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Size dependent electrochemical detection of trace
heavy metal ions based on nano-patterned carbon
sphere electrodes†

Lu-Hua Zhang, Wen-Cui Li, Dong Yan, Hua Wang and An-Hui Lu*

The challenge in efficient electrochemical detection of trace heavy metal ions (HMI) for early warning is

to construct an electrode with a nano-patterned architecture. In this study, a range of carbon electrodes

with ordered structures were fabricated using colloidal hollow carbon nanospheres (HCSs) as sensing

materials for trace HMI (represented by Pb(II)) detection by square wave anodic stripping voltammetry. The

regular geometrical characteristics of the carbon electrode allow it to act as a model system for the esti-

mation of electron transfer pathways by calculating contact points between HCSs and a glassy carbon

electrode. A clear correlation between the contact points and the electron transfer resistance has been

established, which fits well with the quadratic function model and is dependent on the size of HCSs. To

our knowledge, this is the first clear function that expresses the structure–sensing activity relationship of

carbon-based electrodes. The prepared carbon electrode is capable of sensing Pb(II) with a sensitivity of

0.160 μA nM−1, which is much higher than those of other electrodes reported in the literature. Its detec-

tion limit of 0.6 nM is far below the guideline value (72 nM) given by the US Environmental Protection

Agency. In addition, the carbon electrode could be a robust alternative to various heavy metal sensors.

Introduction

In consideration of the growing water pollution by heavy metal
ions (HMI) and its great threat to human health, developing
sensing strategies for HMI detection for early warning is
urgently needed.1 Among various existing techniques, the
electrochemical method, i.e., square wave anodic stripping vol-
tammetry (SWASV), has attracted significant attention due to
its portability of devices and short analysis time.2 To satisfy
the custom-tailored requirements of competitive sensitivity
and low detection limit for trace amounts of HMI, it is manda-
tory to fabricate electrodes with a rapid collection capacity of
HMI and fast electron transport along the electron pathway.3–5

Following this line, a variety of nanostructured porous carbon-
aceous materials, e.g., zero-dimensional nanoparticles,6–8 one-
dimensional carbon nanotubes,9,10 and two-dimensional gra-
phene nanosheets,11–14 have been used as sensing materials to
modify electrodes for stripping analysis of HMI due to their
large specific surface area and high conductivity. However,
most of the promising electrodes could not achieve a satisfac-

tory sensing performance. In most cases, the electrodes were
constructed from randomly distributed material units so that
only statistical results were obtained. Thus, a fundamental
understanding of the actual structure–activity relationship of
the electrodes is limited, consequently holding up the inno-
vation of electrode materials.

The structural disorder at the contact between two nano-
particles always leads to unwanted enhancement in the
scattering of free electrons, thus reducing efficient electron
mobility, consequently hindering progress in achieving high
efficiency.15,16 On the contrary, an ordered and interconnected
electrode architecture makes them attractive electron percola-
tion pathways for vectorial electron transfer between inter-
faces.17,18 In the fields of dye-sensitized solar cells, researchers
have also found that an ordered electrode possessed excellent
light-to-electricity conversion efficiency in comparison to the
disordered one. Therefore, we believed, for the detection of
trace amounts of Pb(II) using SWASV, the ingenuity that goes
into an ordered electrode architecture may be capable of
improving vectorial electron transport from an electrode to an
electrolyte, rather than simply improving the electro-activity of
sensing materials.

Apparently, at the current stage the key is to explore new
electrode materials which can act as model systems for under-
standing the correlation between the electrode structure
and sensing performance. Under this consideration, spherical
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carbon colloids would be a satisfactory sensing material due to
their ability to assemble into a well-ordered structure, offering
the potential for improved electron percolation transport for
vectorial charge transfer between interfaces. The regular geo-
metrical characteristics of an electrode model make it possible
to correlate the sensing performance with the structure.19

Meanwhile, carbon nanospheres have high surface area and
good electro-conductivity, showing high adsorption capacity
for heavy metal ions and fast electron transfer rates. However,
the self-assembly of carbon spheres has to be precisely con-
trolled. A successful assembly of long-range ordered crystalline
layers requires exquisite control over many parameters, such
as solvent dispersibility, sphere size distribution, solvent evap-
oration kinetics, and so on.20–22

In this study, a range of carbon electrodes with well-orga-
nized structures were fabricated using colloidal hollow carbon
nanospheres (HCSs) as sensing materials. Specifically, the suc-
cessful preparation of HCSs23,24 with perfect spherical shape,
tunable but uniform diameters, and solvent dispersible pro-
perties are the prerequisite for the self-assembled patterned
structure formation. Consequently, the regular geometrical
characteristics of the carbon electrode allow it to act as a
model system for the estimation of electron transfer pathways
by calculating the contact points between HCSs and a glassy
carbon electrode (GCE), building a bridge between the elec-
trode architecture and sensing performance. With the
increased contact points, the current signal increased and the
optimum value is achieved when the contact points reach up
to 7.62 × 108. Electrochemical impedance spectroscopy was
used to understand the superior efficiency of the carbon elec-
trode. We have found a clear correlation between the contact
points and electron transfer resistance (Ret), which fits well
with the quadratic function model. In other words, the
optimum current signal corresponds to the smallest Ret. To
our knowledge, this is the first clear function that expresses
the structure–sensing activity relationship of carbon-based
electrodes. The prepared carbon electrode is capable of
sensing Pb(II) with a sensitivity of 0.160 μA nM−1, which is
much higher than those of other electrodes reported in the lit-
erature. Its detection limit of 0.6 nM is far below the guideline
value (72 nM) given by the US Environmental Protection
Agency (EPA). In addition, the carbon electrode could be a
robust alternative to various heavy metal sensors.

Results and discussion

Assembling HCSs into well-ordered structures on the surface
of GCE was accomplished by solvent evaporation induced
aggregating assembly at the air–liquid interface. The obtained
HCSs were firstly dispersed in an ethanol solution. As shown
in Fig. S1a,† the dispersed solution of the HCSs is very stable,
with no sign of aggregated precipitation over 3 days. The poly-
dispersity index (PDI) of these HCSs in ethanol solution is
approximately 0.026 (Fig. S1b†), thus indicating discrete and
highly dispersible HCSs and the uniformity in the sizes. This

suspension was then pipetted onto the surface of a freshly
polished GCE. After the evaporation of ethanol (approximately
minutes), a carbon film was stably supported on the GCE
surface. The scanning electron microscopy (SEM) images in
Fig. 1a and S2† show that HCSs have assembled into close-
packed crystal layers over large areas. Consequently, the
carbon electrode with a well-organized structure has predict-
able electron pathways by calculating the contact points
between the HCSs and GCE by a single layer close packing
sphere model (Fig. 1b and Part II in the ESI†). When the fabri-
cated carbon electrode is used for the electrochemical detec-
tion of trace Pb(II) in an aqueous solution using SWASV, a
stripping peak can be obtained, as illustrated in Fig. 1c.

It is obvious that the amounts of electron pathways of the
carbon electrodes can be easily changed by employing HCSs
with different sizes, bridging between the electrode architec-
ture and sensing performance. With the intention of exploring
the structure–sensing activity relationship of the carbon elec-
trode, HCSs with different internal void sizes and similar shell
thicknesses were synthesized by choosing polystyrene (PS)
nanosphere templates with different diameters. As shown in
Fig. 2a and b, the carbon shell thicknesses are about 33 ±
2 nm and internal void sizes of two HCS samples are 265 ±
4 nm and 188 ± 3 nm, which are denoted as HCS-265-33 and
HCS-188-33 respectively (HCS-x-y, x and y represent the sizes
of internal void and shell thickness respectively). For a given
sample, about 50 HCSs were quantified to obtain the average
values of the void and shell thickness. As expected, the
obtained HCSs are discrete, dispersible, and uniform. The pre-
pared HCSs with similar pore structures and amorphous fea-
tures,23 which thus minimize the influence of other variable
factors, provide a suitable model to investigate the relevance of
the electrode structure and sensing performance. Fig. 2c
shows the SWASV response of HCS-188-33 and HCS-265-
33 modified GCEs in the presence of 0.25 µM Pb(II) in 0.1 M
NaAc–HAc solution. It illustrates that Pb(II) was detected at a

Fig. 1 (a) SEM image of the self-assembled HCS-188-44. (b) The
scheme of the first layer (left) and ordered structures (right) of the hexa-
gonal close-packed structure model. As shown, the area of the element
is 0.866d2. The volume and void of the element is 0.707d3 and 0.183d3,
respectively. The void fraction is 0.259. (c) The process of the electro-
chemical detection of trace Pb(II) in an aqueous solution using SWASV.
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potential of approximately −0.55 V with well-defined peaks.
Remarkably, the stripping peak current of HCS-188-33
(21.1 µA) is higher than that of HCS-265-33 (15.8 µA) (Table 1).

To attain a clear understanding of the sensing performance,
an impedance study was carried out to determine the feasi-
bility of electron transfer on different electrode surfaces. All
electrochemical measurements were performed in a solution
containing 5 mM Fe(CN)6

3−/4− and 0.1 M KCl. The Nyquist
plot shows that the two electrodes have a semicircular region
followed by a straight line (Fig. 2d). The semicircle portion,
observed at higher frequencies, corresponds to the electron-
transfer-limited process. The semicircle diameter equals the
electron transfer resistance (Ret). At the lower frequencies, a
straight sloping line represents diffusive resistance (Warburg
impendence (Zw)).

25–27 Thus, the results were fitted into a
general electronic equivalent circuit of an electrochemical cell
(Randles model). The fitting of one measured curve to the
equivalent circuit (solid line) is shown in Fig. S3,† indicating
good agreement with the circuit model (dotted line) and the

measurement system over the entire measurement frequency
range. The Ret value corresponding to HCS-188-33 is about
199.0 Ω, which is nearly a half smaller than that of HCS-265-33
(340.3 Ω), implying the increased electron transfer from the
electrode to the electrolyte (Table 1).5,26,27

For a given mass and shell thickness of the HCSs, the
smaller the void diameter of HCS is, the larger the number of
HCSs spread on the GCE, thus more contact points between
HCSs and GCE, consequently, increased electron transfer path-
ways from the electrode to the electrolyte (Fig. S4†). The
contact points between the HCSs and GCE are calculated by a
single layer close packing model. As shown in Table 1, the esti-
mated contact points between the HCS-188-33 and GCE are
8.99 × 108, while 5.29 × 108 for HCS-265-33. The difference
between HCS-188-33 and HCS-265-33 is 3.70 × 108. At the same
time, with the decrease of the size of the void, the spheres
become tightly packed, resulting in the formation of a continu-
ous conductive network to enhance the electron transfer.
These may be the two primary causes of the resultant low Rct
of HCS-188-33.

Based on the effect of the void size of HCSs on the sensing
performance, HCSs with different shell thicknesses and
similar sizes of voids were prepared to modify GCEs in order
to figure out the influence of shell thickness on the activity of
the electrode. By altering the molar ratio of the phenol and for-
maldehyde (PF) precursor to the PS template, HCSs with
different shell thicknesses and similar internal void sizes were
obtained. Fig. 2b and 3a–c are the TEM images of HCS-188-33,
HCS-188-44, HCS-188-55 and HCS-188-79 samples. The void
sizes of the four HCS samples are all 188 ± 3 nm and the shell
thicknesses are accordingly 33 ± 2, 44 ± 2, 55 ± 2, and 79 ±
2 nm. After a polynomial fitting, a good function of shell thick-
ness vs. precursor phenol concentration can be established
(Fig. 3d and Table S1†). This enables one to alter the coating

Fig. 2 TEM images of the carbon samples: (a) HCS-265-33 and (b)
HCS-188-33. (c) SWASV response (background current was subtracted)
of HCS-188-33 and HCS-265-33 modified electrodes in the presence of
0.25 µM Pb(II) in 0.1 M NaAc–HAc solution (pH = 5.5). (d) Nyquist plots
of HCS-188-33 and HCS-265-33 modified electrodes in the solution of
5 mM Fe(CN)6

3−/4− and 0.1 M KCl.

Table 1 Structure parameters and sensing performance of the carbon
electrodes

Electrode
Current
signal (μA) Ret (Ω)

DHCS
a

(nm) nb

HCS-265-33 15.8 340.3 331 5.29 × 108

HCS-188-33 21.1 199.0 254 8.99 × 108

HCS-188-44 40.7 72.3 276 7.62 × 108

HCS-188-55 29.4 121.0 298 6.53 × 108

HCS-188-79 11.8 498.6 346 4.84 × 108

a DHCS: the diameter of HCSs. For a given sample, about 50 HCSs were
quantified to obtain the average value of diameter. b n: the number of
contact points between HCSs and GCE.

Fig. 3 TEM images of the carbon spheres: (a) HCS-188-44, (b)
HCS-188-55, and (c) HCS-188-79 samples. (d) Using a PS template with
the diameter of 200 nm, the correlation between the phenol concen-
tration (C) and the carbon shell thickness (T ) of HCSs. (e) SWASV
response of HCS-188-33, HCS-188-44, HCS-188-55 and HCS-188-
79 modified electrodes in the presence of 0.25 µM Pb(II) in 0.1 M NaAc–
HAc solution (pH = 5.5). (f ) Nyquist plots of HCS-188-33, HCS-188-44,
HCS-188-55 and HCS-188-79 modified electrodes in the solution of
5 mM Fe(CN)6

3−/4− and 0.1 M KCl.
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thickness continuously over a wide range of 33–79 nm by
simply changing the mass ratio of the reactants, confirming
the precise control of the carbon shell at the nanoscale. The
surface areas and pore structures of all the HCS samples were
investigated using N2 adsorption techniques. As shown in
Fig. S5 and Table S1,† the nitrogen adsorption isotherms of all
the samples are essentially pseudo-type II, showing inter-
particle capillary condensation. The surface area and pore volume
of all the samples are similar. Besides, the precursor, polymer-
ization and pyrolysis temperature are the same. All in all, the
prepared HCS samples with similar surface areas, pore struc-
tures and surface chemical properties, which thus minimize
the influence of other variable factors, provide a suitable
model to investigate the relevance of the electrode structure
and sensing performance.

As listed in Table 1, with the decrease in the thickness of
the carbon shell from 79 nm to 33 nm, the contact points
between the HCSs and GCE increase from 4.84 × 108 to 8.99 ×
108. A successive increase in the contact points decreases the
Ret to 72.3 Ω, with an improved current signal. The optimum
current signal of 40.7 μA is observed, when the contact points
reach up to 7.62 × 108 (Fig. 3e and f). With more increased
contact points from 7.62 × 108 to 8.99 × 108, the current signal
strongly decreased to 21.1 μA. The Ret value also significantly
increased from 72.3 Ω to 199.0 Ω. This may be attributed to
the increased resistance at HCSs–HCSs and HCSs–GCE inter-
faces of the carbon electrode with more increased contact
points, which leads to a poor charge transportation and
further sensing performance.26 Thus, there exists a “golden
size” for the HCSs, with which an electrochemical system has
a minimum electron-transfer resistance.

Interestingly, when we fit the relation of Ret and contact
points (n), a good quadratic function of Ret vs. n is obtained
(red curve), with a high correlation coefficient of 0.980 (Fig. 4).
To the best of our knowledge, this is the first time that a clear
function is established to express the structure–sensing activity
relationship of carbon-based electrodes, indicating that the
sensing activity is virtually dependent on the sizes of HCSs. It
is worth noting that the discovery of a “golden size” of HCSs is
attributed to the nano-patterned structure of HCSs on the
surface of the GCE. Further, the highly discrete and dispersible

HCSs with high uniformity are the determinants in the for-
mation of the self-assembled patterned structure.

Hence, the electrochemical sensing performance of
HCS-188-44 was studied further in detail. Fig. 5a shows the
SWASV response towards aqueous Pb(II) solutions with
different concentrations, and the corresponding calibration
curves are derived accordingly (Fig. 5a inset). As shown, the
stripping peak current is proportional to the concentration of
Pb(II) from 20 to 333 nM. The linearization equation is y =
0.160 × −0.1, with the correlation coefficients of 0.972. As a
result, the sensitivity is as high as 0.160 μA nmol−1, which is
much higher than those of other electrodes reported in the lit-
erature (see Table 2). Therefore, the application of a micro-
structure-controlled electrode in the detection of Pb(II) is an
effective way to push performance limits forward. The detec-
tion limit of the carbon electrode is calculated to be 0.6 nM
(3δ method), which is significantly lower than the guideline
value of 72 nM in drinking water given by the US EPA.

In addition to Pb(II) detection, we attempt to investigate the
sensing performance of the HCS-188-44 toward the detection
of several metal ions simultaneously. The SWASV response for
simultaneous analysis of Zn(II), Cd(II), Pb(II), and Cu(II) is dis-
played in Fig. 5b. The four peaks corresponding to the anodic
stripping of Zn2+, Cd2+, Pb2+ and Cu2+ are well resolved and
the separation between the stripping peaks is well enough. It
shows the potential applications of the HCS-188-44 in the sim-
ultaneous determination of coexisting heavy metal ions. In
this case, the stripping peak currents of Cd(II) and Pb(II) are
significantly higher than those of Zn(II) and Cu(II). Meanwhile,
the stripping peak current (10.3 μA) of 83 nM Pb(II) in the pres-

Fig. 4 Ret as a function of contact points (n).

Fig. 5 (a) SWASV response of a HCS-188-44 modified GCE for analysis
of Pb(II) over a concentration range of 20 to 333 nm. Inset: Calibration
plots of the current signal vs. the concentration of Pb(II). (b) Simul-
taneous analysis of 83 nM Zn(II), Cd(II), Pb(II) and Cu(II) in 0.1 M NaAc–
HAc solution.

Table 2 Electrochemical performance of various electrodes

Electrode
Sensitivity
(μA μM−1)

Detection
limit (nM) Ref.

Nitrogen-doped microporous carbon 1.9 0.61 7
Graphene modified carbon nanosheet 92.9 1.12 11
SnO2/reduced graphene oxide 18.6 0.18 13
γ-AlOOH@SiO2/Fe3O4 81.5 0.01 28
Porous Co3O4 microsheets 71.6 18.00 29
Nanosized hydroxyapatite/ionophore 13.0 1.00 30
Hollow carbon nanospheres 160.0 0.60 This work
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ence of Zn(II), Cd(II), and Cu(II) is a little lower compared with
individual analysis (13.1 μA).

Conclusions

In summary, our study provides a fundamental understanding
of the structure–activity relationship of the electrodes by con-
structing a nano-patterned carbon electrode as a model
system. There exists a “golden size” of HCSs, with which the
electrochemical system exhibits the maximum sensitivity and
minimum electron-transfer resistance. This study provides a
new approach to push the sensing performance limit forward
through the ingenuity that goes into an ordered electrode
architecture.

Experimental section
PS@PF nanospheres

According to the method described previously, firstly, mono-
disperse PS with a specific particle size (∼200, 280 nm) was
prepared through emulsion polymerization; secondly, 150 mg
PS were dispersed in 100 mL water, then a 20 mL volume of
aqueous solution containing phenol and hexamethyl-
enetetramine was added (Table S2†). After stirring gently for
about 30 min, the solution was transferred into a Teflon-lined
autoclave and heated at 160 °C for 4 h. The product was
denoted as PS@PF.

PS@PF@mSiO2 nanospheres

0.48 g cetyltrimethyl-ammonium bromide (CTAB) was stirred
with 15 mL water at 60 °C for 1 h. This solution was added to a
mixture of 120 mg of PS@PF, 75 mL water, 30 mL ethanol, and
1.2 mL ammonia solution (28 wt%). The solution was stirred
for 30 min before adding 0.84 mL of tetraethyl orthosilicate.
The reaction was carried out at 30 °C for 16 h. PS@PF@SiO2

was retrieved by centrifugation and allowed to react with an
HCl alcohol solution (pH ∼2) at 60 °C to remove CTAB from
the silica shell. The final washed and dried product was
denoted as PS@PF@mSiO2.

Synthesis of hollow carbon nanospheres

The as-made silica coating samples were heated at 3 °C min−1

from room temperature to 150 °C and held at this temperature
for 1 h under a nitrogen flow. The temperature was then
ramped at 5 °C min−1 to 600 °C and held at this temperature
for 4 h. The pyrolyzed product was treated with aqueous NaOH
solution (2.5 M) to remove silica, thus generating HCSs.

Electrode preparation and electrochemical measurements

The construction of a HCS film on the surface of a GCE was
performed as follows: 5 mg sample was suspended in 1 mL
ethanol to form a suspension. The suspension was then briefly
sonicated for 30 s in order to disperse the nanospheres. A 5 µL
aliquot of this suspension was then pipetted onto the surface

of a freshly polished glassy carbon electrode. And then a drop
of the Nafion solution (0.5 wt%) was placed on the electrode
surface and the solvents were left to evaporate at room temp-
erature. All electrochemical measurements were performed
using a CHI 660D (Shanghai CH Instruments, China) electro-
chemical workstation. Square wave anodic stripping voltamme-
try (SWASV) was used for the observation of electrochemical
behavior under optimized conditions. Pb(II) was deposited at
the potential of −1.0 V for 400 s by the reduction of Pb(II) in
1 M NaAc–HAc solution (pH = 5.5). The anodic stripping
(re-oxidation of metal to metal ions) of the electrodeposited
metal was performed in the potential range of −0.9 to −0.3 V
with the following parameters: frequency, 15 Hz; amplitude,
25 mV; increment potential, 4 mV. The sample metal de-
posited on the electrode surface was removed by electrolysis at
0.3 V for 300 s in a fresh supporting electrolyte prior to the
next cycle. EIS (electrochemical impedance spectra) were
acquired in a solution containing 5 mM Fe(CN)6

3−/4−and 0.1
M KCl, and measured at an open circuit potential to Ag|AgCl|
NaCl (3.0 M) and an alternating potential with an amplitude of
5 mV at the frequency range from 0.1 Hz to 10 000 Hz.

Characterization

Scanning electron microscopy (SEM) investigations were
carried out with a Hitachi S-4800 instrument. Transmission
electron microscopy (TEM) analyses were carried out with a
FEI Tecnai G220S-Twin equipment operating at 200 kV. The
samples for TEM analysis were prepared by dropping an
ethanol droplet of the products on carbon-coated copper grids
and drying at room temperature.
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