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ABSTRACT: Herein, we revealed that the electrochemical behaviors on the
detection of heavy metal ions (HMIs) would largely rely on the exposed facets of
SnO2 nanoparticles. Compared to the high-energy {221} facet, the low-energy
{110} facet of SnO2 possessed better electrochemical performance. The
adsorption/desorption tests, density-functional theory (DFT) calculations, and
X-ray absorption ﬁne structure (XAFS) studies showed that the lower barrier
energy of surface diﬀusion on {110} facet was critical for the superior
electrochemical property, which was favorable for the ions diﬀusion on the
electrode, and further leading the enhanced electrochemical performance. Through
the combination of experiments and theoretical calculations, a reliable
interpretation of the mechanism for electroanalysis of HMIs with nanomaterials
exposed by diﬀerent crystal facets has been provided. Furthermore, it provides a
deep insight into understanding the key factor to improve the electrochemical
performance for HMIs detection, so as to design high-performance electrochemical
sensors.

T

electrochemical detection of HMIs. For instance, Yu et al.24
found the (111) facet of Co3O4 has excellent sensing
performance because of its outstanding adsorption ability to
HMIs. Up until now, because of the wide band gap, excellent
chemical stability, and environmentally friendly, the properties
of tin dioxide (SnO2) nanomaterials with diﬀerent exposed
facets have been also in-depth investigated in gas-sensing
properties. For example, Zheng et al.25 demonstrated that the
exposed high-energy {221} facet is feasible to improve the gassensing properties. Rogach et al.26 studied that the better gas
sensing performance can be obtained over {102} compared to
{113} faceted SnO2 nanostructures. Recently, our investigations have found that SnO2 as a novel modiﬁed material can
dramatically increase the currents and sensitivities during the
electrochemical detection of HMIs.27−29 Unfortunately,
researchers always simply attribute the enhanced electrochemical performance to the relatively large adsorption capacity
of enlarged microscopic surface area. However, at the present
stage, those analyses either without scientiﬁc understanding, or

o monitor the distribution of heavy metal ions (HMIs)
and evaluate the safety of the water supply, the
determination of toxic HMIs with trace amounts is urgently
needed considering their adverse eﬀects on human health.1−3
The electrochemical method has been well accepted as a
powerful tool for the analysis of trace toxic HMIs, and this
active research ﬁeld is continually evolving.4−6 In the past few
decades, considerable eﬀorts have been made to improve the
selectivity and sensitivity on the detection of HMIs by
modifying the sensing nanomaterials on the working
electrode.7−11
As anisotropy is a basic property of crystals, there are many
diﬀerences like dangling bonds, surface defects, geometry, and
electronic structures in the diﬀerent crystal facets, resulting in
diﬀerent chemical, physical, and catalytic properties.12 Thus, in
order to obtain excellent results, to date, a variety of
nanomaterials, such as gold (Au),13 palladium (Pd),14 cuprous
oxide (Cu2O),15 titanium dioxide (TiO2),16 and BiOBr,17 have
been used to explore the relationship between the performances and the diﬀerent exposed facets. Meanwhile, many facetexposed nanomaterials have been widely investigated in the
ﬁeld of photocatalysts,18−20 solar cell,21 gas sensors,22 Li-ion
battery,23 and so on. Among those works, only a few studies
have been focused on the eﬀect of the crystal facets on the
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under 60 °C for 12 h. Meanwhile, to obtain elongated
dodecahedral and lance-shaped SnO2 nanoparticles, the
experimental procedures were identical with the preparation
of octahedron SnO2 except for the amount of HCl. The
amount of HCl was 1.2 and 0.6 mL for elongated dodecahedral
and lance-shaped SnO2, respectively.
Fabrication of Modiﬁed Electrode. The construction of
SnO2 nanoparticles modiﬁed GCE was performed as follows:
SnO2 nanoparticles (6 mg) were dispersed in 0.6 mL of
ultrahigh purity water and sonicated for 15 min. Prior to
modiﬁcation, bare GCE was polished with alumina powder,
then cleaned using 1:1 HNO3, ethanol, and ultrahigh purity
water, respectively. Finally, 4 μL of SnO2 nanoparticles
suspension was dropped onto the GCE, and the modiﬁed
electrode was dried under a natural environment.
Electrochemical Experiments. The electrochemical behavior under optimized conditions was observed with square
wave anodic stripping voltammograms (SWASV). Pb(II) or
Cd(II) was deposited (potential −1.0 V) at 0.1 M HAc-NaAc
buﬀer solution (pH 5.0) for 120 s. The anodic stripping
currents of Pb(II) (reoxidation of Pb(0) to Pb(II)) and Cd(II)
(reoxidation of Cd(0) to Cd(II)) were obtained at the potential
range of −1.0 to −0.2 V and −1.0 to −0.68 V, respectively.
After each test, the electrodes were regenerated by immersing
into another HAc-NaAc solution under stirring at 0.8 V for 80
s.
Adsorption Experiments. Adsorption experiments were
determined with a sorbent loading of 1.0 mg mL−1 under
ambient temperature. Typically, the as-prepared SnO2 nanoparticles (10 mg) were dispersed in 10 mL Pb(II) or Cd(II)
solutions with concentrations 20 mg L−1, followed by shaking
at 200 rpm for 24 h to achieve equilibrium. After separation by
centrifugation and ﬁltering through a 0.22 μm membrane, the
remaining Pb(II) or Cd(II) concentration was measured by
inductively coupled plasma-atomic emission spectroscopy
(ICP-AES). Subsequently, the adsorbents were collected by
centrifugation (5000 rpm, 300 s), then the obtained adsorbents
were dispersed in the 5 wt % NaOH solution and shook for 12
h to removal the adsorbed metal ions. The desorbed adsorbents
were then washed with ultrahigh purity water and dried in the
oven at 60 °C. In the recycle adsorption experiments, this
desorbed adsorbents were reused in the same process.
Computational Details. To understand this experimentally observed facet-dependent electrochemical behaviors of
SnO2, DFT calculations were employed by using Vienna ab
initio simulation package (VASP)34 with Perdew-Berke-Ernzerh
(PBE) parametrization of the generalized gradient approximation (GGA)35 chosen as the exchange correlation potentials.
An energy cut oﬀ was set to be 400 eV. A Monkhorst−Pack
mesh of 2 × 2 × 1 k-point is applied to sample the Brillouin
zone for geometry optimizations. The geometry structures were
completely relaxed until the convengence criteria of energy and
force less than 10−5 eV and 0.02 eV Å−1, respectively. The
transition states were gained with the climbing image nudged
elastic band (CI-NEB) approach.18 A 1 × 1 × 4 and 1 × 1 × 5
supercells were used to model the SnO2 {110} and {221}
planes, respectively. The bulk SnO 2 structure showed
antiferromagnetic properties and the adopted vacuum was 13
Å. We ﬁxed two bottom layers and allow all atoms in other
layers to fully relax. The optimized structures of SnO2 {110}
and {221} were consistent with the studies previously on the
arrangement of the surface atoms with diﬀerent crystal facets.36

the understanding remains vague. Moreover, applying the
strategy of facet-controlled fabrication of SnO2 nanomaterials
to improve sensitivity and selectivity of electrochemical
detection of HMIs has not paid enough attention now.
Although some experimental studies have been done, little
concerned has been made to understand and explore the
mechanism of the electroanalysis behavior from the viewpoint
of crystal facets, in particular, the lack of ﬁrst-principles
theoretical studies at atomic level. Therefore, we believe that it
is urgent to get a deeper understanding to reveal the
relationship between the electrochemical sensing performance
and the diﬀerent exposed facets of SnO2 nanomaterials toward
HMIs.
In anodic stripping voltammetric technique, detection of
HMIs at the poor conductive material modiﬁed electrodes, the
two-step process in which adsorption on nanoparticles and the
subsequent desorption and diﬀusion of the target analytes to
the surface of electrode is generally needed.30,31 Therefore, the
adsorption and desorption abilities of the electrode materials on
the target analytes play vital roles in obtaining excellent
electrochemical signals. To unravel the mechanism of facetdependent electrochemical performance of SnO2 nanoparticles
on the electroanalysis of HMIs, the adsorption and desorption
energies toward HMIs on diﬀerent exposed facets of SnO2 can
be obtained by DFT calculations. Furthermore, X-ray
absorption ﬁne structure (XAFS) technique increasingly
becomes a useful tool to verify the binding modes of the
adsorbed ions and materials.32,33 Through the accurate ﬁtting
analysis of XAFS spectra, the direct and useful information,
such as interatomic distance (R) and coordination number
(CN) of HMIs bonded to O and Sn on diﬀerent crystal facet of
SnO2 nanoparticles can be obtained. The DFT calculations and
the XAFS analyses will provide a deeper insight into why
diﬀerent exposed facets of nanomaterials exhibit diﬀerent
performances in electrochemical detection of HMIs from the
viewpoint of crystal facets.
In this work, three diﬀerent shapes of SnO2 with diﬀerent
facets dominated percentage were synthesized and then applied
as electrode materials to investigate the facet-dependent
electrochemical behavior on the detection of HMIs. The
results of electrochemical experimental indicated that relative to
the high-energy {221} facet, the low-energy {110} facet of
SnO2 nanoparticles exhibited better electrochemical performance. The DFT calculations showed that the lower barrier
energy for surface diﬀusion on {110} facet was a key factor for
the superior electrochemical property, which was a beneﬁt for
the ions diﬀusion on the electrode, further leading enhanced
electrochemical performance on SnO2 nanoparticles exposed by
low-energy {110} facet. Moreover, the binding modes of the
adsorbed Pb(II) on diﬀerent crystal facets SnO2 were also
studied by XAFS.

■

EXPERIMENTAL SECTION
Synthesis of Octahedron, Elongated Dodecahedron,
and Lance-Shaped SnO2.25 In a typical synthesis of
octahedron SnO2, SnCl4·5H2O (1.05 g), PVP (K-30, 0.945 g,
0.006 mmol), and HCl (1.8 mL, 12 mol L−1) were added into
the mixture solution of 9 mL of ultrapure water and 9 mL of
ethanol with vigorous stirring. The obtained solution was
transferred to a Teﬂon-lined stainless steel autoclave (25 mL)
and kept at 200 °C for 12 h. The sample was gained by
centrifugation (6000 rpm) and cleaned 5 times with ultrapure
water. Then, the obtained octahedron SnO2 was vacuum-dried
2614

DOI: 10.1021/acs.analchem.6b04977
Anal. Chem. 2017, 89, 2613−2621

Article

Analytical Chemistry

to examine inﬂuence of the low-energy facet on electrochemical
detection, we statistically analyzed the {110} facet dominated
percentage on a single nanoparticle. According to the calculated
result, we estimated the average {110} facet dominated
percentage of SnO2 octahedron nanoparticles is about 9%
(inset of Figure 1a). Besides dominated {221} facet exposed
SnO2 octahedral nanoparticles, elongated dodecahedral SnO2
nanoparticles also have been synthesized. In the synthetic
method, the HCl adding amount is crucial for the exposure of
the {110} facet. When the HCl adding amount decreased from
1.8 to 1.2 mL, from the SEM (Figure 1d) and TEM (Figure 1e)
images, it can be seen that the morphology of the production
transformed to the elongate dodecahedral nanoparticles. The
SAED pattern (inset of Figure 1e) and HRTEM results (Figure
1f) indicate that the pyramidal tips were enclosed by highenergy {221} facet. On the basis of the crystallographic analysis,
it is clear that the middle part consists of low-energy {110}
facet. The average percentage of exposed {110} facet is about
41%, which has been illustrated in inset of Figure 1d. When the
HCl adding amount decreased even to 0.6 mL, from the SEM
(Figure 1g) and TEM (Figure 1h) images, it can be seen that
the morphology of the lance-shaped become thinner than the
former one, and the pyramidal tips is smaller while the middle
part is longer. The SAED pattern (inset of Figure 1h) and
HRTEM results (Figure 1i) demonstrate that the pyramidal
tips were exposed with {221} facet, and the middle parts are
bound by the {110} facet. For the thin lance-shaped SnO2
nanoparticles (inset of Figure 1g), the average percentage of
exposed {110} facet is about 62%. XRD patterns (Figure S1)
show all of the peaks can be indexed to the rutile phase of SnO2
(JCPDS No. 41-1445), and the sharp diﬀraction peaks illustrate
the high-purity of the prepared samples.
Electrochemical Detection of Pb(II) and Cd(II). Among
many kinds of HMIs, lead (Pb) and cadmium (Cd) are two of
high toxicity heavy metals, long-term exposure to them can
cause a series of health problems, such as diabetes, nervous
system, gastrointestinal systems, and immune system.37−39
Here, three diﬀerent shapes of SnO2 nanoparticles with
diﬀerent exposed facets on electroanalysis of Pb(II) and Cd(II)
were comprehensively investigated. In order to get the
maximum sensitivity on the as-prepared SnO2 nanoparticles,
such as lance-shaped SnO2 nanoparticles modiﬁed glassy
carbon electrode (GCE) toward HMIs, the experimental
conditions, including electrolytes, pH, deposition potential,
and time (Figure S2), and the eﬀect of the amount of modiﬁer
(Figure S3) were ﬁrst studied. In general, as for the
semiconductor metal oxide nanomaterial, such as SnO2,
although the microscopic surface roughness of the modiﬁed
electrode increase, the electron transfer and the modiﬁed
electrode active areas are decreased due to its poor
conductivity.30 Thus, to compare the sensitivity reasonably,
the electrode active areas was calculated and the current density
(j) was employed (Figure S4), and the eﬀect of the active areas
could be normalized, which is beneﬁcial to understand that the
diﬀerence of electrochemical performance from the viewpoint
of crystal facet. As observed, all three diﬀerent shapes of SnO2
nanoparticles with diﬀerent exposed facets modiﬁed electrodes
approximately have the same surface area and the inﬂuence of
the active area on the SWASV measurements was excluded,
which can be more reasonable to study the inﬂuences of
exposed facets on the corresponding electrochemical behaviors.
Then, under the optimal experimental conditions, three
diﬀerent shapes of SnO2 nanoparticles with diﬀerent facets

To conﬁrmed the Pb and Cd adsorbing performance on
{110} and {221} facets of SnO2, the equation, Eads =
EPb or Cd/surface − (EPb or Cd + Esurface), was employed. Here, the
Eads represents the Pb and Cd adsorption energy on the SnO2
surface, the EPb or Cd/surface stands for the adsorption energy of a
single atom on the corresponding surface, EPb or Cd represents
the atomic energy of single isolated Pb or Cd atom, and the
Esurface on behalf of the energy without any atoms adsorbed. In
the sign convention, negative value represents a stable and
energetic adsorption site.

■

RESULTS AND DISCUSSION
Morphologic and Structure Characterization of SnO2
Nanoparticles. Figure 1a presents the scanning electron

Figure 1. Representative SEM, TEM, and HRTEM images of the
three diﬀerent shapes of SnO2 nanoparticles. (a−c) Octahedral SnO2
nanoparticles; (d−f) elongated dodecahedral SnO2 nanoparticles; (g−
i) lance-shaped SnO2 nanoparticles. Inset in panels a, d, g are the
corresponding {110} facet dominated percentage, respectively. Insets
in panel b, e, h are the corresponding SAED patterns, respectively.

microscopy (SEM) image of the gained octahedral SnO2
nanoparticles. Those octahedral nanoparticles are of uniform
shape and the size is mainly 300−400 nm. Transmission
electron microscopy (TEM) was also employed to characterize
the sample. Figure 1b shows a typical TEM image of an
individual SnO2 octahedron nanoparticle. From which, it can be
calculated that the apex angle of the octahedron is 65.7°, and
the length and width are 410 and 270 nm, respectively, and the
length width ratio is very close to 1.5. The structural
characteristics consistent with the crystallographic model of
octahedral SnO2 enclosed with {221} facets. The selected area
electron diﬀraction (SAED) pattern (inset of Figure 1b)
recorded from the apex of the octahedral SnO2 can be indexed
to the [−101] zone axis, which indicates that the as-prepared
SnO2 octahedral nanoparticles are single crystals. The highresolution TEM (HRTEM) image of the corresponding region
of SnO2 octahedron was depicted in Figure 1c. The d-spacing
of 0.315 and 0.333 nm are well in accordance with the (001)
and (110) of SnO2. In the above SEM and TEM observations,
we concluded that the as-prepared SnO2 octahedral nanoparticles were exposed with a high-energy {221} facet. In order
2615
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Figure 2. SWASV responses of (a) bare GCE, (b) octahedral, (c) elongated dodecahedral, and (d) lance-shaped SnO2 nanoparticles modiﬁed GCE
for the analysis of Pb(II) at pH 5.0 HAc-NaAc buﬀer solution (0.1 M). Inset in panels were the corresponding linear calibration plot of peak current
against Pb(II) concentrations, respectively. Deposition potential, −1.0 V; deposition time, 120 s; amplitude, 25 mV; increment potential, 4 mV;
frequency, 15 Hz. The dotted line refers to the baseline. All error bars were obtained by 3 times the parallel measurements.

Figure 3. Calibration plots of bare GCE, octahedral, elongated dodecahedral, and lance-shaped SnO2 nanoparticles modiﬁed GCE toward diﬀerent
concentrations of (a) Pb(II) and (c) Cd(II), respectively. (b and d) The comparison of limit of detection (LOD) toward Pb(II) and Cd(II),
respectively. Error bars were gained with 3 times the parallel experiments.

SnO2 nanoparticles modiﬁed GCE toward 0.1−0.6 μM Pb(II),
the obtained sensitivities were 61.01, 85.54, 169.82, and 338.92
μA μM −1 cm −2 (Figure 3a), respectively. As seen, the
sensitivity of lance-shaped SnO2 nanoparticles modiﬁed GCE is
about 5-fold that of SnO2 octahedron nanoparticles, and the
corresponding LODs were 0.092, 0.048, 0.029, and 0.017 μM,
respectively (Figure 3b). Also, for bare GCE, octahedral SnO2,
elongated dodecahedral SnO2, and lance-shaped SnO2 nanoparticles modiﬁed GCE toward 0.1−0.6 μM Cd(II), the

dominated percentage were applied to the electroanalysis of
Pb(II) and Cd(II) using SWASV, respectively. Figure 2 shows
the SWASV responses of the three diﬀerent shapes of SnO2
nanoparticles for Pb(II) at various concentrations, respectively.
Furthermore, the results of the electrochemical detection of
Cd(II) with SnO2 nanoparticles were shown in Figure S5.
The linear regressions and limit of detections (LODs)
toward Pb(II) and Cd(II) were compared (Figure 3). For bare
GCE, octahedral, elongated dodecahedral, and lance-shaped
2616
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obtained sensitivities were 43.54, 79.01, 156.24, and 275.98 μA
μM −1 cm −2 (Figure 3c), respectively. It can be seen that the
results for detection of Cd(II) have the same trends with
Pb(II), in which the sequence of the sensitivity was lanceshaped > elongated dodecahedral > octahedral SnO2 nanoparticles. And the corresponding LODs were 0.081, 0.063,
0.047, and 0.023 μM, respectively (Figure 3d).
By comparison of the electrochemical sensitivities and LODs
of the three shapes of SnO2 nanoparticles modiﬁed GCE
toward Pb(II) and Cd(II), the results indicated that the
electrochemical performance enhanced with the average
percentage of exposed low-energy {110} facet increased,
while the average percentage of exposed high-energy {221}
facet decreased. The SnO2 nanoparticles exposed by low-energy
{110} facets exhibited better electrochemical performance than
those exposed by high-energy {221} facets, it should be
attributed to Pb(II) and Cd(II) diﬀerent adsorption and
diﬀusion abilities on the SnO2 nanoparticles exposed by
diﬀerent facets, as will be carefully discussed by the following
calculations. In addition, the comparisons of the electrochemical performance of the lance-shaped SnO2 nanoparticles
modiﬁed GCE in electroanalysis of Pb(II) and Cd(II) with the
other previous works were listed in Tables S1 and S2,
respectively, the results indicated that the proposed method
has good performance in the detection of HMIs.
Evidence of Reasonable Mechanism: DFT Calculations
and XAFS Analyses. To better and scientiﬁcally reveal the
eﬀects of facets on electroanalysis of Pb(II) and Cd(II) on
SnO2 nanoparticles, DFT calculations were adopted to study
the adsorption and diﬀusion of Pb(II) and Cd(II) atoms on
SnO2 {110} and {221} surfaces, labeled with Pb or Cd @SnO2
{110} and {221} facets, respectively. The adopted conﬁgurations of the Pb(II) and Cd(II) atoms on SnO2 {110} and
{221} facets are fully optimized and plotted them in Figure 4,
respectively. For the Pb@SnO2 {110}, the Pb(II) atom located
on the 3-fold hollow site formed by three O atoms (two
extruded O atoms are two coordinated and the another one is
three coordinated) of SnO2 {110} facet. The Pb−O bond
lengths are predicted to be about 2.24, 2.24, and 2.48 Å,
respectively, and the nearest Pb−Sn distance is 3.06 Å. While
for the Pb@SnO2 {221} case, the Pb(II) atom situated in 3-fold
hollow site formed by three O atoms (they are all three
coordinated) in the upmost atomic layer of the SnO2 {221}
facet. The Pb−O bond lengths are about 2.25, 2.25, and 2.42 Å,
respectively, and the distance between Pb atom and the nearest
neighboring Sn atom is 3.45 Å. The adsorption energy of
Pb(II) on the SnO2 {221} surface is about −3.61 eV, which is
greater than Pb(II) on the SnO2 {110} surface (−1.06 eV). We
also examined the adsorption energies of the full covered
conﬁguration and the corresponding predicted adsorption
energies are −0.19 and −1.29 eV for Pb(II) on the SnO2
{110} and {221} surfaces, respectively. For the Cd@SnO2
{110} system, the Cd(II) atom situated on the hollow site
formed by two O atoms (the two O atoms are double
coordinated) and the Cd(II) atom (which is two-coordinated
by two extruded O atoms) of the SnO2 {110} surface. The
nearest distance between Cd and Sn atoms is 3.178 Å, and the
lengths of Cd−O bonds are 2.35 and 2.369 Å, respectively.
While for the Cd@SnO2 {221} case, the Cd(II) atom is
similarly located at a 3-fold hollow site formed by three O
atoms of the SnO2 {221} surface. The nearest distance of Cd
and Sn ions is 3.91 Å, while the lengths of Cd−O bonds are
2.18, 2.07, and 2.28 Å, respectively. The adsorption energies of

Figure 4. (a and b) Optimized adsorption conﬁgurations of Pb(II) on
SnO2 {110} and {221} facets, respectively. (c and d) Optimized
adsorption conﬁgurations of Cd(II) on SnO2 {110} and {221} facets,
respectively. Here, red, gray, green, and blue balls represent O, Sn, Pb,
and Cd atoms, respectively.

Cd on the SnO2 {110} and {221} facets are about 0.12 and
−2.36 eV, respectively, and the corresponding adsorption
energies for the full covered conﬁguration are −0.02 and −0.96
eV. Although no obvious diﬀerence between the bond length of
Pb−O (or Cd−O) on the diﬀerent surfaces was observed, the
irregular atomic surface morphology of SnO2 {221} surface
may contribute to the huge distinction of the calculated
adsorption energy. Because of the relative larger adsorption
energies, it is clear that the SnO2 {221} surface has a better
capture capability than that of the SnO2 {110} surface, and at
the same time, it also suggests that the mobility of Pb/Cd on
the SnO2 {221} surface becomes harder than that of Pb/Cd on
the SnO2 {110} surface, which may be the real reason for the
better electrochemical performance of Pb (or Cd) on the SnO2
{110} facet.
Then the energy barrier of Pb(II) and Cd(II) diﬀusion at the
SnO2 {110} and {221} surfaces was calculated with the CINEB method. The examined diﬀusion paths were shown in
Figure S6, and there are two paths for Pb(II) and Cd(II)
diﬀusing from the most stable adsorption site to the nearest
neighboring stable sites on the SnO2 {110} and {221} facets.
Figure 5 shows the geometric structures of the transition-states.
The diﬀusion energy barriers of Pb(II) on SnO2 {110} and
{221} surfaces are predicted to be 0.63 (Figure 5a) and 1.88 eV
2617

DOI: 10.1021/acs.analchem.6b04977
Anal. Chem. 2017, 89, 2613−2621

Article

Analytical Chemistry

corresponding to the strength of the stripping peak. The more
target HMIs were reoxidized, the stronger stripping peak can be
obtained. According to the calculated results, the adsorption
energy of the SnO2 {221} facet was much larger than that of
the SnO2 {110} facet, indicating more HMIs can be adsorbed
on the SnO2 {221} facet. As shown in Figure 5g, due to the
strong surface aﬃnity and electrostatic attraction, HMIs can
eﬃciently be adsorbed and enriched on the surface of the SnO2
nanoparticles. Because of the larger adsorption energy and
diﬀusion energy of HMIs on SnO2 {221} facet, the adsorbed
HMIs would almost be anchored on the surface of the {221}
facet and hard to be diﬀused to the surface of GCE, ﬁnally
resulting in a weaker stripping peak. Meanwhile, Figure 5h
shows the lance-shaped SnO2 nanoparticles exposed with
dominated {110} facet toward HMIs, although the adsorption
capacity of HMIs on SnO2 {110} facet was less than that of
SnO2 {221} facet, the adsorbed HMIs can more eﬀectively
diﬀuse to the surface of GCE due to the SnO2 {110} facet
relative to small diﬀusion energy. Thus, the largest stripping
peak current can be gained at the lance-shaped SnO2
nanoparticles exposed with the dominated {110} facet modiﬁed
GCE.
As presented in Figure 6, the cycle adsorption and
desorption experiments have been adopted to further conﬁrm
the desorption ability toward HMIs on the SnO2 {110} and
{221} facet. Figure 6a shows the cycle adsorption experiment of
Pb(II) on the octahedral, elongated dodecahedral and lanceshaped SnO2 nanoparticles, respectively. As observed, ﬁrst, at
the ﬁrst adsorption cycle, the octahedral SnO2 nanoparticles
possessed the highest adsorption performance both to Pb(II).
However, after 3 adsorption cycles, the performance of the
octahedral SnO2 nanoparticles decreased rapidly, and the lanceshaped SnO2 nanoparticles exhibited best adsorption property
instead. In addition, the adsorption capacities of three diﬀerent
shapes of SnO2 nanoparticles on Pb(II) and Cd(II) were
investigated using X-ray photoelectron spectroscopy (XPS),
and the corresponding results were shown in Figure S8. Clearly,
the sequence of adsorption ability was as follows: octahedral >
elongated dodecahedral > lance-shaped SnO2 nanoparticles.
This result conﬁrmed that the Pb(II) on SnO2 {110} facet was
harder to be adsorbed but easier to desorbed than that on SnO2
{221} facet. Furthermore, Figure 6c,d show the desorption
result of Pb(II) on the octahedral, elongated dodecahedral, and
lance-shaped SnO2 nanoparticles at desorption potential 0.8 V
with diﬀerent time, respectively. As observed, with the 10 s
desorption time, the current density of Pb(II) on lance-shaped
SnO2 nanoparticles was stronger than that on octahedral,
elongated dodecahedral SnO2. The better stripping performance was gained on lance-shaped SnO2 nanoparticles modiﬁed
GCE, which was in good agreement with the result of
electrochemical experiment. Furthermore, with the increase of
desorption time, the peak current of Pb(II) was decreased,
demonstrating the decrease of the amount of HMIs at the
electrode. Compared to 10 s desorption time, for Pb(II),
33.99%, 46.41%, and 62.22% of current were reduced at
octahedral, elongated dodecahedral, and lance-shaped SnO2
nanoparticles modiﬁed GCE at the 150 s desorption time,
respectively. Furthermore, after three preconcentration desorption cycles, the stripping current of Pb(II) on the lance-shaped
SnO2 nanoparticles modiﬁed GCE basically maintained, while a
much more obvious decrease appeared on the octahedral and
elongated dodecahedral SnO2 nanoparticles modiﬁed GCE,
indicating that the adsorbed Pb(II) ions were more easier to

Figure 5. Transition-state (TS) structure for (a, c, and e) Pb(II) and
(b, d, and f) for Cd(II) on SnO2 {110} and SnO2 {221} surface,
respectively. The small circular pictures represent optimized stable
adsorption and TS structures. The small circles numbers correspond
to the transfer paths in Figure S6. The barrier energy is shown in the
images. (g and h) Schematics of enhanced electrochemical heavy metal
ions sensing at low-energy {110} facets. Left, octahedral SnO2
nanocrystal; right, lance-shaped SnO2 nanocrystal.

(Figure 5e), respectively, while the diﬀusion energy barriers of
Cd(II) on SnO2 {110} and {221} surfaces are predicted to be
0.17 eV (Figure 5b) and 2.00 eV (Figure 5f). The relative low
energy barriers on the SnO2 {110} surface indicate that the Pb
and Cd atoms can diﬀuse easier on the SnO2 {110} than that
on the SnO2 {221}, leading to the enhanced electrochemical
performance on lance-shaped SnO2 nanoparticles exposed by
low-energy {110} facets. To investigate the Cd (or Pb)−
substrate interaction, Figure S7 shows the Bader charge
analysis25,40 for Cd (or Pb) on SnO2 {110} and {221} facets.
The Bader charge analysis indicating the adsorbed Pb atom has
+1.29 |e| and +1.43 |e| on SnO2 {110} and {221}, respectively,
the adsorbed Cd atom has +0.76 |e| and +0.97 |e| on SnO2
{110} and {221}, respectively, these results are consistent with
the calculated adsorption energies, indicating the relative weak
Pb/Cd-substrate interaction for Pb/Cd SnO2{110} system.
According to experimental and DFT results, the schematics
elaboration of the electrochemical process of the exposure of
diﬀerent facets dominated the proportion of SnO2 nanoparticles during the detection of Pb(II) on the detection of
Pb(II) were presented in Figure 5g,h. There is no doubt that
the amount of the oxidized metal molecules was directly
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Figure 6. Cycle adsorption and desorption experiments. (a) The cycle adsorption of Pb(II) at octahedral, elongated dodecahedral, and lance-shaped
SnO2 nanoparticles, respectively (measured by ICP-AES). (b−d) The preconcentration desorption cycles (3 times) of Pb(II) on the octahedral,
elongated dodecahedral and lance-shaped SnO2 nanoparticles at the diﬀerent desorption time, respectively. Data were obtained with 0.5 μM Pb(II).
Desorption potential 0.8 V. Error bars were gained with 3 times the parallel experiments.

dodecahedral > octahedral SnO2 nanoparticles. These results
were consistent with the DFT calculations. Obviously, the
longer RPb−O was obtained from lance-shaped SnO2 nanoparticles, the smaller desorption energy can be achieved, which
make the adsorbed Pb(II) easily desorbed and diﬀused to the
surface of the modiﬁed electrode.33,41 Thus, lance-shaped SnO2
nanoparticles modiﬁed GCE would exhibit outstanding electrochemical response toward HMIs.
In this way, accompanied by the increased proportion of the
SnO2 {110} facet, the more HMIs will be released at the surface
of the electrode, thus strengthening the stripping peak
response. As the result, the sequence of sensitivity was lanceshaped > elongated dodecahedral > octahedral SnO2 nanoparticles. These ﬁndings demonstrated that although the
amount of the adsorption capacity of nanomaterials is
important, desorption and diﬀusion capacities played a more
crucial role in the electrochemical detection of HMIs. Also,
these ﬁndings aﬀord a new way of thinking for the construction
of electrochemical sensors with excellent performance.
Furthermore, the reproducibility of lance-shaped SnO 2
modiﬁed the same GCE ﬁve times repeatedly toward Pb(II)
and Cd(II) was studied and exhibited in Figure S10. The
relative standard deviations of peak currents were about 4.87%
and 4.43%, respectively, suggesting the excellent reproducibility
of the lance-shaped SnO2 nanoparticles. It is believed that the
lance-shaped SnO2 nanoparticles modiﬁed electrode has a great
potential for the detection of HMIs in real water samples.

transfer from the surface of lance-shaped SnO2 nanoparticles
than the dodecahedral and lance-shaped SnO2 nanoparticles.
Meanwhile, the cycle adsorption and desorption experiments of
Cd(II) on octahedral, elongated dodecahedral, and lanceshaped SnO2 nanoparticles have also been investigated (Figure
S9). As observed, the obtained results of Cd(II) are similar to
that of Pb(II). The result further indicated that Pb(II) and
Cd(II) adsorbed on SnO2 {110} facet was more easily
desorption and diﬀusion to the electrode surface for reduction
and stripping than on the SnO2 {221} facet.
Furthermore, XAFS was used to further reveal the diﬀerent
electrochemical performance of SnO2 nanoparticles exposed by
diﬀerent facets at the atomic level, Pb(II) was chosen as a
representative HMIs. The Pb LIII-XAFS spectra (normalized k3weighted in k-space and Fourier transformed radial structure
function of EXAFS data in R-space) of Pb(II)-adsorbed
octahedral, elongated dodecahedral, and lance-shaped SnO2
nanoparticles are presented in Figure 7. Table 1 shows the
detailed ﬁtted structural parameters of EXAFS spectra,
including coordination number (CN), interatomic distance
(R), Debye−Waller factor (σ2), and inner potential shift (ΔE0).
Two main signal peaks, a strong signal of Pb−O bond and a
relatively weak peak of Pb−Sn bond can be observed in the
Fourier-transformed radial structure function curves of Pb(II)adsorbed octahedral, elongated dodecahedral, and lance-shaped
SnO2 nanoparticles (Figure 7b). From the results of Pb LIIIEXAFS ﬁtting analyses (Table 1), the average Pb−O bond
length (RPb−O) is 2.30 Å with a O atoms CN of 2.84 at Pb(II)adsorbed octahedral SnO2 nanoparticles. The average RPb−O is
2.32 Å with a O atoms CN of 2.59 at Pb(II)-adsorbed
elongated dodecahedral SnO2 nanoparticles, and the average
RPb−O is 2.35 Å with a O atoms CN of 2.43 at Pb(II)-adsorbed
lance-shaped SnO2 nanoparticles. As seen, with the increase of
the average percentage of exposed {110} facets in SnO2
nanoparticles, the RPb−O has a tendency to become longer,
the average RPb−O sequence is lance-shaped > elongated

■

CONCLUSIONS
In summary, through the electroanalysis studies from the three
diﬀerent shapes of octahedral, elongated dodecahedral, and
lance-shaped SnO2 nanoparticles, a novel exposed facet
dependent electrochemical detection behavior has been
reported. The octahedral SnO2 nanoparticles were mainly
composed of {221} facets, while the exposed surfaces of lanceshaped SnO2 nanoparticles were dominated with {110} facets.
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this work, through detailed experimental and theoretical
investigation, a reliable interpretation of the mechanism for
electroanalysis of HMIs with nanomaterials exposed by
diﬀerent crystal facets has been provided. Also, it provides a
deep insight into understanding the key factors to improve the
electroanalysis performance in HMIs detection.
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Table 1. Structural Parameters Gained from the EXAFS
Spectra Analyses at Pb LIII-Edge
sample
Pb(II)@octahedral
SnO2
Pb(II)@elongated
dodecahedral SnO2
Pb(II)@lance-shaped
SnO2
a

shell

CN

R (Å)

σ2
(×10−3 Å2)

ΔE0
(eV)

Pb−O

2.84

2.30

5.2a

−10.90

Pb−Sn
Pb−O

0.92
2.59

3.37
2.32

4.9a
7.1a

−12.37
−9.78

Pb−Sn
Pb−O

1.03
2.43

3.29
2.35

6.3a
8.4a

−11.52
−9.16

Pb−Sn

1.27

3.22

7.6a

−10.71

Z.J., M.Y., and S.-H.C. contributed equally to this work.

Notes

Figure 7. Pb LIII-XAFS spectra of Pb(II)-adsorbed octahedral,
elongated dodecahedral and lance-shaped SnO2 nanoparticles: (a)
normalized k3-weighted in k-space. (b) Fourier transformed of EXAFS
data in R-space. Black and red lines represent raw and ﬁtted curves,
respectively.
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