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Abstract
Nitrogen-doped hollow carbon spheres (N-HCSs) were successfully fabricated using silica sphere as template and resorcinol-
formaldehyde resin as carbon precursor. Scanning electron microscopy and transmission electron microscopy demonstrated that
diameters and shell thickness of N-HCSswere 325 and 25 nm, respectively. The N-HCSmodified gold electrode was used for the
square wave anodic stripping voltammetry for the individual determination of trace heavy metal ions (HMIs) such as Pb2+, Cu2+,
and Hg2+ in drinking water. Electrochemical properties of modified electrode were characterized by cyclic voltammetry and
electrochemical impedance spectroscopy. Moreover, the supporting electrolytes, pH, deposition potential, and deposition time
were carefully studied. The N-HCS modified electrode exhibited the detection limit of 15, 17, and 2.35 nM for Pb2+, Cu2+, and
Hg2+, respectively, which are significantly lower than the guideline values for drinking water quality provided by the World
Health Organization. The electrochemical measurement results showed that the N-HCS structures exhibited wonderful adsorp-
tion and capacitive properties toward HMIs and were found to be useful for the simultaneous and selective electrochemical
detection. Most importantly, herein we discussed the two types of test for simultaneous detection of Pb2+ and Hg2+, under the
optimum experimental conditions. The sensitivity of Hg2+ increased in the presence of concentration range of Pb2+. Thus, this
study provides a reliable method for online detection of low concentration Hg2+ and robust alternatives for heavy metal sensors.
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Introduction

Toxic heavy metal ions (HMIs) are well known to be extreme-
ly harmful to environment and human health [1]. Therefore,
the development of rapid and sensitive methods for their de-
tection and monitoring has attracted significant attention in
recent years [2, 3]. Numerous mature approaches, such as
flame atomic absorption spectrometry, atomic fluorescence
spectrometry, spectrophotometry, cathodic adsorptive strip-
ping voltammetry, anodic stripping voltammetry, and electro-
chemical impedance spectroscopy (EIS), have been employed
so far for detection of heavy metals [4–8]. In these developed
approaches, electrochemical analysis, in particular, the anodic

stripping voltammetry method as a powerful technique pro-
vides a promising and elegant tool for the effective detection
of metal ions. This method possesses high sensitivity and can
simultaneously analyze several HMIs [9–13]. Electrode mate-
rials are the main contributors to the electrochemical detection
of the HMIs. Among various modified electrode materials,
carbon-based electrode materials have become very popular
alternatives in recent years due to their low cost, remarkable
conductivities, broad potential range, and portable modifica-
tion [14, 15]. Among various carbon-based electrode mate-
rials, porous carbon materials with a large surface area and
graphitic structure offer great advantages in electrocatalysis
and electrochemical detections. For these reason, hollow car-
bon nanospheres (HCSs) have been applied in many fields
because of their low density, shell permeability, good electri-
cal conductivity, and chemical stability [8]. For example, Liu’s
group prepared highly ordered three-dimensional
macroporous carbon sphere modified electrode, which exhib-
ited excellent electrochemical response of carbonmaterials for
detection of HMIs [12]. Moreover, their high surface-to-
volume ratio, integrating of hollow inner space, and stable
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structural significantly enhance the performances of electro-
chemical determination of HMIs [16, 17].

Many studies have reported that hollow carbon structures
can be applied in catalysis, water treatment, lithium-ion bat-
tery, and supercapacitors [18–21]. However, to the best of our
knowledge, the application of HCSs in electrochemical sen-
sors has rarely been investigated. The unique properties en-
able HCSs to have certain potential applications favoring the
development of highly sensitive electrochemical sensors.
Besides, most recently, it has been reported that nitrogen dop-
ing could play an important role in regulating the electronic
properties and enhancing the electrocatalytic activity of car-
bon materials [22–26]. In particular, it has been demonstrated
that functionalizing carbon nanomaterials with nitrogen
groups can significantly boost their applications because they
lead to the enhancement in their electronic conductivity, sur-
face polarity, surface basic sites, and surface wettability of the
carbon matrix [19, 27–31]. Thus, these advantages convinced
us that the use of nitrogen-doped HCSs (N-HCSs) for electro-
chemical sensing is of great significance.

In this study, hollow-structured carbon spheres were fabri-
cated using resorcinol formaldehyde as carbon precursor and
tetraethyl orthosilicate (TEOS) as a structure-assistant agent,
in a mixture containing water, ethanol, and ammonia.
Carbonization was followed by etching of the silica in the
carbon/silica nanocomposite. Doping with heteroatoms such
as nitrogen seems to be an exciting approach for introducing
original function atoms to carbonaceous materials including
extraordinary electronic properties and enhanced reactivity
with increased defect sites to anchor guest molecules
[32–34]. The remarkable properties make it a significantly
potential candidate as electrode materials for HMI sensing.
Square wave anodic stripping voltammetry (SWASV) with
its excellent sensitivity was used for the detection of HMIs.
The N-HCS modified gold electrode showed an excellent sen-
sitivity, selectivity, and stability for the analysis of Hg2+, Cu2+,
and Pb2+ due to their hollow interior and N-doped thin shell.
Thus, this research focused on the application of nitrogen-
doped carbonaceous materials for electrochemical sensing of
HMIs, and carbon-nitrogen modified electrode was explored
successfully for the desired purpose.

Experiment section

Chemicals and reagents

HCHO, C3N3(NH2)3 , C6H4 (OH)2 , S i (OC2H5) 4 ,
C16H33(CH3)3NBr, NH3·H2O, NaOH, K3Fe(CN)6,
K4Fe(CN)6, Pb(NO3)2, CuSO4·5H2O, HAc, and NaAc re-
agents were purchased from Sinopharm Chemical Reagent
Ltd. Stock solutions of Pb(NO3)2 and CuSO4 (0.01 mol/L)
were prepared by directly dissolving Pb(NO3)2 and CuSO4·

5H2O, respectively, in deionized water. All reagents were of
analytical grade, and doubly distilled water was used through-
out the experiments.

Apparatus

Fourier transform infrared spectrometry (FT-IR) measure-
ments were performed on a Nicolet 750 (America).
Scanning electron microscope (SEM) images and energy dis-
persive X-ray spectroscopy (EDS) were performed by JSM-
5510LV micro-scope (Japan). X-ray photoelectron spectra
(XPS) were recorded by a K-Alpha spectrometer (Thermo
Fisher Scientific Inc., Switzerland) equipped with a mono-
chromatic Al Kα source operated at 150 W. Electrochemical
measurements were carried out on CHI 660C electrochemical
workstation (Shanghai, China). The conventional three-
electrode system involved modified electrodes as working
electrode, a platinum wire as auxiliary electrode, and a satu-
rated calomel as reference electrode (SCE).

Synthesis of N-HCSs

Typically, ammonia aqueous solution (NH4OH, 25 wt%, 3 mL)
was mixed with a solution containing absolute ethanol (EtOH,
75 mL), deionized water (H2O, 10 mL), and CTAB (0.5 g) at
70 °C under vigorous stirring for 30 min. After that, resorcinol
(0.55 g) was added then continually stirred for 30 min. Then
TEOS (3 mL) and formaldehyde solution (0.74 mL) were added
to the reaction solution and stirred for another 30 min until a
complete dissolution occurred. In a typical coating process, the
as-prepared SiO2 colloidal solution was sequentially combined
with CTAB (3 mL, 0.01 M), vigorously stirred for 30 min to
ensure the complete adsorption of CTAB on the silica surface.
Next, 0.55 mL of formaldehyde and 0.3 g melamine was added
to the above mixture and stirred for 12 h at 70 °C. The solid
product was recovered by centrifugation and air-dried at 70 °C
overnight. Calcination was carried out in a tubular furnace at
600 °C for 2 h under N2 flow with the heating rate of 3 °C
min−1. After removing the silica component by etching in
NaOH solution (1 M), N-HCSs were obtained. The synthesis
method is illustrated in Scheme 1.

Fabrication of the N-HCS modified electrode

Prior to modification, bare GCE (diameter 2 mm) was carefully
polishedwith 0.05μmalumina slurry until a mirror shine surface
was obtained, followed by successively sonicating in doubly
deionized water, absolute ethanol, and doubly deionized water
for 5 min, respectively. The N-HCS was bound to the electrode
surface using chitosan (Chit) as a binder. N-HCS (50 mg) was
dispersed in 1 mg/mL chit solution (10 ml) with the aid of ultra-
sonic agitation. The N-HCS modified electrode was obtained by
pipetting 6 μL of the mixture to the surface of the gold electrode,
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followed by drying in air at room temperature. The modified
electrode surface was found to be hydrophilic.

Hg2+, Pb2+, and Cu2+ detection

SWASV was used for the detection under optimized condi-
tions. All measurements were carried out in 0.1 MNaAc-HAc
buffer solution (pH 5.0) containing the target metals ions and
the target metals ions were deposited on the surface of N-
HCS/CS modified electrode by holding potential of − 1.2 V
for 150 s in a stirred solution. After standing for 15 s, the
SWASV measurements were performed under the following
conditions: a frequency of 15 Hz; amplitude of 25 mV; pulse

width of 50 ms; and potential step of 4 mV. The simultaneous
and selective detection of Hg2+ and Pb2+ has been performed
at the same experimental condition.

Result and discussion

The polymer spheres were fabricated by polymerization of
resorcinol/formaldehyde/melamine and TEOS in a mixture
of ethanol, cetyltrimethylammonium bromide (CTAB), and
ammonia. Themorphology andmicrostructure of the prepared
samples were characterized by the scanning electron micros-
copy (SEM). Figure 1a exhibits uniform spherical

Scheme 1 Schematic depiction
of the synthesis of N-HCS

Fig. 1 a SEM image of SiO2, b
SEM image of N-HCS, c and d
TEM image of typical sample N-
HCS
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morphology of the silica sub-microsphere with particle aver-
age diameter of approximately 300 nm. After carbonization
and etching of the template, all the N-HCS samples mainly
inherited the spherical structure with a rough surface.
Figure 1b clearly demonstrates some broken sub-
microsphere with apparent cavities, indicating the hollow
structure of the sub-microsphere. The transmission electron
microscopy (TEM) images of HCS displayed in Fig. 1c and
d further showed that the sub-microsphere present as lighter
contrast in the center, indicating the hollow structure with
cavity size of about 325 nm. The darker rims corresponded
to the shells of the sub-microsphere, which exhibited the wall
thickness of these spheres was around 25 nm.

Figure 2 shows the results of energy-dispersive X-ray spec-
troscopy (EDS) mapping and Fourier transform infrared
(FTIR) spectroscopy performed on hollow sub-microsphere.
Figure 2a exhibits the distribution of C and N in the shell of N-
HCSs, the elemental peak of N appears corresponding to the
sample, and its content in hollow N-doped carbon sub-
microsphere was detected to be 3.31 wt% by using an elemen-
tal analyzer. The peak at 1350 and 1601.9 cm−1 correspond to
C–N bonds and peak at 3491.2 cm−1 can be attributed to the
stretching vibration of the N–H bond. These results indicate
the successful fabrication of a hierarchical nanostructured N-
HCSs by the proposed method.

The XPS spectra are employed to investigate the surface
composition and the chemical state of the N-HCSs. Figure 3
shows three typical peaks for C1s, O1s, and N1s on wide XPS
survey spectrum with the corresponding content of each ele-
ment of 90.32, 6.57, and 3.11 wt%, and the elemental compo-
sitions of N-HCSs are present in Table 1. This is consistent
with results from earlier EDX results. The result suggested
that nitrogen elements have been retained on the carbon
frameworks in carbonization process. In general, the
nitrogen-doping is beneficial to the conductivity and electron
transfer of carbon materials [28]. Meanwhile, its electrical
property would change, because the nitrogen has one more

valence electron than carbon resulting in new energy levels
which can lower the conduction band [29].

Cyclic voltammetry and electrochemical impedance
spectroscopy characterization of N-HCSs

Figure 4a displays the cyclic voltammogram (CV) re-
sponses of bare gold electrode and N-HCSs/CS modified
gold electrode in 5 mM Fe(CN)6

3−/4- containing 0.1 M
KCl. The current response of HCSs/CS and N-HCSs/CS
toward Fe(CN)6

3−/4- was larger than that of the bare elec-
trode, suggesting that the electrochemical active sites of
gold electrode was increased by HCS surface modifica-
tion. Compared with the HCS/CS modified electrode, it is
clear that the CV peak currents on N-HCSs/CS were
much higher than those on HCSs/CS. The results indicat-
ed the presence of N-HCSs on the surface of bare gold
electrode may provide the necessary conduction pathways

Fig. 2 XPS of N-HCSs sample a survey, b N1s

Fig. 3 a EDS analysis and b FT-IR patterns of N-HCS nanocomposite
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on the electrode surface and a better electrochemical be-
havior, which could contribute to the positive charge of
the chitosan and the strong adsorptive properties of N-
HCSs.

In order to further characterize the electric properties of the
modified electrode, Nyquist diagram of electrochemical im-
pedance spectra (EIS) on the as-prepared modified gold elec-
trode was employed. The equivalent circuit compatible with
the Nyquist diagram recorded for different electrodes is
depicted in Fig. 4b. Generally, the impedance spectrum in-
cludes a semicircle portion and a linear portion. The semicircle
diameter at high frequencies corresponds to the electron trans-
fer resistance (Rct), and the linear part at lower frequencies
corresponds to the diffusion process. On the bare gold elec-
trode, the charge-transfer resistance (Rct) value was got as
336.6 Ω, while on HCSs/CS, the Rct value was decreased to
54.8Ω, implying a very low electron transfer resistance of the
redox probe. When modified with N-HCSs, it showed a much
smaller Rct (Rct∼20.4 Ω) than HCS/CS modified electrode,
which implied that N-HCS was an excellent electric
conducting material to accelerate the electron transfer. These
results are consistent with the CV results. In comparison with
HCSs, enhancement of the electrochemical activity and the
conductivity is found in N-HCSs due to the doping of nitro-
gen. These results are consistent with previous report, nitrogen
atom contains five valence electrons, and it can form strong
valence bonds with carbon atoms [35, 36]. This implies that
nitrogen introduced into carbon materials can break through
the intrinsic chemical inertness of HCSs. Further, to improve
the electrochemical performance of HCSs, we chose the N-
HCSs as modifier in this work.

Determination of stripping peak of Pb2+, Cu2+,
and Hg2+

In order to ensure the accuracy of stripping peak of the three
HMIs, related experiments were performed. Figure 5 demon-
strates that the three curves represent different SWASV strip-
ping response of N-HCS modified electrode in 0.1 M NaAc-
HAc buffer solution (pH 5.0). Clearly, the bare gold electrode
(curve a) as control group has no obvious stripping peak or
specific SWASV signals. Comparatively, a well-defined peak
at approximately 0.48 V (curve b) is easily observed, which
could be ascribed to the signal of Hg2+. Then, 200 nM Pb2+

was added to the solution, the voltammetric peak for Hg2+

exhibited little growth and its signal was as well as amplified.
Moreover, we also observed another stripping peak at about
− 0.15 V (curve c). Similarly, when 200 nM Cu2+ was added,
we could observe its stripping peak at about 0.22 V. The po-
sitions of the other two peaks remained steady; however, their
stripping current became slightly higher. This should be as-
cribed to the addition of the subsequent ion or enrichment of
more HMIs [37]. In view of the small effect of current change,
it had no impact on our experiment. Therefore, we could eas-
ily identify the position of three HMIs.

Optimization of experimental parameters

In order to obtain maximum sensitivity for detecting HMIs by
using the N-HCS/CS electrode, the voltammetric parameters
such as pH, deposition potential, and deposition time were
optimized. Figure 6 displays the effect of different supporting
electrolytes including phosphate buffer saline, NaAc-HAc,
and NH4Cl-HCl. Figure 6a clearly exhibits the existence of
the highest oxidation peak and well-defined peak shapes when
0.1 M NaAc-HAc buffer solution was used in the experiment.
The influence of the pH from 3.0 to 7.0 was then investigated.
Figure 6b shows that the anodic peak currents for Pb2+ and
Hg2+ gradually increase with the increase in pH from 3.0 to
5.0. Further, with the increase in pH above 5, the peak current
corresponding to Pb2+ and Hg2+ decreases. Therefore, for the

Table 1 XPS peak analysis of the N-HCS sample

XPS peak analysis of the N-HCS sample.

C content (at%) O content (at%) N content (at%)

90.32 6.57 3.11

Fig. 4 a CV curve and b EIS
plots at different electrodes in the
solution of 5 mM Fe(CN)63−/4-
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sensitivity and stability of simultaneous determination of
mixed ions, pH 5 was selected as optimized value in this
study. If the pH was too low, such as 3.0, the low response
of N-HCS electrode toward three metal ions was probably
attributed to the disruption of the N-HCSs on the electrode
surface by a large number of hydrogen ions in the solution.
With the increase in pH, the sensitivity was improved due to
low concentration of H+. In contrast, if pH was too high, some
stripping signals began to decrease, probably due to hydroly-
sis or valence change of the three types of metal ions.

Therefore, pH of 5.0 in 0.1 M NaAc-HAc buffer solution
should be selected for optimization of the detection of the
three HMIs by using the N-HCS electrode.

Influence of the deposition time on the detection limit and
sensitivity was also investigated. Figure 6c shows the re-
sponse of the stripping peak current of three target HMIs, with
varying deposition time. For Pb2+ and Hg2+, with the increase
in deposition time from 30 to 150 s, the peak current increases
and then almost remains stable. When the deposition time is
increased to 150 s, the stripping current tends toward stability,
and not much difference in the corresponding current is ob-
served. Therefore, 150 s was selected as the optimum deposi-
tion time.

The stripping analysis indicates that the application of ad-
equate deposition potential seems to be very important to
achieve the best sensitivity. Under the above mentioned opti-
mal conditions, the effect of deposition potential ranging from
− 0.2 to − 1.1 V on the stripping signal of 0.5 μm Pb2+ after
150 s of deposition was studied. Figure 6d clearly demon-
strates that when the deposition potential shifts from − 1.0 to
− 0.2 V, a decrease in the response is observed because of the
interference of the hydrogen peak. Moreover, the stripping
peak current for two heavy ions reaches a maximum at
− 1.1 V. Thus, − 1.1 V was selected as the optimal deposition
potential. Notably, at a more negative potential, the hydrogen
evolution affects the deposition. Thus, the deposition potential
of − 1.1 V was selected for the further research.
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Fig. 5 SWASV responses of N-HCS/CS in the presence of Hg2+, Pb2+,
Cu2+ in 0.1 M NaAc-HAc (pH = 5)

Fig. 6 Influence of a supporting
electrolytes, b pH value, c
deposition potential, and d
deposition time on the
voltammetric responses of the N-
HCS/CS/ gold electrode for the
simultaneous determination of
Hg2+ and Pb2+
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Individual detection of various metal ions

Under the optimal experimental conditions, the differential
SWASV studies were carried out for the electrochemical de-
termination of heavy metal ions such as Hg2+, Cu2+, and Pb2+.
Hg2+ was determined individually at the N-HCS electrode
using SWASV method. Figure 7a presented the SWASV re-
sponds toward Hg2+ at different concentrations. In the range
of 10 to 900 nM, we could observe that linear increase in the
stripping peak current was obtained with the increasing con-
centration of the N-HCSs. In high and low concentration
ranges of 100 to 900 nM and 10 to 100 nM (inset at Fig.7a),
the linear equation were I(μA) = 20.58CHg(II)(μM) + 0.51385
and I(μA) = 12.8CHg(II)(μM) + 1.36078 (inset at Fig. 6b), with
the correlation coefficient of 0.99685 and 0.99676. And the
limit of detection (LOD S/N = 3) was calculated to be
2.35 nM. The SWASV responds of the N-HCS electrode

toward Cu2+ and Pb2+ over a concentration range from 50
to1000 nM and 50 to 70 nM were shown in Fig. 7c, e. The
linear equations for Cu2+ and Pb2+ covering the concentration
range in individual determination of each ion were obtained
I (μA) = 5.59CCu ( I I ) (μM) + 1.26488 and I (μA) =
6.32CPb(II)(μM) + 1.66449, with the correlation coefficient of
0.99722 and 0.99262, respectively. From the linear equation,
the detection sensitivity was 5.59 μAμM−1 for Cu2+ and
6.32 μAμM−1 for Pb2+. In this case, the detection limits for
Cu2+ and Pb2+ were 17 and 15 nM, respectively. The compar-
ison of N-HCS/CS modified gold electrode with other modi-
fied electrodes for these metal ion determination was listed in
Table 2. It could be seen that the proposed sensor was com-
parable and even better to the previous reports. These results
indicated that N-HCS/CS modified gold electrode is an appro-
priate platform for the determination of these metal ions. All
the results were lower than those of the specified drinking

Fig. 7 a SWASV responses with
increasing Hg2+ concentration b
the calibration plot of the linear
relationship between the peak
current and the concentration of
Hg2+, a to p, 0, 10, 20, 40, 60, 80,
100, 150, 200, 300, 400, 500,
600, 700, 800, 900 nM,
respectively (inset in panel is
Hg2+ in low concentration
ranges). c SWASVresponses with
increasing Cu2+ concentration d
the calibration plot of the linear
relationship between the peak
current and the concentration of
Cu2+, a to l, 0, 50, 100, 150, 200,
300, 400, 500, 600, 800,
1000 nM, respectively. e SWASV
responses with increasing Pb2+

concentration f the calibration
plot of the linear relationship
between the peak current and the
concentration of Pb2+, a to l, 0, 50,
100, 150, 200, 250, 350, 400,
500, 600, 700 nM, respectively

Ionics (2018) 24:2783–2793 2789



water standard by WHO. Overall, the N-HCS/CS modified
gold electrode was proved to be an effective electrode modi-
fication material for the detection of heavy metal ions because
of its excellent detection performance. We further carried out
simultaneous detection of the Pb2+and Hg2+ ions under the
same optimized conditions.

Simultaneous detection of Pb2+ and Hg2+ ions

Using the optimal detection conditions described above, we
further pursued the investigation of the mutual interferences
between Pb2+ and Hg2+ ions at the N-HCS/CS electrode in
0.1 M NaAc-HAc buffer solution. During the procedure, the
concentration of Pb2+ was kept constant at 0.4 μM; however,
the amount of Hg2+ was increased. Figure 8a displays the
stripping peak current curve for Hg2+ in the concentration
range of 50–800 nM. In this course, the stripping peak current
curve of the Pb2+ basically remains unchanged, thus indicat-
ing that with the increase in concentration of Hg2+, the strip-
ping signal of Pb2+ was not affected.

Under the same condition, another experimentwas performed
by keeping the concentration of Hg2+ constant at 0.15 μM, and
simply increasing the amount of Pb2+. Figure 9a displays the

stripping peak current curve corresponding to Pb2+ with concen-
tration in the range of 100–800 nM. With the increase in con-
centration of Pb2+, the stripping peaks of Hg2+ and Pb2+ also
increase. In this course, the concentration of the Hg2+ basically
remains unchanged; however, its stripping peak current curve
increases with the increase in the concentration of Pb2+. This
indicated that the increase in concentration of Pb2+ promoted
the dissolution of Hg2+. The linear equation is IPb(II)(μA) =
3.97CPb(II)(μM) + 2.2047 with the correlation coefficients of
0.99055. From the linear equation, the detection sensitivity was
found to be 3.97μAμM−1. And the stripping responses of Pb(II)
increased by approximately 28.5%, in the presence of Hg2+. The
addition of Pb2+ enhanced the voltammetric peaks of Hg2+. The
current responses of 0.15 μM Hg2+ could reach 9 μM.
Nonetheless, if the same result was required in single detection,
the concentration of the Hg2+ must reach 0.4 μM. Combined
with other literature reports, on the one hand, this result was
likely due to the formation of the intermetallic compound, with
the dissolution of Hg2+; thus, the current responses of Hg2+

enhanced but its sensitivity dropped. On the other hand, with
the addition of Pb2+, its concentration increased, it inclined to
form a Pb film; thus, it facilitated the dissolution of Hg2+ [41,
42]. More importantly, in the process, because of the low

Table 2 Comparison of the
proposed sensor for determination
of Hg2+, Cu2+, and Pb2+ with
others

Electrode Method Liner ranges (μM) Determination limits (μM) Reference

L-cys-rGO/GCE DPASV Pb(II),0.4–1.2 0.02 [37]
Cu(II), 0.4–2 0.04

Hg(II), 0.4–2 0.07

Bismuth film/IL/CPE SWASV Pb(II),0.48–4.8 0.5 [38]

Schiff base/MWCNT/CPE SWASV Pb(II),0.0002–0.7 0.6 [39]
Hg(II),0.0002–0.7 0.9

CISPE DPSAV Pb(II),0.4–90 0.04 [40]
Cu(II), 0.4–100 0.06

Hg(II), 0.08–50 0.01

N-HCS/CS/gold electrode SWASV Pb(II),0.05–0.7 0.015 This work
Cu(II), 0.05–1 0.017

Hg(II), 0.01–0.9 0.00235

Fig. 8 a SWASVresponses of the
N-HCS/CS/gold electrode toward
Hg2+ over a concentration range
of 0.05 to 0.8 μM when adding
0.4 μM Pb2+; b the calibration
plot of the linear relationship
between the peak current and the
concentration of Hg2+
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concentration of Hg2+ and low to gradually high concentration of
Pb2+, the ions need not compete for the active site, and the
competition effect is small. Thus, it can be concluded that the
proposed sensor can be successfully applied for the simultaneous
determination of Pb2+and Hg2+.

Reproducibility, stability, and selectivity of N-HCSs/CS

N-HCS/CS modified electrode exhibited good electrochemi-
cal performance toward certain HMIs such as Pb2+, Hg2+, and
Cu2+. In order to evaluate its reproducibility and stability,
SWASV method was used to detect the current response of
0.5 μM Pb2+, Hg2+, and Cu2+ in 0.1 M NaAc-HAc (pH 5.0)
for seven times continuous determination. The results indicat-
ed that the stripping peak position remained the same and the
stripping peak current was consistent. The relative standard
deviation (RSD) was 3.6% for Pb2+, 3.2% for Hg2+, and
2.9% for Cu2+ in seven times measurements. Stability of the
detection was studied under the same conditions.
Furthermore, the response sensitivity retained a value of more
than 95% over 2 weeks. Six electrodes were prepared from the
same batch and evaluated by detecting 0.5 μM Pb2+, Hg2+,
and Cu2+.The RSD derived from the six currents for three
HMIs was 3.6, 4.0, and 4.9%, respectively. The result indicat-
ed that N-HCSmodified electrode exhibited excellent stability
for repeated electrochemical determination of HMIs.

Conclusion

In this study, nitrogen-doped hollow carbon spheres were suc-
cessfully fabricated and applied as a sensing material for indi-
vidual determination of Hg2+, Pb2+, and Cu2+, and simulta-
neous determination of Hg2+ and Pb2+. During individual de-
termination, the obtained LOD values were far below the
guideline values for drinking water given by the World
Health Organization. More significantly, an interesting phe-
nomenon of mutual interference was also observed. We found
that the presence of Pb2+ could enhance the sensitivity toward

Hg2+. Thus, we expected that it was possible to use the Pb
film-coated electrodes to enhance the detection sensitivity to-
ward Hg2+ in further research. Thus, a reliable method toward
the detection of the low concentration of Hg2+ was provided in
this study. Excellent stability of N-HCS indicates that it can be
utilized as a perfect electrode material for electrochemical de-
tection of heavy metal ions. Furthermore, it also exhibits the
promising potential for practical application for a real water
sample. Finally, we demonstrated that the electrochemical
sensing performance had a relationship with the adsorption
capacity, which is extremely useful and important for the de-
sign of effective sensing materials.
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