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ABSTRACT: The development of a nonenzymatic electrochemical sensor with
nanomolar detection of H,0O, has been highly desirable due to its wide applications in
bioanalysis. In this paper, the glassy carbon electrode (GCE) modified by carbon-doping
molybdenum carbide (f-Mo,C/C/GCE) was simply fabricated by simple drop-coating
method and used to detect H,O, in pretreated human serum. The f-Mo,C/C
hierarchical structure is obtained by a one-step pyrolysis of the single-crystal
[(H,L),(MogOy)], [L = N,N'-bis(3-pyridin)-1,4-xylyenediamine] and constructed
from amounts of nanoparticles (~10 nm) with a mesoporous size distribution of 42.46
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nm. At room temperature, the $-Mo,C/C/GCE sensor has a high sensitivity of 247.73  wo. ¢ uo

A mM™' cm™? a low detection limit of 90 nM (signal/noise = 3), as well as a wide U Modified

linear range of 0.27 pM—2.39 mM, and it shows better electrocatalytic performance of w Electrode

H,0, than the molybdenum oxide (obtained from the same precursor) modified glassy MGG MoCIC

carbon electrode (a-MoO;/GCE). Such outstanding electrocatalytic performances are
related to the synergistic effect of the inherent characteristics of the f-Mo,C/C material.
The satisfactory test results of the human serum samples indicate that the 3-Mo,C/C/GCE sensor can be used as a good candidate
for real-time detection of H,0, in biological, food, and environmental fields.
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B INTRODUCTION

Hydrogen peroxide (H,0,), as a common small molecular
compound with oxidation and reduction, is widely used in the
fields of pharmacy, clinic, bioanalysis, food, environmental
protection, and other chemical industries. As a byproduct of
cell metabolism, H,O, plays an important role in different
biological systems, such as immune cell activation, cell
proliferation, protein synthesis, and plant root growth.' The
appropriate concentration of H,O, (1—700 nM) is conducive
to intracellular information transmission. However, when the
concentration of H,O, is more than 700 nM, it is likely to
cause cell damage and gene mutation, further inducing
diabetes, arteriosclerosis, Alzheimer’s disease, cancer, and
other diseases.” ® Thereby, the detection of H,0, in human
serum is beneficial to the early screening of some cancers,

research on nonenzymatic H,O, sensor with low cost, high
selectivity, convenient operation, and well stability has been
fascinating.'’ Although noble metals and their sensitized
nanomaterials show good electrocatalytic properties,'’ the
commercial application of such sensors is limited due to their
scarce resource, high price, and the possibility of CI~
poisoning. In recent years, the nonenzymatic electrochemical
sensors assembled from the hierarchical metal oxides
nanostructures with good stability and catalytic properties,
such as MnOZ,12 C0304,13 CuO,14 Fe3O4,15 MnZCuO4,16 etc.,
have good application prospects in the field of H,0, detection.
However, most of the reported nonenzymatic sensors based on
metal oxides have low selectivity and high detection limit
(>uM level of H,0,), which make them difficult to detect
nanomolar-level H,0O, in biological analysis such as human
serum.'” In addition, fine synthetic methods in many reported

vascular diseases, and so on. Thus, developing a fast, precise,
and efficient detection method of nanomolar-level H,O, is
definitely crucial to disease diagnosis, environmental produc-
tion, and food safety.

At present, the methods of fluorescence analysis,”
spectrophotometry,” and electrochemical sensors’ have been
applied to the detection of H,0,. Among them, the
electrochemical sensor has recently attracted considerable
attention owing to its advantages of high sensitivity, easy
portability, and low detection limit. Especially, compared with
the enzyme-based sensor with high price and short life, the
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hierarchical micro/nanostructure materials are difficult and
complicated and also hinder their practical applications.lg’19
Therefore, it is a great challenge to simply prepare non-
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Scheme 1. Schematic Representation for the Preparation of f-Mo,C/C and @-MoO; Materials
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Figure 1. (a) 2-D layered structure of the hybrid [(H,L),(MogO,4)], compound; XRD patterns of $-Mo,C/C (b) and a-MoOjs (c) samples.

enzymatic electrochemical H,O, sensors with high selectivity
and low nanomolar-level detection limit.

Molybdenum carbide has recently attracted great interests
due to its high conductivity, good stability, and catalytic
property, and it has potential applications in solar cells,
superconductivity, lithium—sulfur batteries, and the hydrogen
evolution reaction.””*! Unfortunately, the well-biocompatibil-
ity of Mo,C has been rarely reported in the application of
electrochemical sensors as electrode material. In 2016, Zhai et
al. fabricated an electrochemical sensor by Mo,C nanotube/
thionin, which exhibited a detection limit as low as 3 pg mL ™"
for o‘t-fetoprotein.22 In the same year, another electrochemical
sensor based on a Mo,C/multiwalled carbon nanotube
(MWCNT) with the detection limit of rifampicin (0.04S
M) was also reported.”> Two years later, a Mo,C/n-
carboxymethyl chitosan sensor containing a DNA chain
replacement reaction was assembled, which showed the low
detection limit of 0.34 fM to RNA-21.”* Meanwhile, a porous
Mo, C@C nanosphere electrode could detect both guanine and
adenine, corresponding to the detection limit of 8.5 and 8.0
nM, respectively.”> Just recently, an electrochemical sensor
constructed from hollow Mo,C/C spheres was used to
determine the presence of hydroquinone, catechol, and
resorcinol with the detection limit of 0.12, 0.19, and 1.1 uM,
respectively.”® However, as far as we know, there has been no
report of H,0, electrochemical sensor based on molybdenum
carbide. Presently, the synthetic methods of molybdenum
carbide materials, such as nanoparticles,27 nanoribbons,*® two-
dimensional (2-D) layer,”” and porous octahedron,®® are
complicated, time-consuming, and difficult to be produced in
practice. In recent years, a simple pyrolysis method using
metal—organic frameworks (MOFs) as precursors has been
used to prepare metal oxide functional materials with a
hierarchical structure.”” We previously fabricated an @-MoQ,/
GO/GCE sensor (GO = graphene oxide; GCE = glassy carbon
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electrode), which exhibited a good electrocatalytic H,0,
property.”” However, this sensor showed a higher detection
limit of 0.31 yM. In view of the good biocompatibility and the
electrocatalysis of molybdenum carbide, we tried to prepare
Mo,C by calcining organic—inorganic hybrid [(H,L’),-
(MogOs4)], [HL' = N-(pyridin-3-ylmethyl)pyridine-3-amine]
crystal under inert gas atmosphere. Unfortunately, the attempt
failed. The reason was probably originated from the infinite
one-dimensional (1D) [(#-MogO,)*"], chain and the small
amount of carbon in ligand HL'. Therefore, we designed and
synthesized herein a new hybrid supramolecular compound
[(H,L),(MogOs)],, in which the ligand (L = N,N’-bis(3-
pyridin)-1,4-xylyenediamine) contains a carbon-rich spacer of
the -NH—CH-C¢H,—CH-NH- group, and the discrete (/-
MogO,6)*" clusters are surrounded by H,L*" cations. Bearing
this conception in mind, in this paper, mesoporous f-Mo,C/C
and a-MoQj hierarchical structures were successfully prepared
by a one-step pyrolysis in different atmospheres. A novel
nonenzymatic electrochemical sensor fabricated from p-
Mo,C/C/GCE was simply fabricated by a simple drop-coating
method, which presented excellent electrocatalytic properties
to H,O, for the first time. The sensor has a high sensitivity of
247.73 pA mM™! cm™ with a low detection limit of 90 nM
(signal/noise (S/N) = 3), and it can be applied to detecting
hydrogen peroxide in human serum.

B EXPERIMENTAL SECTION

The parts of chemical reagents, characterization instruments, and the
synthesis of [(H,L),(MogO,)], single crystal were listed in the
Supporting Information.

Preparation of Mesoporous #-Mo,C/C and MoOj; Hierarch-
ical Structures. Scheme 1 presents the synthetic procedure of the -
Mo,C/C and MoO; materials. According to the result of the
thermogravimetric (TG) curve of the [(H,L),(MogO,)], single
crystal in a N, atmosphere (Figure S3a), molybdenum carbide could
be prepared by calcining [(H,L),(MogOa4)], crystals at 700 °C in a
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reductive circumstance. The porcelain boat loaded with a pure crystal
sample was placed in a tubular furnace and then annealed at 700 °C
for 2 h in N,/H, atmosphere (nitrogen/hydrogen ratio = 95/5%).
Subsequently, the calcined product was separately cleaned with
deionized water and ethanol after it cooled to room temperature.
Finally, the black -Mo,C/C product was obtained and preserved in a
desiccator. In addition, according to the TG curve of the
[(H,L),(MogOy4)], crystals in an air atmosphere (Figure S3b), a
pale blue a-MoO; material was synthesized by annealing the crystal
sample at 600 °C for 2 h in an air atmosphere.

Fabrication and Electrochemical Measurements of Modi-
fied Electrodes. The f-Mo,C/C/GCE modified electrode was
prepared by drop-casting a pretreated 2 mg f-Mo,C/C sample onto
the surface of a cleaned GCE (see the Supporting Information). For
comparison, the @-MoO; sample was also used to fabricate another
modified electrode according to the above similar way, which was
named as @-MoO;/GCE. The electrochemical measurements of these
modified electrodes were listed in the Supporting Information.

B RESULTS AND DISCUSSION

Structure of [(H,L),(M0gO4¢)]l,. The supramolecular
structure of the compound is composed of one (f-
MogO,6)*™ cluster anion and two protonated H,L** organic
cations (Figure Sla). Adjacent (-MogO,4)*™ cluster anions
interact with H,L*' organic cations through N—H--O
interactions to generate an orderly hybrid inorganic—organic
layer (Figure 1a). The thickness of the discrete (8-MogO,4)*"
cluster anion is 7.63 A, and the distance between adjacent (/-
MogO,4)* clusters is 9.58 A along the b-axis. Furthermore, the
experimental powder X-ray diffraction (PXRD) pattern is
consistent with the data simulated from the single-crystal
diffraction, indicating that the single-crystal structure can
represent the bulk of the compound (Figure S1b). As we
forecasted, the separation of (-MogO,4)*™ clusters by H,L**
organic cations with a carbon-rich spacer of the -NH—CH-
C¢H,—CH-NH- group easily generates the molybdenum
carbide material. Therefore, mesoporous f-Mo,C and a-
MoO; hierarchical structures could be simply prepared by a
one-step calcination of this compound under different
atmospheres via the effect of the gas spillover.

Characterization of Mesoporous f-Mo,C/C and a-
MoO; Materials. The X-ray diffraction (XRD) patterns of the
products obtained from the calcination of the hybrid
[(H,L),(MogOy)], compound in different atmospheres are
illustrated in Figure 1b,c. It can be seen that the diffraction
peaks of the product sintered in N,/H, correspond well to
hexagonal -Mo,C (JCPDS No. 35-0787, P6ymc, a = 3.012 A,
b=3.012 A, c = 4.735 A). The diffraction peaks of the product
calcined in air are consistent with pure orthorhombic @-MoO;
(JCPDS No. 35-0609, Pbnm, a = 3.963 A, b = 13.856 A, ¢ =
3.697 A), which is evidently different from that in previously
reported work (@-MoO;, JCPDS No. 05-0508).** All these
strong and sharp peaks indicate that the two products have
good crystallinization, and no diffraction peaks of other Mo
compounds are observed. To further explore element
compositions and valence states, we performed the X-ray
photoelectron spectroscopy (XPS) analysis of a f-Mo,C
sample. The full survey of the XPS spectrum (Figure S4a)
indicates that the calcined product in a N,/H, atmosphere
contains Mo, C, and O elements without other impurities,
corresponding to the result of energy-dispersive X-ray
spectroscopy (EDS) analysis (Figure S4b). It should be
indicated that the existence of a small amount of the O
element originates from the oxidization of surface trace Mo,C
to MoO,, during the testing process, and the annealed product
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contains ~21 wt % carbon besides -Mo,C. Thereby, the
calcined product in the N,/H, atmosphere can be identified as
P-Mo,C/C composite.

The deconvoluted Mo 3d XPS spectrum is displayed in
Figure 2a. The two fitted peaks at 228.6 and 231.6 eV can be
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Figure 2. HR XPS spectra of Mo 3d (a), O 1s (b), and C 1s (c) and a
Raman spectrum (d) of f-Mo,C/C sample.

assigned to Mo 3ds,, and Mo 3d;, in Mo,C.** The two peaks
located at 229.8 and 233.5 eV can be recognized as Mo 3d;,
and Mo 3d;;, in MoO,, while the two binding energies of
232.5 and 235.7 eV can be identified as Mo 3d;,, and Mo 3d;,
in MoOs,, further indicating the existence of the Mo*" and
Mo®* valences in final product.’® These results indicate that a
small amount of unsaturated Mo,C on the surface of the
material transfers into MoO, and MoOj; during the XPS
measurement. In the high-resolution (HR) O 1s XPS spectrum
(Figure 2b), three peaks at $30.5, 532.0, and 533.5 eV
correspond to Mo—0O, C=0, and C—0.*° From the HR C Is
XPS spectrum (Figure 2c), the peak located at 283.1 eV can be
ascribed to the Mo—C bond in Mo,C,>® while the three
deconvoluted peaks with the binding energies at 284.7, 286.2,
and 288.8 eV can be ascribed to C—C, C—0O, and O—C=0,
respectively. To further verify the form of carbon, a Raman
spectrum of the Mo,C/C composite was performed. As
illustrated in Figure 2d, the three peaks located at 666, 824,
and 996 cm™' belong to the characteristic vibrations of
Mo,C.*” The characteristic D- and G-bands of the carbon at
1368 and 1597 cm™ can be clearly observed. The D-band is
associated with partial disordered structure or structural defect
in the carbon matrix, while the G-band is concerned with the
degree of graphitization, representin§ the E,, vibration mode of
sp>-hybridized graphite-like carbon.” The intensity ratio of D
and G peaks (Ip/Ig) can reveal the degree of disorder and
defect in the carbon material. It can be inferred from the Ij/I
value of 0.91 that the residual carbon in the #-Mo,C/C sample
is mainly the amorphous carbon. In addition, the results of the
XPS spectra also demonstrate that the calcined product in an
air atmosphere contains Mo and O elements apart from the C
1s peak at 284.6 eV as a reference (Figure S5a). The HR Mo
3d spectrum (Figure SSb) exhibits two characteristic peaks
located at 232.5 and 235.7 eV, corresponding to the Mo 3d;,
and Mo 3ds,, spin—orbit peaks of the a-MoOj; phase. For the
HR O 1s spectrum (Figure SSc), the three fitted peaks at
530.4, 531.9, and 533.1 eV are assigned to lattice oxygen,
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surface adsorbed oxygen, and hydroxyl oxygen, respectively.
Therefore, the PXRD and XPS results demonstrate that the
calcined product in an air atmosphere is pure orthorhombic a-
MoOj; phase.

The morphologies of p-Mo,C/C and a-MoOj; samples
display irregular quasi-microspheres, and some macropores
and cracks exist on their rough surface due to the effect of the
gas spillover during the pyrolysis of the hybrid [(H,L),-
(MogOy4)], compound (Figures S6 and S7). The fine
structures of the f-Mo,C/C and a-MoO; samples can be
observed by transmission electron microscopy (TEM)
technology after an ultrasound treatment in an ethanol
solution. As shown in Figure 3a, the hierarchical structure of
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Figure 3. TEM images of the f-Mo,C/C sample: (a) low
magnification; (b) HRTEM and SAED (inset), TEM images of a-
MoO; sample; (c) low magnification; (d) HRTEM and SAED
(inset); N, adsorption—desorption isotherms and pore-size distribu-
tion (inset) of the f-Mo,C/C (e) and a-MoOj5 (f) samples.

the -Mo,C/C sample is constructed from amounts of ~10
nm nanoparticles, and there are many mesopores on the
surface, which can improve the surface area and electrocatalytic
activity of the f-Mo,C/C materia. The HR TEM image
(Figure 3b) displays the lattice fringes of 0.261, 0.228, and
0.151 nm, corresponding to the d-values of (100), (101), and
(110) crystalline planes of hexagonal -Mo,C (JCPDS No. 35-
0787). The selected area electron diffraction (SAED) pattern
(inset of Figure 3b) exhibits a series of clear diffraction rings,
indicating the polycrystalline structure of the p-Mo,C/C
material. In contrast, the TEM image of mesoporous a-MoO;
shows that the hierarchical structure is constructed from
various nanosheets with the size smaller than 100 nm (Figure
3c). The HRTEM image in Figure 3d shows the lattice fringes
with a d-spacing of 0.381, 0.346, and 0.326 nm, corresponding
to (110), (040), and (021) crystalline planes of orthorhombic
a-MoO; (JCPDS No. 35-0609). In the corresponding SAED
pattern (inset of Figure 3d), the marked diffraction rings with
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the (021), (002), and (202) crystalline planes indicate that
orthorhombic @-MoOj; has a polycrystalline structure. The
nitrogen adsorption—desorption curves of -Mo,C/C and a-
MoOj; samples are all assigned the type IV isotherm with an
H3 hysteresis loop (P/P, > 0.8), demonstrating the existence
of the mesoporous structure (Figure 3e,f). The mesoporous
sizes are mainly distributed at 42.46 (-Mo,C/C) and 40.34
nm (a-MoO,). Such mesopores are mainly formed by the
cross-linking of nanoparticles and the gas overflow of the
organic species decomposition, which are beneficial to the
rapid diffusion of the analytes and increase the charge transfer
speed between electrode and electrolyte, thus further
improving the mass transfer efficiency. The Brunauer—
Emmett—Teller (BET) surface area of 5-Mo,C/C is 16.63
m?/ g, which is larger than that of @-MoOj; (13.36 m?/ g). The
relatively large specific surface area and mesoporous structure
could efficiently expose more active sites and provide a
favorable path for electrolyte transportation and penetration.
Therefore, compared with the a-MoO; material, the
mesoporous f-Mo,C/C material is expected to obviously
improve the electrocatalytic performance for the detection of
nanomolar-level H,0,.

Electrochemical Behaviors of Modified Electrodes.
The electrochemical performances of diverse modified GCEs
were characterized by cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) in 5.0 mM [Fe-
(CN)s]™~* (1:1) containing 0.1 M KCL As illustrated in
Figure 4a, the peak current of #-Mo,C/C/GCE is higher than
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Figure 4. (a) CV curves; (b) Nyquist polts; (c) chronocoulometric
curves, and (d) linear relationships between Q and /2 of diverse
working electrodes [(a) GCE, (b) f-Mo,C/C/GCE, and (c) a-
MoO,/GCE].

that of a-MoO;/GCE, ascribing to the good electrocatalytic
activity of carbon-doping mesoporous f-Mo,C. Therefore,
compared with a-MoO;, the CV test results indicate that j-
Mo,C/C has better electrical conductivity, thus effectively
increasing the electron transport rate on the electrode surface.
Generally, EIS technology is employed to analyze the interface
charge and electron transfer behavior of electrochemical
sensors. The Nyquist plot comprises of a semicircle in the
high-frequency region and a straight line in the low-frequency
region, indicating the occurrence of electron transfer and
diffusion process at the electrode. Particularly, the semicircle
diameter of the high-frequency region means the charge
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Figure S. Typical i-t curves of f-Mo,C/C/GCE (a) and a-MoO;/GCE (b) with continuous injection of H,0, (0.27 pM—2.39 mM) into 0.05 M
PBS (pH = 7.4) at the applied potential of —0.4 V (inset: a partial magnified i-¢ curve in low H,0, concentration range); corresponding calibration
plots of f-Mo,C/C/GCE (c) and a-MoO;/GCE (d) for H,O, sensing. Amperometric responses of different working electrodes (e) with
continuous additions of 0.05 mM H,0, into 0.05 M PBS (pH = 7.4) [(a) GCE, (b) a-MoO;/GCE, and (c) -Mo,C/C/GCE)].

transfer resistance (R). Thereby, it can be seen from Figure
4b that the $-Mo,C/C and a-MoO; materials are successfully
modified onto the bare GCE surface according to the
semicircular changes of different modified electrodes. The -
Mo,C/C/GCE has a tiny semicircular arc similar to bare GCE
at the high-frequency region, indicating that the interface R
value is very small. In contrast, after modification with the a-
MoO; material, a big semicircular diameter at the high-
frequency region is observed, manifesting that the interface R,
value of @-MoQO;/GCE is very large. The EIS test results are
consistent with the CV data. Therefore, these results further
reveal that f-Mo,C/C has a better electrical conductivity than
the @-MoQO; material, which can accelerate the electron
transfer on the electrode surface and enhance the electro-
catalytic performance of trace H,O,.

The chronocoulometric curves of different modified electro-
des were determined in 1.0 mM K;Fe(CN)4 solution
containing 2.0 M KCI. Figure 4c clearly indicates that the
relatively apparent surface area of diverse electrodes follows the
sequence of -Mo,C/C/GCE > a-MoO;/GCE > bare GCE.
The effective surface area (A) of various working electrodes
was estimated according to the following Anson’s equation®”

2nFAD' %t/

Q(t) = T + le + Qads

where n represents the charge transfer number; F is the
Faraday constant; A characterizes effective electrode area; D is
the diffusion coefficient in comparison of [Fe(CN)]™>/~* (7.6
X 107 cm*s™'); Qg is the double-layer charge; Q.q is the
faradic charge; and t is the scanning time. According to the
slope of the regression equation of Q-t'/? (Figure 4d), the
corresponding A values for $-Mo,C/C/GCE and a-MoO,/
GCE are 0.177 and 0.093 cm?, respectively. These two values
are very close to those calculated from the Randles-Sevcik

equation (Supporting Information),**™* which gives the A
value of 0.172 and 0.097 cm? for p-Mo,C/C/GCE and a-
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MoO;/GCE. The effective surface area of f-Mo,C/C/GCE is
~1.8—1.9 times greater than that of a-MoO;/GCE. The large
effective electrode area could increase the effective contact area
with the electrolyte, providing more infiltrating space for the
electrolyte to accelerate electron transfer, which is then helpful
for the improvement of the electrochemical performance.*
Therefore, the carbon-doping mesoporous S-Mo,C material
possesses not only good electronic conductivity but also well-
electrocatalytic H,O, performance.

Electrocatalytic Performance of Different Modified
Electrodes toward H,0,. The chronoamperometry can be
widely used to evaluate the electrocatalytic performance of the
electrochemical sensor to H,O,. First, the operating potential,
system pH value, and dripping volume on the electrode surface
were explored. The optimal experimental conditions were
defined as follows: (a) operating potential: —0.4 V, (b)
solution pH value: 7.4, (c) dripping volume: 10 uL (Figure
S8). With these optimal conditions at room temperature, the
electrocatalytic properties of the $-Mo,C/C/GCE and a-
MoO;/GCE electrodes toward H,O, detection were inves-
tigated in 0.05 M phosphate-buffered solution (PBS) (pH =
7.4) accompanied by continuous stirring under N, flow. It
should be indicated that the similar result can also be obtained
under an air atmosphere except for the relatively large noise
signal. With the addition of an H,0, solution (0.27 pM—2.39
mM), the amperometric curves (i-t curves) with obvious
stepwise enhancement for different modified electrodes were
obtained (Figure Sa,b). It can be seen that both -Mo,C/C/
GCE and a-MoO;/GCE electrodes have good electrocatalytic
performances toward H,O, in a wide concentration range, and
there are well-linear relationships in the curves of current
response versus H,O, concentration in the detection ranges of
027 uM—-2.39 mM and 144 uM-2.13 mM, respectively
(Figure Sc,d). The steady-state current of the -Mo,C/C/
GCE response to H,O, can reach a balance of 95% within § s.
The sensitivity of 247.73 yA mM ™' ecm™? for /-Mo,C/C/GCE
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is larger than that of a-MoO;/GCE (148.56 yA mM ™' cm™2),
while the estimated limit of detection (LOD) in the former (90
nM, S/N = 3) is S times that of the latter (480 nM, S/N = 3),
and even far lower than the LOD of previously reported a-
Mo0O,/GO/GCE (310 nM, S/N = 3).32 It should be pointed
out that the estimated LOD has a little error in comparison
with the calculated values (f-Mo,C/C/GCE, 98 nM; a-
MoO;/GCE, 570 nM) according to IUPAC rule (Supporting
Information).** Therefore, these results identify that the
electrochemical sensor based on the f-Mo,C/C/GCE
electrode has a higher sensitivity, a lower detection limit, and
a faster electrocatalytic response toward nanomolar-level H,O,.

The comparison of the electrocatalytic performance among
the -Mo,C/C/GCE, a-MoO;/GCE, and bare GCE electro-
des to H,0, is displayed in Figure Se. With the continuous
addition of 0.05 mM H,O,, the current response follows the
order f-Mo,C/C/GCE > a-MoQO;/GCE > bare GCE. The
results show that the current response value of -Mo,C/C/
GCE is 3.6 times greater than that of a-MoO;/GCE.
Furthermore, compared to the a-MoQOj; material, the electro-
chemical sensor based on f-Mo,C/C also displays a lower
detection limit, a wider linear detection region, and a faster
electrocatalytic response toward H,0,. In addition, it can be
seen from Table S4 that the electrocatalytic properties of the -
Mo,C/C sensor to H,0, are better than those of most
reported metal oxides and metal oxides/carbon nanotubes (or
r-GO) in recent years (references in Table S4). The higher
sensitivity (247.73 yuA mM™" cm™) and lower detection limit
(90 nM, S/N = 3) of f-Mo,C/C/GCE toward H,0, could be
related to the good electronic conductivity and high catalytic
activity that originated from the platinum-like structural
Mo,C*™* and carbon doping.46 Therefore, compared with
biological enzymes, precious metals, and their functionalized
composites, the electrochemical sensor based on the -Mo,C/
C sensing material has a good commercial application prospect
in the detection of trace H,O, owing to its outstanding
advantages of low price, simple preparation, and friendly
biocompatibility.

According to the above electrochemical experimental results
and the reported literature,”’ "’ the electrocatalytic mecha-
nism of f/-Mo,C/C/GCE to H,0, can be described as follows

H,0, + ¢ —» OH,4; + OH (a)
OH_, +e — OH™ (b)
20H + 2H' - 2H,0 (c)

In the electrocatalytic reaction, H,0, first captures one
electron to form the unstable intermediate OH,4 (eq a), which
can easily obtain another electron to generate a stable OH™
(eq b). Therefore, the generation of unstable intermediate
OH,4 is the key control step in H,O, electrocatalytic redox
reaction. The inherent characteristics of mesoporous f-Mo,C/
C hierarchical structure play important roles in its electro-
catalysis of H,0,, which can be explained as follows: (i) the
mesoporous structure is beneficial to shorten the diffusion path
and accelerate the charge transfer at the electrode—electrolyte
interface,”*’ further improving electron transfer rate and mass
transfer efficiency; (ii) the large effective surface area (A)
supply more active sites on the electrode surface and facilitate
the diffusion of analytes, which provides a highly efficient
platform for electrochemical detection of H,0,; (iii) the
synergistic effects of platinum-like electron structural Mo,C
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and doped carbon can effectively improve the catalytic activity
and the electronic conductivity of the electrochemical sensor
constructed from f$-Mo,C/C and rapidly promote the H,0,
electrocatalytic reaction on the electrode surface. Therefore, all
these factors result in the excellent sensing performance of this
electrochemical sensor in the detection of nanomolar-level
H,0,.

Selectivity, Stability, Reproducibility, and Practic-
ability of the -Mo,C/C/GCE Sensor. As is known to all,
the poor selectivity can lead to the false result, and thus the
selectivity of the electrochemical sensor is one of the most
important factors for evaluating its application in practice. To
explore the selectivity of the #-Mo,C/C/GCE sensor toward
H,0,, 0.05 mM H,0, together with 0.5 mM common
interfering species, for instance, NaNO,, glucose (Glu),
ascorbic acid (AA), uric acid (UA), threonine (Thr), and
cysteine (Cys),”>” were continuously added into the PBS
(0.0s M, pH 74) solution during the electrocatalytic
measurements. As shown in Figure S9a, it can be seen that no
additional amperometric response is observed after the
addition of the above interfering species, despite their 10
times concentrations rather than H,O,. Furthermore, the
steplike amperometric current is sharply enhanced after the
addition of H,O,, and the current response quickly returns to a
stable state within S s in the presence of interfering substances.
The results indicate that the determination of H,O, is not
influenced under the existence of the above-mentioned
interfering species. This is mainly ascribed to the following
points: (i) the H,0, has a good reaction activity on the basis of
the cleavage of the O—O bond;”" (ii) at the optimal potential
of —0.4 V, no obvious electrical signal was detected for these
interfering reagents, indicating that these substances were
hardly to be reduced at —0.4 V. Therefore, the $-Mo,C/C/
GCE sensor toward H,O, has good selectivity and strong anti-
interference ability to the common interfering substances.

Also, the stability and reproducibility of the electrochemical
sensor are two important indexes to evaluate the performance
toward H,O, in a practical application. The $-Mo,C/C/GCE
sensor was placed in an environment of 4 °C and measured
every 6 d by adding 0.05 mM H,O, into the PBS solution. The
current response can maintain 90% of the initial sensitivity
with the relative standard deviation (RSD) being lower than
2.68% (Figure S9b), indicating the good stability of the
electrochemical sensor for H,O, detection. To determine the
reproducibility, the five separate S-Mo,C/C/GCE sensors
fabricated simultaneously were measured according to the
above method. The result in Figure S9c shows that the RSD is
less than 2.5%. Furthermore, the same electrode was
continuously tested five times in the PBS solution containing
0.05 mM H,0, (Figure S9d), and the RSD of the current
response is ~2.1%. These results demonstrate that the p-
Mo,C/C/GCE electrode prepared by a simple drop-coating
method has satisfactory reproducibility for H,O, detection.

To assess the practicability of the nonenzymatic H,O,
sensor in a real application, the electrochemical sensor based
on -Mo,C/C/GCE was applied to the detection of H,0, in
real human serum specimens. In view of the fact that the high
viscosity of human serum after a centrifugal treatment can
affect the accuracy of the test, the above specimens were
centrifuged and diluted 40 times with PBS (0.05 M, pH = 7.4)
before the measurement. Subsequently, the recovery of
different concentrations of H,O, spiked into the human
serum specimens was determined by a standard addition
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method.>>>® The results in Table 1 show that the average
recovery is in the range of 96.4—100.5% and that the RSD

Table 1. Determination of H,0, in Real Human Serum
Specimens using #-Mo,C/C/GCE Electrochemical Sensor

human serum H,0, added H,0, found recovery RSD
specimens (uM) (uM) (%) (%)
20 19.28 96.4 1.11

2 40 40.19 100.5 2.26

3 60 59.71 99.5 1.03

varies from 1.03—2.26%, illustrating that the test method has
satisfactory accuracy and that the results exhibit good
practicality for the electrochemical detection of H,O, in real
human serum specimens. Therefore, it can be expected that the
nonenzymatic S-Mo,C/C/GCE electrochemical sensor with
higher sensitivity and lower detection limit could be used in
real-time to detect nanomolar-level H,O, in the fields of
disease diagnosis, biological analysis, environmental produc-
tion, and food safety.

B CONCLUSIONS

In summary, carbon-doping mesoporous -Mo,C and a-MoO;
hierarchical structures constructed from nanoparticles were
simply prepared by a one-step calcination of the single-crystal
[(H,L),(MogOy4)], precursor in N,/H, and air atmospheres,
respectively. The p-Mo,C/C/GCE sensor fabricated by a
simple drop-coating method was efficiently used to detect
H,0, in real human serum specimens for the first time.
Compared with the a-MoO;/GCE electrode and most
reported metal oxides sensing materials, the p-Mo,C/C/
GCE sensor displays good nanomolar electrochemical
detection of H,0,, which originated from the synergistic
effect of inherent characteristics of f-Mo,C/C material
involving the hierarchical nanostructure, uniform mesopore,
large surface area, platinum-like electronic structural f-Mo,C,
and carbon doping. This work not only provides a simple
synthesis strategy of mesoporous metal carbide hierarchical
nanostructure but also sets up a new route for developing
efficient nonenzymatic electrochemical sensors. Furthermore,
its satisfactory determination of H,O, in real human serum
specimens provides the possibility for its practical application.
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