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ABSTRACT: Modulating the active sites of oxygen vacancies
(OVs) to enhance the catalytic properties of nanomaterials has
attracted much research interest in various ﬁelds, but its intrinsic
catalytic mechanism is always neglected. Herein, we establish an
eﬃcient strategy to promote the electrochemical detection of
Pb(II) by regulating the concentration of OVs in α-MoO3
nanorods via doping Ce3+/Ce4+ ions. α-MoO3 with the Cedoped content of 9% (C9M) exhibited the highest detection
sensitivity of 106.64 μM μA−1 for Pb(II), which is higher than that
achieved by other metal oxides and most precious metal
nanomaterials. It is found that C9M possessed the highest
concentration of OVs, which trapped some electrons for strong
aﬃnity interaction with Pb(II) and provided numerous atomic
level interfaces of high surface free energy for catalysis reactions. X-ray absorption ﬁne structure spectra and density functional theory
calculation indicate that Pb(II) was bonded with the surface-activated oxygen atoms (Os) around Ce ions and obtained some
electrons from Os. Besides, the longer Pb−O bonds on C9M were easier to break, causing a low desorption energy barrier to
eﬀectively accelerate Pb(II) desorbing to the electrode surface. This study helps to understand the changes in electronic structure
and catalytic performance with heteroatom doping and OVs in chemically inert oxides and provide a reference for designing highactive electrocatalytic interfaces to realize ultrasensitive analysis of environmental contaminants.

■

INTRODUCTION
Constructing special active sites on the nanomaterials’ surface
for speciﬁc application has aroused widespread interest in
various research ﬁelds.1 Surface high-active components and
defects, such as vacancy, doping atoms, edge sites, grain
boundary, and dislocation, can tremendously tune the
electronic structure and the physicochemical property of
nanomaterials.2 Oxygen vacancy (OV) is one of the common
surface defects on metal oxides and is usually considered to be
the dominated active site for the adsorption of the target
substance and catalysis chemical reactions, which has made
great contribution in energy, environment, and photocatalysis
ﬁelds.3 For instance, Zhao et al. designed an OV essential C@
Ti4O7/g-C3N4 heterojunction, achieving the excellent photodegradation performance for several dye pollutants.4 Li et al.
constructed a heterostructure with CeO2 nanoparticles and
CoP nanosheets, which possessed plentiful interfaces and OV
as catalytic-active centers for outstanding oxygen evolution
reaction performance. 5 Hezam et al. prepared a CeO 2
nanomaterial with abundant OVs for photocatalytic CO2
reduction and the existence of OVs promoted light absorption
and enhanced its adsorption capacity for CO2.6 However, their
© 2020 American Chemical Society

explanations for the remarkable performance were generally
focused on these ordinary views that OVs served as active sites,
advanced catalytic activity and adsorptive capacity, and
accelerated electron transfer rate and so forth. Actually, most
of the studies involving OVs have failed to clearly elucidate its
eﬀect on adjusting the electronic structure of the substrate
material and the corresponding catalytic reaction mechanism,7,8 which is a general problem and demands in-depth
exploration. Similarly, OVs also play a vital role in promoting
the detection of heavy metal ions (HMIs) in the electrochemical analysis ﬁeld,9 but the interaction mechanism
between OVs and target analytes is also not yet clear enough.
Thus, great eﬀorts need to be made to explore the eﬀect of
OVs on the electronic structure of the substrate material and
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Figure 1. (a) SEM, (b) TEM, and (c) HRTEM images of α-MoO3. (d) SEM, (e) TEM, and (f) HRTEM images of C9M. (g) Elemental mapping
images of C9M. (h) High-resolution XRD patterns of α-MoO3 and CMs. (i) Raman spectra of α-MoO3 and CMs.

its catalytic mechanism toward target HMIs in electrochemical
processes.
α-MoO3 is a typical n-type semiconductor functional
material, which has wide applications in various ﬁelds such
as ion battery, photocatalysis, gas sensor, and supercapacitor.10,11 Unfortunately, to the best of our knowledge, few
MoO3-based materials have been used for the electrochemical
analysis of HIMs, as its poor conductivity and chemically inert
surface make it hard to availably adsorb analytes and induce
redox reactions.12 Considering that OVs can adjust the
intrinsic electronic structure and surface physicochemical
property of metal oxides and tune the coordination structure
of the adsorbate by virtue of their surface dangling bonds and
local electrons,13 we believe that the introduction of OVs into
α-MoO3 is a promising way to ameliorate its inert surface and
enhance its electrocatalytic performance.
Herein, the diﬀerent concentrations of OV were successfully
created in α-MoO3 nanorods by doping diﬀerent contents of
Ce ions (6, 9, 12 wt %); the corresponding samples were
marked as C6M, C9M, and C12M, respectively, and utilized
for the determination of Pb(II), as the excessive intake of
Pb(II) in children’s bodies could cause lead poisoning and
severely aﬀect their intellectual development, physical growth,
and behavioral capacity. C9M-modiﬁed glass carbon electrode
(C9M/GCE) showed an ultrahigh sensitivity of 106.64 μM
μA−1 toward Pb(II) with square wave anodic stripping
voltammetry (SWASV) technology, which is much higher
than that obtained by other metal oxides. Furthermore,
electron paramagnetic resonance (EPR) and X-ray photoelectron spectroscopy (XPS) results demonstrate that numerous OVs existed on the surface of C9M. The eﬀect of OVs on
the electrochemical sensing mechanism was explored with
XPS, density functional theory (DFT) calculation, and X-ray
absorption ﬁne structure (XAFS) spectroscopy. C9M/GCE

showed excellent stability and reproducibility and achieved the
precise analysis for Pb(II) in a wastewater sample.

■

EXPERIMENTAL SECTION
Electrochemical Tests. Electrochemical experiments were
performed by a CHI660E computer-controlled potentiostat
(ChenHua Instruments Co., Shanghai, China). Electrochemical tests were operated with GCE as the working
electrode, Pt wire as the counter electrode, and Ag/AgCl as the
reference electrode. SWASV technology was adopted to detect
the target analyte. The deposition voltage of −0.9 V was
applied to GCE and kept running for 90 s to reduce Pb(II)
under the condition of stirring (500 rpm). Subsequently, the
voltage was operated from −0.8 to −0.2 V to oxidize deposited
Pb(0), and the stripping signal caused by electron transfer was
recorded. The stripping current signals almost increase linearly
with the concentrations of Pb(II). Combining the results of
multiple electrochemical tests, we can acquire a calibration
linear equation of the current value versus Pb(II) concentration. The slope S of this calibration equation is the detection
sensitivity for Pb(II). The theoretical limit of detection (LOD)
is calculated from 3SD/S (3σ method), where SD is the
standard deviation of several sets of test data. After each
electrochemical test, the working electrode was regenerated at
a voltage of 0.8 V to remove the residuary Pb(0) from the
electrode surface.
Adsorption Experiments. For the convenience of
description, C6M, C9M, and C12M samples are collectively
labeled as CMs in the following. CMs and α-MoO3 samples
were added into 8 mL of NaAc-HAc (pH 6.0) solution, which
contained 50 μM Pb(II), respectively, and followed by the
ultrasonic treatment for 15 min and then vibrated in a shaker
for 1 h at room temperature (300 rpm). Finally, the solid
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Figure 2. SWASV response current for Pb(II) in 0.1 M NaAc-HAc electrolyte (pH 6.0) using (a) bare GCE, (b) α-MoO3, (c) C6M, (d) C9M, and
(e) C12M, respectively. The insets are the corresponding linear relationship between peak current and Pb(II) concentration. (f) Comparisons of
detection sensitivity and LOD (deposition voltage: −1.0 V; deposition time: 90 s).

synthesis of α-MoO3.15 When diﬀerent contents of Ce were
introduced into α-MoO3, no additional diﬀraction peaks
appeared in Figure S1, suggesting that Ce elements were
uniformly doped into the lattice of α-MoO3 without changing
the crystal structure. However, in the high resolution of XRD
patterns (Figure 1h), it is noted that the angles of partial
diﬀraction peaks slightly shifted to a lower angle and the peak
width was slightly broadened compared to those in pure αMoO3. It is explained as that Ce3+/Ce4+ ions with a larger
radius of 1.03/0.92 AÅ substituted for the sites of Mo6+ ions
with a smaller radius of 0.59 AÅ, causing lattice distortion in αMoO3 and aﬀecting its crystallinity.14 The characteristic peaks
of Raman spectra were presented at 335.0, 377.1, 664.5, 818.2,
and 994.1 cm−1 in the pure α-MoO3 and CM samples (Figure
1i), and the intensity ratios (I818/I994) between the peaks at
818.2 and 994.1 cm−1 in α-MoO3, C6M, C9M, and C12M
were 2.62, 1.65, 1.31, and 1.33, respectively. According to the
previous literature, the decrease of I818/I994 indicates that the
anion vacancies along the c-axis direction were created by Ce
doping.16 Therefore, the CM samples with a large number of
surface defects were successfully prepared.
Electrochemical Performance toward Pb(II). After
optimizing the experimental conditions (Figure S2), the
electrochemical performances of α-MoO3 and CMs for Pb(II)
were studied by SWASV technology, and the detection results
are displayed in Figure 2. Clearly, the current signals of Pb(II)
appeared at ca. −0.6 V on bare GCE (Figure 2a), α-MoO3
(Figure 2b), C6M (Figure 2c), C9M (Figure 2d), and C12M

samples were gained by centrifugal separation and then washed
with deionized water twice and freeze-dried for 12 h.

■

RESULTS AND DISCUSSION
Structure Characterization of α-MoO3 and CMs. The
morphology and structure characterization of as-prepared αMoO3 and C9M are displayed in Figure 1. α-MoO3 showed a
nanorod structure with a cross-sectional diameter of 300 nm,
as displayed in Figure 1a,b. There were mainly two crystal
facets of (040) and (110) in the high-resolution transmission
electron microscopy (HRTEM) image of α-MoO3 (Figure 1c)
with the lattice spacings of 0.34 and 0.38 nm, respectively.
After Ce doping in α-MoO3, the nanorod structure of C9M
was maintained well with a cross-sectional diameter of 330 nm
(Figure 1d,e) and possessed a rougher surface. From the
HRTEM image in Figure 1f, it is found that multiple lattice
fringes were severely distorted owing to the dopant of Ce ions
with the larger radius.14 The elemental mapping images of
C9M in Figure 1g suggest that the Ce elements were evenly
distributed in α-MoO3. The morphology and structure of C6M
and C12M were similar to those of C9M. After dissolving the
prepared samples by concentrated nitric acid, the diﬀerent
doping contents of Ce ions were determined as 6, 9, and 12 wt
% by inductively coupled plasma atomic emission spectroscopy.
The XRD diﬀraction peaks of α-MoO3 in Figure S1 were
completely consistent with the standard card of JCPDS#050508, indicating the good crystallinity and the successful
16091
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XPS spectra of α-MoO3 and CMs is displayed in Table S3, and
the percentages of OVs in C6M, C9M, and C12M were 12.10,
31.60, and 13.80%, respectively. The C9M sample possessed
the highest quantity of OVs. However, there was almost no
apparent diﬀerence in the high-resolution XPS of Mo 3d
among these four materials (Figure S3b), indicating that the
chemical state of Mo6+ remains unchanged after Ce3+/Ce4+ is
partially substituted. Herein, low-valence Ce3+/Ce4+ ions
which occupied the lattice sites of high-valence Mo6+ ions
caused the unbalance of local charges; thereby, OV arose to
balance the charge.21 Besides, the existence of Ce3+ ions could
also induce OVs on the surface of α-MoO3.6
EPR was employed to further analyze the surface electronic
state and determine the OV concentration in CMs. The CM
samples all showed a characteristic signal at g = 2.002 in Figure
3c, which was generated by the unpaired electrons in OV,22
but α-MoO3 did not have this characteristic signal. Thus, there
were numerous unpaired electrons (surface free electrons) and
OVs on the CM surface, but no OV was observed in α-MoO3.
What is more, OV concentrations in CMs samples can be
quantiﬁed by double integration of their ESR signals, as
mentioned in previous reports.23 The sequence of OV
concentration is C9M > C12M > C6M > α-MoO3, which is
consistent with the XPS results. The sequence of OV
concentration is in accord with the sequence of detection
sensitivity. Therefore, the high concentration of OV defects
may be one of the reasons for the C9M material exhibiting the
best electrochemical performance toward Pb(II) because it has
been certiﬁed that OV defects have a strong aﬃnity for the
adsorption of target HMIs and increase the quantity of charge
carriers in electrochemical reactions.24 Besides, OV defects can
aﬀord many atomic level interfaces of high activity and surface
free energy for catalysis electrochemical reactions.25
We also adopted the cyclic voltammetry and electrochemical
impedance spectroscopy to conﬁrm the electron transfer rate
and resistance of the prepared sensing interfaces, and the
results are displayed in Figure S4. Based on the above
experimental results, the quantitative relation among the
sensitivity, OV concentration, and conductivity of these four
materials is compared in Figure 3d. Focusing on C9M and
C12M, it is observed that C12M showed the best conductivity
rather than the highest sensitivity for Pb(II), whereas C9M had
the highest OV concentration and the highest detection
sensitivity, which demonstrates that OV defects on the CM’s
surface seem to be of dominant importance in achieving high
sensitivity, and the catalytic ability of OV deserves more
attention.
Electronic Structure of Ce-Doped α-MoO3 Calculated
by DFT. The changes in electronic structure after Ce-doped in
α-MoO3 were further explored by DFT calculation. The model
optimization results of α-MoO3 and Ce-doped α-MoO3 are
shown in Figure S6. Compared with pure α-MoO3 (Figure 4a),
the band structures of Ce-doped α-MoO3 became ﬂat. The
upper band edge of Ce-doped α-MoO3 moved to a lower
energy, and the band gap was reduced from 1.916 to 1.028 eV.
Besides, the indirect band gap was transformed into the direct
band gap, indicating that the electrical conductivity was
signiﬁcantly improved. The density of states (DOS) of Mo, O,
and Ce atoms in α-MoO3 and Ce-doped α-MoO3 are
compared and shown in Figure 4c. It is observed that after
Ce doping to form OV, the s-orbit electronic energy levels of
the surface O atoms (Os) around Ce were split obviously, and
the broadening increased clearly. Besides, its broadening range

(Figure 2e). The peak current values all increased with Pb(II)
concentration, and their linear relationships are shown in the
insets of Figure 2a−e, respectively. The detection sensitivities
of bare GCE, α-MoO3, C6M, C9M, and C12M toward Pb(II)
were 8.33, 9.72, 31.68, 106.64, and 59.13 μA μM−1,
respectively. Their theoretical LODs were calculated as 0.56,
0.23, 0.06, 0.01, and 0.04 μM, respectively. From the
comparison of detection results in Figure 2f, it is observed
that C9M exhibited the highest detection sensitivity for Pb(II),
which is an order of magnitude higher than that obtained by
pure α-MoO3 and also higher than most of the electrochemical
sensors in previous reports shown in Table S1. Both the
theoretical and practical LODs of C9M are the lowest and
even much lower than the tolerance value (0.048 μM) in the
drinking water set by the World Health Organization.17
Notably, although the doping of Ce ions signiﬁcantly advanced
the electrochemical performance, the C12M material with the
highest Ce-doped content did not show the best detection
results. Instead, the C9M material exhibited remarkable
electrochemical performance. The underlying reason will be
discussed in the following.
Chemical State and Electronic Structure Study of
CMs. We collected XPS and EPR spectra to analyze the
chemical states and electronic structure of the CM samples.
From XPS spectra in Figure S3a, it is noted that the
characteristic peaks of Ce 3d were present in CM samples
after doping. The high-resolution XPS of Ce 3d in Figure 3a

Figure 3. High-resolution XPS spectra of (a) Ce 3d and (b) O 1s in
α-MoO3 and CMs. (c) EPR spectra of α-MoO3 and CMs. (d)
Quantitative relation among sensitivity, OVs, and conductivity.

can be identiﬁed as four peaks. The peaks at 886.2 and 904.6
eV were assigned to Ce3+, and another two peaks at 882.8 and
901.0 eV were assigned to Ce4+.18 The ratio of Ce3+ and Ce4+
to Ce total in Ce 3d XPS spectra of CMs is shown in Table S2,
and the percentages of Ce3+ content in C6M, C9M, and C12M
were 62.67, 73.50, and 70.36%, respectively. Moreover, the
high-resolution XPS spectra of O 1s in CMs can be identiﬁed
as two peaks at 530.6 and 531.5 eV (Figure 3b), assigned to
the lattice oxygen (OL) of α-MoO3 and surface OVs,
respectively.19,20 However, the α-MoO3 sample only had the
lattice oxygen peak at 530.6 eV, which suggests that the
introduction of Ce3+/Ce4+ ions created numerous OVs on the
α-MoO3 surface. The ratio of OL and OVs to O total in O 1s
16092
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Figure 5. (a) XPS spectra of α-MoO3 and CM samples after the
adsorption of Pb(II). Comparisons of high-resolution XPS spectra of
(b) Pb 4f, (c) O 1s, and (d) Cd 3d.

respectively. C9M possessed the largest adsorption capacity
toward Pb(II). Besides, there is a prominent change in the
high-resolution XPS of O 1s after Pb(II) adsorption in Figure
5c. The peak assigned to lattice oxygen was still present at
530.6 eV in α-MoO3 and CMs, whereas the peak assigned to
OVs in CMs shifted to 531.0 eV, revealing the key role of OVs
in the adsorption of Pb(II). Besides, another peak that arose at
529.1 eV in CMs was assigned to the Pb−O bonds,26,27 which
indicates that Pb(II) ions adsorbed on the CM surface were
presented in the form of Pb−O bonds. The ratio of OL, OV,
and Pb−O to O total in O 1s XPS spectra of α-MoO3 and
CMs after the adsorption of Pb(II) is shown in Table S3, and
the percentages of Pb−O bonds in C6M, C9M, and C12M
were 12.33, 24.40, and 18.76%, respectively. More Pb(II) was
adsorbed on the C9M surface, which may be related to its
highest OV concentration, as the strong aﬃnity interaction of
the electrons conﬁned in OV can eﬀectively capture numerous
Pb(II). Figure 5d reﬂects that Ce still existed in the forms of
Ce3+ and Ce4+ after the adsorption of Pb(II). However, after
the adsorption of Pb(II), the percentages of the Ce3+ content
in C6M, C9M, and C12M were reduced to 52.31, 56.28, and
54.56%, respectively, compared with that in pristine CM
samples (Table S2). The content percentages of Ce4+ were all
increased, which implies that partial Ce3+ ions were converted
to Ce4+ and lost some electrons after the adsorption of Pb(II).
Figure S5 shows the high-resolution XPS spectra of Mo 3d
after the adsorption of Pb(II); it is observed that the
characteristic peaks of Mo 3d5/2 and Mo 3d3/2 in α-MoO3
and CMs were all present at 232.97 and 236.10 eV,
respectively, which are almost the same as that in pristine αMoO3 and CMs. This suggests that the chemical state of Mo
atoms remained unchanged after interaction with Pb(II).
Therefore, only surface OV and Ce ions may participate in the
catalytic reduction process of Pb(II).
XAFS Study on the Coordination Environment of
Pb(II). To further deeply explore the working mechanism of
C9M promoting the detection signal toward Pb(II), XAFS
spectra were collected to investigate the coordination environment and structural information around Pb atoms. Their
corresponding extended X-ray absorption ﬁne structure
(EXAFS) spectra of Pb LIII-edge are shown in Figure 6a.
Table S4 displays the ﬁtting results of the ﬁrst shell of the Pb
atom. It is found that in the C6M, C9M, and C12M samples,
only the Pb−O coordination bonds were discovered in the ﬁrst

Figure 4. Band gap diagrams of (a) α-MoO3 and (b) Ce-doped αMoO3. (c) Changes in DOS before and after Ce-doped in α-MoO3.
The charge density diﬀerence images on the horizontal slice through
the (d) Ce atomic layer and the (e) OV atomic layer. (f) Charge
density diﬀerence images on the vertical slice through Ce and OV
atomic layers. The blue areas symbolize electron depletion, and the
red areas symbolize electron accumulation.

was precisely in good agreement with the p-orbit electronic
energy level of Ce atoms, which indicates their strong coupling
interaction. However, there is no obvious change in the
electronic energy levels of Mo atoms after Ce doping, which is
in accord with the XPS results. From the charge density
diﬀerence images in Figure 4d−f, it is found that Ce atoms lost
electrons, and Os around Ce got a lot of electrons. Although
the surface OVs are positively charged, a few electrons were
still transferred to OVs, which indicates that some electrons
were conﬁned around the OV. The electrons trapped in the
OV were favorable for capturing more Pb(II) to further
electrochemical redox reactions.
Chemical Interaction between CMs and Pb(II). XPS
was utilized to reveal the surface chemical interaction between
CM materials and Pb(II). The XPS characteristic peaks of Pb
4f were presented in the spectra of α-MoO3 and CMs after the
adsorption experiment (Figure 5a), which indicates that Pb(II)
ions were eﬀectively adsorbed on these four materials. It is
found that two peaks of Pb 4f7/2 and Pb 4f5/2 appeared at 139.0
and 144.0 eV in α-MoO3, whereas these two peaks appeared at
138.6 and 143.6 eV in CMs (Figure 5b). A shift of 0.4 eV to
low binding energy demonstrates the changed chemical state of
Pb(II) in CMs. The atomic ratios of Pb in α-MoO3, C6M,
C9M, and C12M were about 0.26, 0.54, 1.67, and 0.88%,
16093
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Figure 6. (a) Raw data and ﬁtting curves of Pb LIII-edge EXAFS (R
space, k3-weighted) in C6M, C9M, and C12M without correcting for
scattering phase shift. (b) Corresponding k3χ(k) oscillations of C6M,
C9M, and C12M.

neighbor coordination environment of the Pb atom with the
average bond lengths (RPb−O) of 2.29, 2.35, and 2.31 Å with
the coordination numbers of 2.0, 2.0, and 2.2, respectively.28
This indicates that Pb(II) ions were adsorbed on CMs with the
formation of Pb−O bonds, which is in accord with the XPS
results. The length sequence of the Pb−O bonds is C9M >
C12M > C6M. The longer Pb−O bond in C9M is easier for
breakage and favorable for desorbing Pb(II) to the electrode
surface with a lower desorption energy barrier,29 thereby
ensuring the rapid progress of electrochemical reactions. Their
reverse Fourier transform spectra in Figure 6b all ﬁt well with
their corresponding raw data, illustrating the accuracy and
reliability of these analysis results.
Changes in the Electronic Structure of Ce-Doped αMoO3 after Interaction with Pb(II). We further performed
the DFT calculations to explore the electronic structure
changes before and after Pb(II) adsorbed on Ce-doped αMoO3, and the optimization results of Pb(II) adsorption
conﬁguration are exhibited in Figure S7. The changes in the
DOS of Ce, O, and Pb atoms are shown in Figure 7a. It is
clearly seen that several newborn orbital hybrid peaks emerged
in the total DOS of Ce-doped α-MoO3/Pb (in black dotted
frame), which suggests more stable adsorption conﬁguration of
Pb(II) on Ce-doped α-MoO3 than that on α-MoO3.30 Besides,
the adsorptive energy of Pb(II) adsorbed on Ce-doped αMoO3 (−2.40 eV) was much lower than that adsorbed on αMoO3 (−1.50 eV). Such orbital hybrid peaks were caused by
the hybridization between Pb 6s and O 2p and the electronic
structure changes of Ce 5p and Pb 5d orbits after adsorption
from the partial DOS. The strong orbital hybridization of Pb
and O atoms was also corresponding with the result of Pb−O
bonds detected by XAFS. However, from the DOS of edge-Mo
(far from Ce ion) and adjoin-Mo atoms (adjacent to Ce ion)
in Ce doped α-MoO3 (Figure S8), it is clearly observed that
there was no obvious change in the peak-width and peakposition of the s-, p-, d-orbital electrons after the adsorption of
Pb(II) as well as the electronic structure at the Fermi level. It
indicates no interaction between Pb(II) and Mo6+. The charge
density diﬀerence image on the slice through Ce and Pb atoms
in Figure 7b reﬂects that the blue area surrounded the Ce
atom, indicating that electrons ﬂowed out of Ce atoms, which

Figure 7. (a) Comparison of DOS between Ce-doped α-MoO3/Pb
and α-MoO3/Pb. (b) Charge density diﬀerence image on the slice
through Ce and Pb atoms. The blue areas symbolize electron
depletion, and the red areas symbolize electron accumulation. (c)
Charge density diﬀerence image. The green areas symbolize electron
depletion, and the yellow areas symbolize electron accumulation.

is in accord with the result of the increased oxidation state of
Ce obtained by XPS. The pink area surrounded Pb ions,
implying that there are electrons ﬂowing into Pb ions. From
the charge density diﬀerence image in Figure 7c, it is found
that Os around Ce lost electrons, and Pb ions got some
electrons. Thus, after Pb(II) adsorption on Ce-doped α-MoO3,
Ce and Os lost some electrons, and Pb(II) got the electrons.
The Mulliken charges of Ce, Os, and Pb were calculated and
are shown in Table S5, and Pb ions adsorbed on Ce-doped αMoO3 achieved more 0.28 e than that adsorbed on α-MoO3.
Therefore, Ce-doped α-MoO3 possesses the exceptional ability
to catalyze the reduction of Pb(II).
Catalytic Mechanism for High-Sensitive Detection of
Pb(II). Herein, Figure 8 shows the detection mechanism of the
C9M material enhancing the electrochemical signal of Pb(II).
First, the analyte free-Pb(II) in electrolyte solution diﬀused to
the surface of C9M and was quickly captured by the OV
because of the strong aﬃnity between electrons in OV and
Pb(II). Besides, OVs also provide many atomic level interfaces
of high activity and surface free energy for the adsorption and
catalysis of Pb(II). Subsequently, Pb(II) interacted with Os
around Ce ions with the formation of Pb−O bonds; some
electrons of Os were transferred into Pb(II), catalyzing its
electrochemical reduction reactions. Because of the ordinary
conductive property of C9M, some target Pb(II) cannot be
reduced and oxidized in situ on the surface of C9M. They
should be desorbed to the GCE surface, and then the
electrochemical redox reaction of Pb(II) can be induced. The
longer Pb−O bonds of C9M were easy to break with a low
energy barrier, which eﬀectively accelerates Pb(II) ions
desorbing to the GCE surface. The fast mass transfer rate of
16094
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Figure 8. Schematic diagram for C9M enhancing the electrochemical stripping signal of Pb(II).

electrochemically inert oxides, meanwhile providing an
inspiration for exploiting new catalysts and designing ultrasensitive sensors for environmental electroanalysis.

Pb(II) is conducive to more Pb(II) ions reduced into Pb(0),
and then the enhanced electrochemical oxidation current
signals and the ultrahigh detection sensitivity are obtained.
Electrochemical Stability and Reproducibility Exploration. Stability and reproducibility of C9M/GCE were also
evaluated in 0.1 M NaAc-HAc electrolyte solution (pH 6.0), as
they are closely related to the analytical accuracy of the
sensors. The current signals of 10 times continuously repeated
detection for 0.15 μM Pb(II), and the current signals detected
by 10 diﬀerent C9M/GCE (E1−E10) are displayed in Figure
S9a,b, respectively. The same peak-shape, peak-position, and
the low relative standard deviation of these peak currents
certiﬁed the outstanding stability and reproducibility of C9M/
GCE. Thus, the C9M material can be used as a superior
sensing material for precise determination of Pb(II).
Furthermore, the detection sensitivity (104.48 μA μM−1)
obtained in the wastewater sample was not far diﬀerent from
that in the standard buﬀer solution (106.64 μA μM−1), and the
accuracy of C9M/GCE for detection of Pb(II) was veriﬁed
(Figure S10). Therefore, C9M serving as a superior sensing
material is expected to be applied in the real water
environment for accurate detection of Pb(II).
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CONCLUSIONS
In summary, we have demonstrated the key role of surface OVs
and Ce ions in tuning electronic structures of Ce-doped αMoO3 nanorods and catalyzing electrochemical analysis
behavior toward Pb(II). C9M/GCE showed the highest
detection sensitivity of 106.64 μM μA−1 toward Pb(II).
Combining the XPS and EPR results, it is revealed that a
large number of OVs existed on the C9M surface, which served
as active centers for the adsorption of Pb(II), as the electrons
conﬁned in the OVs had a strong aﬃnity interaction with
Pb(II). Furthermore, XPS and DFT calculation reﬂects that
Pb(II) were combined with the activated Os around Ce ions
forming Pb−O bonds, and some electrons of Os were
transferred to Pb(II), catalyzing its electrochemical redox
reactions. In addition, XAFS analysis indicates that the Pb−O
bonds on C9M were longer than that on C6M and C12M,
which is more favorable for the breakage of Pb−O bonds and
desorption of Pb(II) to the electrode surface with a low energy
barrier, thereby accelerating the preconcentration of Pb(0).
Moreover, C9M/GCE exhibited remarkable stability and
reproducibility during Pb(II) detection, and the accurate
detection results were also obtained even in the real wastewater
sample. Defect engineering on sensing interfaces aﬀords a
promising approach for improving the electrocatalytic ability of
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