [19]. The as-prepared hsBi2O3 were well dispersed with
monodisperse nanospheres and hollow structure (Fig. 1A and B). The
spring board OMC consists of highly ordered mesoporous arrays with
average aperture of 6 nm, and the internal hollow structure of hsBi2O3
can be confirmed by the appearance of dark edges and transparent
interiors based on electron density (Fig. 1C). Besides, the EDX ele-
mental map of hsBi2O3-OMC NCs indicates that Bi and C are evenly
distributed across entire composites where the black part of the bismuth
element exactly corresponds to the presence of carbon (Fig. 1D). The
lattice fringes of Bi2O3 are clearly visible of about 0.289 nm, which are
close to the spacing of (201) planes (Fig. 1E), and the relative strong

intense peaks at 2θ values of 27.95°, 32.69°, 46.22° are allocated to the
crystal planes of Bi2O3, which are well indexed to (201), (220) and
(222) planes with a=5.840 Å, b= 8.160 Å and c= 7.490 Å, respec-
tively [20]. While the intense peaks at 21.55°, 23.71°, 30.49°, 43.92°
and 52.52° are assigned to the carbon (Fig. 1F).

Additionally, their full range XPS analysis shows Bi 4f, C 1s, and O
1s signals from OMC, Bi2O3 and hsBi2O3-OMC NCs (Fig. S2). The Bi 4f
energy peak is divided into two peaks for the Bi2O3 due to the existence
of Bi3+ (Fig. 2A), while the peak at 161.49 eV is due to the strong re-
pulsion between O2+ in hsBi2O3-OMC NCs and the loss of Bi62 electrons
to result in some of Bi3+ converted into Bi5+ [21]. However, three Bi 4f

Fig. 1. Characteristics of the as-prepared hsBi2O3-OMC NCs. (A, B) FESEM images, (C, D) TEM and corresponding EDX mapping. (E) HRTEM image taken from the
edge of hsBi2O3. (F) XRD patterns of hsBi2O3-OMC NCs compare with Bi2O3 and OMC.

Fig. 2. XPS be peaking spectrograms of Bi4f and O1s in (A, B) Bi2O3 and (C, D) hsBi2O3-OMC NCs.
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BE peaks in hsBi2O3-OMC NCs are noted to move to higher binding
energy, because of the strong interaction between hsBi2O3 and OMC.
Furthermore, four binding energy peaks of O 1s are fitted at 530.2 eV,
531.0 eV, 532.7 eV and 533.9 eV in hsBi2O3-OMC NCs, which should be
assigned to BieO, eOH, C=O and HeOeH, respectively (Fig. 2D).
Moreover, it can be seen from the O 1s peak splitting figure that the
higher energy peak is because the oxygen atoms are connected to high
electron negative cation and bridging oxygen. While the lower energy
peak belongs to the oxygen atoms bonded to low electron negative
cation and non-bridging oxygen [22,23].

To confirm the influence of functional groups on the material
structure, FTIR results showed that SBA-15 has a strong peak at
1110 cm−1 with a small and narrow shoulder at 1180 cm−1, which is
relative with the network motions of transverse (TO) and longitudinal
(LO). The peak at 802 cm−1 corresponds to SieOH stretching vibration
[24,25]. Common peak at 1120 cm−1 for OMC and hsBi2O3-OMC NCs
can be assigned to CeO and CeOeC stretching vibrations, and the band
at 1586 cm−1 is attributed to C=C stretching vibrations, which are the
skeleton structure of OMC and its benzene ring in the benzene ring, and
1660 cm−1 peak corresponds to C=O or C=C stretching vibrations.
Both composite materials also exhibited common peaks appearing at
2274 cm−1 and 2361 cm−1 corresponding to the Fermi resonance effect
between saturated CeH stretching vibration and in-plane bending vi-
bration (Fig. S3).

According to the results presented herein, Scheme 1 describes the
sequential stages in the synthesis of hsBi2O3-OMC NCs, including the
formation of ordered mesoporous carbon, the decomposition and evo-
lution of carbon precursor combining the Ostwald ripening and self-
assembly process, and the growth of hsBi2O3 NCs spherical structures
[26]. We proposed that the formation of hsBi2O3-OMC architecture
could be formulated as follows [Eqs. (1) and (2)]:

NO H O HOCH CHOHCH OH C H OH
Bi CH CHO CH O C H ONO H O

?Bi( ) 5 3
( ) 3 8

3 2 2 2 2 5

2 2 2 5 2 2

+ +
+ + (1)

H H H O Bi O
HOCH CHOHCH OH

2Bi(C O CHO C O) 3
2

2 2 2 2 3

2 2

+
+ (2)

During this process, carbon acted as a spring board allowing these

bismuth particles to converge and form the center of the particles.
Owing to their higher surface energy, the nano building dissolved and
diffused to the external surface of this structure, thus forming a hollow
spherical structure, and then hydrolyzed in the intermediate Bi
(CH2OeCHOeCH2O) at 270 °C calcination to form porous Bi2O3
spheres [20]. The hsBi2O3-OMC NCs used for electrochemical sensing
have changed the traditional method of bismuth film or extra-addi-
tional bismuth composite in previous reports. The use of one-step
dropping method to prepare the electrode greatly saves time, simplifies
cumbersome procedures, reduces interference, and increases sensi-
tivity.

3.2. Characteristics of hsBi2O3-OMC NCs-based electrochemical sensor

The cyclic voltammogram (CV) and electrochemical impedance
spectroscopy (EIS) were used as powerful tools to determine the in-
terfacial properties and impedance changes in the electrode modifica-
tion process. In this process, Fe[(CN)6]3-/4- as electrolyte and their
redox current at the bare GCE was poor, which had quasi-reversible
one-electron redox behavior with peak potential separation (Δ Ep) of
0.166 V. While OMC or hsBi2O3-OMC NCs were modified on GCE, the
redox peaks gradually increased and the Δ Ep (0.1 V) decreased, im-
plying that hsBi2O3-OMC NCs/GCE enabled better electron transfer rate
and good electrode performance compared to bare GCE and OMC/GCE
(Fig. 3A). This result was attributed to the effective electron transfer
capacity between hsBi2O3 and OMC.

The hypothesis was also well supported by the EIS data in which
hsBi2O3-OMC NCs had fast electron transfer kinetics. Nyquist plots (Z′
vs -Z’’) of bare GCE showed a large Rct value indicating the slowest
electron transfer rate between the bare GCE and Fe[(CN)6]3-/4- probe.
After modification of OMC or hsBi2O3-OMC NCs on electrode surface,
two straight lines were observed, and the Rct values followed the order:
hsBi2O3-OMC NCs/GCE (0.008Ω)<OMC/GCE (0.010Ω)< <bare
GCE (387.7 Ω) (Fig. 3B, Table S2). It is inferred that hsBi2O3-OMC NCs
have larger effective surface area with more active sites to enhance
electroactivity and lead to a higher signal-to-noise ratio. Moreover, the
effective surface area (A) of hsBi2O3-OMC NCs/GCE was calculated as
0.230 cm2 using Randles-Servick equation [27]. The A value of hsBi2O3-
OMC NCs/GCE was 15.5% larger as compared to that of OMC/GCE,

Scheme 1. The formation process of (Ⅰ) hollow spherical bismuth oxide, (Ⅱ) mesoporous carbon and hsBi2O3-OMC NCs, (Ⅲ) the FESEM images of (a) OMC, (b)
hsBi2O3-OMC NCs, (c) the intermediate morphology after the Ostwald Ripening, (d) the morphology of the calcinedhsBi2O3loaded on OMC.
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which signified that hsBi2O3 contributed to the increase in A (Fig. S4).

3.3. Optimization of electrochemical sensing conditions

Some experimental conditions were optimized to achieve the ex-
cellent performance of electrochemical sensor for Pb2+ and Cd2+ de-
termination, including pH (3.0–6.0), drop-cast volume (1.0–11.0 μL),
deposition potential (−1.8∼-0.8 V) and deposition time (50–300 s).

From Fig. 4A, the current is increased (3.0–4.5) and then decreased
from 4.5 to 6.0. The possible reason for this phenomenon is that with
the addition of chitosan, the functional group is negatively charged and
can be used as a cation to promote non-faraday binding effect of metal
cation in the preconcentration process, thus promoting the sensitivity of
modified electrode surface. When pH is below 4.5, metal cations and
hydrogen ions in the solution can undergo ion exchange on the surface
of chitosan, binding site competition, and proton interaction with the

Fig. 3. Comparison of different modified electrodes' electrochemical properties. (A) Cyclic voltamogram (CV) and (B) Electrochemical impedance spectra (EIS) of
bare GCE (black), OMC/GCE (red) and hsBi2O3-OMC NCs/GCE (blue) in 5mM Fe(CN)63-/4- (0.1M KCl) solution.(insert) Equivalent circuit diagram. Conditions: scan
rate: 100mV s-1, frequency range: 0.01Hzto10kHz. AC amplitude: 5.0 mV. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 4. Effect of experiment conditions in hsBi2O3-OMC NCs/GCE. (A) pH, (B) drop cast volume, (C) deposition potential, (D) deposition time with 10.0 nM Pb2+ and
Cd2+. Differential pulse anodic stripping voltammetry (DPASV) recorded at 50 Hz frequency and 25mV amplitude in 0.1M acetic buffer solution containing 0.1M
KCl (error bars, n= 3).
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surface of mesoporous carbon, resulting in a reduction in peak current.
In addition, the hydrolysis on the electrode surface formed bismuth
hydroxide, which also reduced the electrochemical active surface area
of the modified electrode.

In addition, the peak current of drop-cast volume of hsBi2O3-OMC
NCs suspension on GCE surface was higher at 5.0 μL, and an obvious
decrease in current intensity above 7.0 μL (Fig. 4B) was observed. This
may be attributed to the formation of multiple layers of the bismuth
film resulting in a higher background current. What's more, the effect of
deposition potential was studied from −1.8 V to −0.8 V, and the peak
current of Pb2+ and Cd2+ increases gradually with the increase of
deposition potential from −0.8 V∼−1.2 V until it reaches the max-
imum at −1.2 V. However, with the increase of deposition potential,
overpotential leads to the increase of electron-mediated transfer dy-
namics, and the co-action of the competitive hydrogen evolution of
metal ion hydrolysis on the surface of the modified electrode results in

the attenuation of current signal (Fig. 4C). Similarly, despite a brief
drop in the current of Cd2+, the slope of the curve got significantly
enhanced from 50 s to 300 s (Fig. 4D). Hence deposition potential of
−1.2 V and deposition time of 150 s had been chosen for following
tests.

3.4. Electrochemical response of hsBi2O3-OMC NCs to Pb2+ and Cd2+

Under the optimum conditions, two series of well-defined peaks
corresponding to Pb2+ and Cd2+ appeared at about −0.58 V and
−0.83 V, respectively. With an increase in the concentration range of
0.50 nM–200 nM, the anodic peak currents shed light on the linearity
from 20.0 nM to 200 nM and from 0.50 nM to 10.0 nM (Fig. 5). As a
function of concentration, the regression equations can be obtained as
follows:

Fig. 5. Simultaneous responses of hsBi2O3-OMC NCs of Pb2+ and Cd2+ determination indifferent ranges. (A, B) baseline to 200 nM, (C, D) 0.5–10.0 nM, and (E, F)
20–200 nM.
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I µA C nM R( ) 0.611 ( ) 9.133( 0.997)a a
2= + = (3)

I µA C nM R( ) 0.336 ( ) 9.123 ( 0.993)b b
2= + = (4)

I µA C nM R( ) 0.799 ( ) 15.71( 0.989)c c
2= + = (5)

I µA C nM R( ) 0.483 ( ) 16.20( 0.994)d d
2= + = (6)

where, I and C indicate the detection current and heavy metal ions
concentration, respectively. The subscripts a, and b represents the Pb2+

and Cd2+ at low concentration range; c, and d represent the Pb2+ and
Cd2+ at high concentration range.

Although the specific explanation of bilinear ranges in sensing
procedure has rarely been discussed in literature, we infer the change in
linearity from three aspects, including oxygen functional groups, mo-
lecular interaction, and pore structures. Firstly, the oxygen functional
groups (eOH, eOe) are activating groups and act as electron donors at
the edges and basal planes of carbon, allowing electrons to drift to the
mesoporous carbon ring structure to form partially negatively charged
species, thereby promoting a large amount of Pb2+ and Cd2+to attach
to the surface of the material and to achieve higher sensitivity at high
concentration range [28]. Additionally, FTIR results show that there are
functional groups such as CeO, C=O, and CeOeC in hsBi2O3-OMC
NCs, which affects the dispersion/repulsion interactions between the
basal planes and Pb2+ and Cd2+. The main reason is that positive holes
are generated in the conductive π-band on the graphite carbon surface
by locating and removing electrons from the π-electron system on the
carbon surface, which could explain the phenomenon at lower con-
centration range [29].

Secondly, surface structure defects and doping, pore diffusion and
collision effects, and spatial effects play a major role in the migration
dynamics and sensing detection of heavy metals in porous materials.
Because the pore size of the material is concentrated at 2–3 nm, and the
average pore diameter is 6 nm, the maximum transport dynamics of
Pb2+ and Cd2+ are associated with the adsorption behavior, and the
stochastic flights in pore system mainly controlled the overall kinetics
[30]. On the other hand, the occurrence of irreversible capillary con-
densation in wide mesopores limits the transport rate of metal ions
through the pores, resulting in reduced transport kinetics. This as-
sumption can be verified by the presence of type-IV adsorption iso-
therms and hysteresis loops, which is also an important factor affecting
the linear relationship [31].

Finally, the physical adsorption of Pb2+ and Cd2+ onto hsBi2O3-
OMC NCs takes place mainly through dispersive interactions (basically
in the form of electrostatic interactions) between the metal ions and
carbon planes. When the concentration of metal ions is higher and the
deposition time is longer, the metal cations can accumulate on the pre-
deposited monolayer to form a multilayer composite film, leading to
positive anode peak potential and becoming sharp, affecting the re-
lationship between Pb2+ and Cd2+ concentrations and currents [28].

In addition, the limit of detection (LOD, S/N=3) of the present
Pb2+ and Cd2+ sensor was calculated to be 0.025 nM and 0.045 nM,
respectively, representing the result of Pb2+ and Cd2+ determination
have been improved compared with the reported results (Table S3).
Therefore, it can be concluded that hsBi2O3-OMC NCs sensor possesses
rational linear ranges and an acceptable LOD toward the simultaneous
detection of Pb2+ and Cd2+.

3.5. Reproducibility, repeatability and sensor stability

The reproducibility was controlled by five hsBi2O3-OMC NCs/GCEs
in simultaneous detection of 10.0 nM Pb2+ and Cd2+ under optimized
conditions. The results confirmed a good reproducibility with the re-
lative standard deviations (RSD) of the current responses at 2.42% for
Pb2+ and 2.68% for Cd2+, respectively (Fig. 6A). Similarly, the re-
peatability was also evaluated with the same solutions for five re-
petitive measurements at a single hsBi2O3-OMC NCs/GCE under the

optimized conditions. The RSD of peak currents for five replicated trials
were 2.31% for Pb2+ and 2.71% for Cd2+ (Fig. 6B). These low standard
deviations fully prove good results for reproducibility and repeatability
of the proposed sensor. In addition, the stability of this sensor was in-
vestigated by storing hsBi2O3-OMC NCs/GCE in the refrigerator at 4 °C.
The electrochemical sensor retained 91.06% and 87.51% of its original
response to Pb2+ and Cd2+ after a month storage (Fig. 6C). Therefore,
all the results indicated that the fabrication procedure was credible and
the proposed sensor showed accurate detection for Pb2+ and Cd2+ with
minimal concentration, high reproducibility and long-term stability.

3.6. Specificity of the sensor

Anti-interference experiments were mainly conducted to evaluate
the sensing performance in the presence of common metal ions that
may co-deposit with target metal ions or have a competitive inhibitory
effect on the active site. Therefore, some heavy metal was used as in-
terfering species in the 0.1M acetic buffer solution containing
10.0 nM Pb2+ and Cd2+ for DPASV analysis under optimum conditions.
It can be observed that 100-fold K+, Zn2+ and Ni2+, 50-fold Mn2+,
Mg2+, and Fe3+ exhibited nearly no interference on the Pb2+ and Cd2+

determination. Hg2+ and Cu2+ have a relatively larger impact. A 10-
fold concentration ratio of Hg2+ and Cu2+ presented 7% and 10% peak
current decrease. While 5-fold concentration ratio of Cr3+ and Al3+

resulted in less than 5% peak currents decreases (Fig. 6D). To further
explore whether this proposed method could be used in a more complex
environment, novel bismuth carbon nanomaterial sensor has been ap-
plied to evaluate Pb2+ and Cd2+ in human plasma samples. As we all
know, the concentration ratios of Cu2+ and K+ to Pb2+/Cd2+ in
human plasma environment exceed 10-fold/100-fold. So, we added
0.1 mg/L Cu2+ and 1.0 mg/L K+ into these certified samples to verify
the procedure reasonability. As shown in Fig. S5, the presence of Cu2+

and K+ leads to a decrease in the peak current of Cd2+

(75.4%∼85.6%), but a lesser effect on the peak current of Pb2+

(92.2%∼96.0%). When the Pb2+ and Cd2+ coexist in the samples, the
influence of current change is negligible (92.0%∼96.0%). Therefore,
the proposed sensor has superior anti-interference ability both in the
environment and biology samples.

3.7. Detection of Pb2+ and Cd2+ in natural water, soil and human plasma

To test the sensor for trace sensitivity and versatility, natural water
samples were collected from Taozi Lake (Changsha, China) and the
Xiangjiang River (Changsha, China), respectively. The water samples
were filtered with 0.22 μm membrane to remove the impurities and
diluted with 0.1M acetic buffer solution (pH 4.5, 0.1M KCl).
Contaminated soil samples included wetland soil from the Xiangjiang
River and lead slag from Shuikoushan Lead Mine (Hengyang, China),
which were digested by microwave dissolution method (HJ 680–2013,
China). The experimental results of the real spiked water and soil
samples were summarized in Table 1. It could be clearly seen that the
spiked recoveries were in the range of 95.7–102.4% and the RSD was
lower than 5.1%. Compared with ICP-AES method, the detection results
obtained by the hsBi2O3-OMC NCs/GCE were in good consistent with
that of ICP-AES.

In addition, human plasma samples were collected from the local
hospital and centrifuged at 7000 rpm for 20min to take the static su-
pernatant as subsequent samples. Different concentrations of Pb2+ and
Cd2+ were separately spiked into the diluted human plasma samples,
and then the presence of Pb2+ and Cd2+ was determined through the
proposed method. Also, the samples were analyzed by AAS, and the
results were summarized in Table S4. During the measurement of these
samples, the quantitative recovery ranged from 97.9% to 108.4% for
detecting Pb2+, whereas it was 95.9%∼105.5% for detecting Cd2+.
Meanwhile, the relative standard deviation (RSD) ranged from 1.1% to
3.7% were consistent with that of AAS varied from 1.1% to 3.4%,
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indicating that no significant interference was encountered with the
determination of Pb2+ and Cd2+ in human plasma samples. Therefore,
this electrochemical sensor could be utilized to monitor Pb2+ and Cd2+

levels in environmental and clinical samples.

4. Summary and conclusions

A new method with wide detection range (0.50–200 nM) and ex-
cellent selectivity for Pb2+ and Cd2+quantification was established by
using hsBi2O3-OMC NCs as electrode material in this work. The detec-
tion limits in simultaneous determination of Pb2+ and Cd2+ were cal-
culated to be 0.025 and 0.045 nM, respectively. Such detection limits
were sufficient for Pb2+ and Cd2+ quantification in surface water with
metal concentrations of 0.05mg/L and 0.005mg/L, respectively. More
importantly, this nanocomposite could be directly used to detect Pb2+

and Cd2+ in both environmental media and human plasma. We also

demonstrated that this excellent detection capability can be correlated
to the oxygen functional groups, molecular interaction, and pore
structures of the hsBi2O3-OMC NCs on the glass carbon electrode. This
method not only enhanced the electron transfer rate and metal ions
load ratio, but also simplified the electrode preparation process, pro-
viding a basis of improving the detection sensitivity, selectivity and
practicality of the electrochemical sensor. Therefore, this attractive
analytical performance makes this electrochemical sensor promising in
heavy metal detection in environment and clinical diagnose.
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Table 1
Determination of Pb2+ and Cd2+ in environmental samples by the proposed sensor and ICP-AES method (n= 3).

Samples Original (nM) Added (nM) Proposed (nM) ICP-AES (nM) Recovery (%) RSD (%)

Pb2+ Cd2+ Pb2+ Cd2+ Pb2+ Cd2+ Pb2+ Cd2+ Pb2+ Cd2+ Pb2+ Cd2+

1 19.31(± 0.23) – a 5.00 4.85(±0.23) 5.12(±0.15) 4.72(± 0.12) 5.14(± 0.09) 100.4 102.4 1.8 3.3
2 24.13(± 0.19) – a 5.00 5.96(±0.04) 4.94(±0.21) 5.98(± 0.04) 5.37(± 0.21) 98.70 98.80 3.6 2.9
3 9.65(±0.12) – – 5.00 9.23(±0.07) 4.86(±0.14) 9.54(± 0.07) 5.05(± 0.09) 95.70 97.20 2.7 3.2
4 133.8(± 0.26) 177.9(± 0.13) – – 132.6(± 0.06) 178.1(± 0.13) 133.1(± 0.18) 178.2(±0.05) 99.10 100.1 4.3 2.6
5 230.5(± 0.18) – b 100.0 116.1(± 0.15) 99.47(± 0.11) 115.9(± 0.09) 100.6(±0.17) 100.7 99.47 5.1 1.8

∗ 1=Upstream, 2=Downstream, 3= Lake water, 4= Soil extraction, 5= Lead mine. a The fresh water samples were directly diluted four times with 0.1M acetic
buffer solution (pH=4.5). b The fresh water samples were directly diluted two times with 0.1M acetic buffer solution (pH=4.5).

Fig. 6. DPASV measurements of the proposed sensor performance obtained at the hsBi2O3-OMC NCs/GCE. (A) Reproducibility, (B) repeatability, (C) Stability, (D)
Anti-interference ability under optimal experimental conditions. (All the solutions that contained 10.0 nM Pb2+ and Cd2+, the error bars indicated standard de-
viations from three replicative tests.)
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