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Abstract

Electrocatalytic glucose oxidation reaction (GOR) has attracted much attention owing to its crucial role in biofuel cell fab-
rication. Herein, we load MoO; nanoparticles on carbon nanotubes (CNTs) and use a discharge process to prepare a noble-
metal-free MC-60 catalyst containing MoO;, Mo,C, and a Mo,C-MoOj interface. In the GOR, MC-60 shows activity as
high as 745 pA/(mmol/L cm?), considerably higher than those of the Pt/CNT (270 pA/(mmol/L cm?)) and AwW/CNT catalysts
(110 pA/(mmol/L cm?)). In the GOR, the response minimum on MC-60 is as low as 8 umol/L, with a steady-state response
time of only 3 s. Moreover, MC-60 has superior stability and anti-interference ability to impurities in the GOR. The better
performance of MC-60 in the GOR is attributed to the abundant Mo sites bonding to C and O atoms at the MoO;—Mo,C
interface. These Mo sites create active sites for promoting glucose adsorption and oxidation, enhancing MC-60 performance
in the GOR. Thus, these results help to fabricate more efficient noble-metal-free catalysts for the fabrication of glucose-based

biofuel cells.
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Introduction

Glucose (C¢H|,0y) is one of the most common biomasses.
Among various reactions related to glucose, the electro-
catalytic glucose oxidation reaction (GOR) has attracted
great attention [1]. The GOR plays a crucial role in con-
structing glucose-based biofuel cells for solving energy
and environmental concerns [1, 2]. The GOR is also a
key reaction in the fabrication of sophisticated devices
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that detect trace glucose in blood and food [2-5]. Noble
metal catalysts, e.g., Au- and Pt-based catalysts, are the
most widely used catalysts for the GOR because of their
high catalytic activity, which is usually evaluated by the
electronic current (pA) originating from detecting and
converting 1 mmol/L (mM) glucose on a 1 cm? electrode
coated by catalysts. For example, the PACuPt nanocrys-
tal catalyst with multibranches exhibited an activity of
378 pA/(mmol/cmz) in the GOR. However, noble metal
catalysts still suffer from poor response to trace glucose
and low anti-interference ability to impurities [2]. Addi-
tionally, high prices and scarce resources of noble metals
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limit the large-scale commercialization of noble metal
catalysts. Efficient noble-metal-free catalysts for the GOR
are thereby highly desired.

Many noble-metal-free catalysts have been developed
for the GOR, e.g., transition metal oxides, transition metal
phosphates, transition metal sulfides, and carbon nanofibers
[6-12]. Wang et al. [7] fabricated a NiCo—NiCoO,/carbon
hollow cage catalyst for the GOR and obtained an improved
GOR activity of 340.4 pA/(mmol/L cm?) and good long-
term stability. This good performance was attributed to the
high electronic conductivity, large surface area, and fast ion/
electron transfer at the electrode and electrolyte—electrode
interface on the NiCo-NiCoO,/carbon hollow cage catalyst
[7]. Mao et al. [8] filled NiS/Ni(OH), nanosheets in hollow
interiors of ammonium polyacrylate-functionalized polypyr-
role nanotubes (NH,PA/PPyNTs) to form NiS/Ni(OH),/
NH,PA/PPyNTs catalyst. In the GOR, NiS/Ni(OH),@
NH,PA/PPyNTs exhibited improved performance, with a
detection limit of only 3.1 umol/L (the lowest glucose con-
centration that the catalyst can respond to) [8]. Furthermore,
ionizable NH,PA and good conductive PPyNTs promoted
electronic transmission as well as the transport of glucose
and products, whereas NiS/Ni(OH), nanosheets provided
more abundant catalytic active sites [8]. This characteristic
was shown to be the origin of the improved GOR perfor-
mance of NiS/Ni(OH), @NH,PA/PPyNTs [8]. Peng et al.
[11] reported that the activity of the carbon-layer-coated
tungsten oxide nanosphere catalyst in the GOR was higher
than that of the pure tungsten oxide nanosphere catalyst
without carbon. Coating a carbon layer with a thickness
of 15 nm on a tungsten oxide nanosphere created oxygen
vacancies on the surface of tungsten oxide nanospheres,
and these vacancies enhanced electron transfer between the
catalyst and reactants (H,O and glucose), promoting glucose
oxidation by O or/and OH groups formed from H,O dis-
sociation [11]. This result was proposed to be the origin of
the higher activity of the carbon-layer-coated tungsten oxide
nanosphere catalyst in the GOR [11]. Despite extensive stud-
ies, the performance of the noble-metal-free catalyst in the
GOR, including activity, response time, stability, and anti-
interference ability to impurities, are still below the require-
ments of commercialization and need further improvements.

Herein, we coat MoO; nanoparticles on carbon nano-
tubes (CNTs) to form a noble-metal-free MC-60 catalyst
by a discharge process under an argon (Ar) atmosphere
(Figs. 1a, S1, and S2). In the GOR, MC-60 exhibits an activ-
ity of 745 uA/(mmol/L cm?). This activity is higher than
those on a CNT-supported Pt catalyst (Pt/CNT) (270 pA/
(mmol/L sz)) and a CNT-supported Au catalyst (Au/CNT)
(110 pA/(mmol/L cm?)). Moreover, MC-60 has superior sta-
bility and anti-interference ability to impurities in the GOR.
The improved performance of MC-60 in the GOR is due
to the abundant Mo sites bonding to C and O atoms at the
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MoO;-Mo,C interface, which serve as active sites for glu-
cose adsorption and oxidation.

Experimental Section
Catalyst Preparation

Figure la illustrates the preparation process of catalysts.
Ammonium molybdate (AMT, 170 mg) was first loaded on
CNT (200 mg) via wet impregnation. Second, the sample
obtained in the first step was dried at 60 °C for 12 h, forming
the CNT-supported AMT (AMT/CNT). Third, AMT/CNT
was treated by the discharge process for 20 min, affording a
catalyst MC-20. Elongating the discharge process conducted
on AMT/CNT to 60 min produced the MC-60 catalyst. For
comparison, we also prepared a Mo,C/CNT catalyst using
the following steps. First, AMT (170 mg) and glucose
(510 mg) were loaded on CNTs (200 mg) via wet impreg-
nation. Second, the impregnated sample was dried at 60 °C
for 12 h. Third, the dried sample was treated by the discharge
process for 60 min, forming the Mo,C/CNT catalyst.

The set-up of the discharge process is shown in Figs. S1
and S2. In the discharge process, a 500 mg sample was first
placed in the discharge chamber. Subsequently, Ar was intro-
duced into the discharge chamber. Next, 100 V was applied
to the electrodes of the discharge chamber to trigger the dis-
charge process. The discharge process proceeds at atmos-
pheric pressure without heating. The temperature of the dis-
charge process is below 150 °C, lower than the temperature
traditionally used for dissociating AMT (>200 °C) [13-16].
During the discharge process, abundant electrons with ener-
gies of 5—10 eV are produced from Ar ionization and move
at high speeds in the discharge chamber. Collisions of the
electrons with other species can efficiently dissociate metal
salts into metal oxides, reduce metal ions into metal atoms,
control the transfer and aggregation of metal atoms to form
metal nanoparticles with uniform sizes, and trigger various
reactions among different species [13—16]. Further details
regarding the discharge process have been reported in our
previous work [16—18].

Catalyst Characterization

A PANalytical X’Pert powder X-ray diffraction meter with
Cu Ka radiation was applied to observe the X-ray diffraction
(XRD) patterns of catalysts. Raman spectra were obtained
on equipment (Jobin—YvonLabRam HR800) with an Ar laser
(514 nm). X-ray photoelectron spectroscopy (XPS) observa-
tions were conducted on an AXIS UltraDLD spectrometer.
All binding energies were calibrated using the C 1s peak
at 284.8 eV. Specific surface areas of catalysts were meas-
ured on a micromeritics ASAP 2020 adsorption analyzer
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Fig. 1 Catalyst preparation and characterization. a Schematic for preparing catalysts; b XRD patterns; ¢ N, adsorption—desorption curves; d

Raman spectra

and calculated using the Brunauer—-Emmett-Teller (BET)
method. Transmission electron microscopy (TEM) observa-
tions, including high-resolution TEM (HRTEM), high-angle
annular dark field, and elemental mapping images, were per-
formed on a transmission electron microscope (FEI Titan G2
80-200 Chemi STEM).

Electrochemical Measurements

A workstation (CHI760E, CH Instrument, Inc.) with a three-
electrode system comprising a working electrode, counter
electrode, and reference electrode was used to perform elec-
trochemical measurements at room temperature. Loading the
catalyst on a circular glassy carbon electrode with a diameter
of 0.3 cm produced the working electrode. A Pt plate elec-
trode (0.5 mm X 0.5 mm) and a saturated calomel electrode
(SCE) were the counter and reference electrodes, respec-
tively. To activate these electrodes and stabilize the reaction
system, 20 cycles of cyclic voltammetry (CV) scans were
performed at 100 mV/s from—1to 1 V (vs. SCE) before the
experiments. The electrocatalytic oxygen evolution reaction
(OER) from H,0O was performed in a 100 mL aqueous solu-
tion containing 0.1 mol NaOH. The potential was calculated
using Eq. (1):

Eue = Esce +0.2415 +0.0591 x pH )

Egcg and Egyp were obtained against the SCE and cali-
brated versus the reversible hydrogen electrode (RHE),

respectively. Linear sweep voltammetry (LSV) polariza-
tion curves were recorded at 5 mV/ s with a 90% iR (inter-
nal resistance) compensation. The overpotential at 10 mA/
cm? (17,0) was calculated by subtracting 1.23 V from the
potential (Egyg) at 10 mA/cm? on the LSV curve. To cal-
culate electrochemical double-layer capacitance (Cpy ), Aj
was first obtained from Eq. (2):

Aj=j oxidation —J reduction 2

Here, jidation a0 Jreduction r€ current densities on the
oxidation and reduction parts of the CV curves, respec-
tively; Aj was then plotted as a function of the scan rate
and linear fitting of the Aj-(scan rate) curve obtained Cpy; .
Linear fitting on the Tafel curve deduced from the LSV
curve led to the Tafel slope.

The reaction solution for the GOR was similar to
that for OER (aqueous solution with 0.1 mol/L. NaOH,
100 mL), except that a certain amount of glucose was
added to the solution. The relationship between current
density and glucose concentration was deduced according
to CV scans obtained at different glucose concentrations.
Before the GOR, the reaction solution was stirred at a
speed of 200 r/min for 2 min to ensure fast and uniform
dispersion of glucose. All tests were performed in a static
solution without stirring. The current density as a func-
tion of time and the immediate response were obtained at
a 500 mV potential (vs. SCE).

@ Springer



66

Y.-L. Men et al.

Results and Discussion
Catalyst Characterization

As depicted in Fig. 1b, MC-20 exhibits XRD peaks at
12.6°, 14.1°, 21.9°, 23.2°, 25.5°, 27.3°, 28.6°, 29.4°,
32.9°, 33.6°, 35.2°, 38.7°, 39.4°, 45.6°, 46.0°, 49.2°,
52.7°, 53.9°, 54.9°, 56.2°, 57.4°, 58.7°, 64.3°, 69.5°,
72.8°, 76.3°, and 78.6°, with the peak appear at 25.5°
being attributed CNTs (PDF#75-1621) and other peaks
being attributed MoO; (PDF#76-1003). In the XRD pat-
tern of MC-60 (Fig. 1b), in addition to the peaks of CNTs
and MoOs;, peaks at 18.4°, 34.6°, 38.1°, 42.4°, 44.7°,
48.6°, 49.7°, and 67.3° are attributed to Mo,C (PDF#75-
1621). This result indicates that MC-20 is composed of
CNTs and MoOj;, while MC-60 contains CNTs, MoOj,
and Mo,C. Abundant electrons are produced in the dis-
charge process during catalyst preparation [13—18]. When
conducting the discharge process to treat AMT/CNTs for
20 min, collisions of the electrons produced during the
discharge process with AMT result in the dissociation of
AMT to MoOs;, producing MC-20 containing CNTs and
MoO; [13-18]. When the discharge process is increased

to 60 min, in addition to the dissociation of AMT from
MoQO;, collisions of the electrons produced during the dis-
charge process with Mo species and CNTs create Mo—C
bonds, thus affording MC-60 that contains CNTs, MoO3,
and Mo,C [13-18]. N, adsorption—desorption experiments
(Fig. 1c) reveal that surface areas of MC-20 (70.95 mZ/g)
and MC-60 (70.55 m%/g) are similar. The Raman spectra
of MC-20 and MC-60 (Fig. 1d) are almost identical and
show peaks at 1332 and 1581 cm™, respectively, due to
CNTs [16-18].

As per the TEM images (Figs. 2 and S3), MoO; nanopar-
ticles are dispersed on CNTs on MC-20 and MC-60. Lattice
fringes with a distance of 0.340 nm observed on MC-20 and
MC-60 are due to the (002) plane of CNTs (Fig. 2a and b)
[16]. MoOj; nanoparticles on MC-20 have an average size
of (12.1+0.8 nm) (Fig. S3). In addition to their presence on
CNTs, lattice fringes with a distance of 0.233 nm are also
found on MC-20 and attributed to the (131) plane of MoO;
(Fig. 2a). The average size of the MoO; nanoparticles on
MC-60 (11.6 £0.7 nm) (Fig. S3) is close to that on MC-20.
In addition to appearing on CNTs, lattice fringes with dis-
tances of 0.233, 0.212, and 0.201 nm are also observed on
MC-60 and are caused by MoO5(131) (PDF#76-1003),

Fig.2 Catalyst morphologies. a TEM and HRTEM images of MC-20; b TEM and HRTEM images of MC-60; ¢ Elemental mapping images of

MC-20; d Elemental mapping images of MC-60

@ Springer



Boosted Electrocatalytic Glucose Oxidation Reaction on Noble-Metal-Free MoO;-Decorated. .. 67

(@) (b)

Intensity (a.u.)
Intensity (a.u.)

—_—
(2)
N

Mo 3d

MC-20

Intensity (a.u.)

280 284 288 292 296 528 532

Binding energy (eV)

556 5;10 5;14 224 228 232 236 240
Binding energy (eV)

Binding energy (eV)
(d)

—
D
N

C1s

MC-60

Intensity (a.u.)
Intensity (a.u.)

oS

O1s

3

MC-60 Mo 3d MC-60

Intensity (a.u.)

280 284 288 292 296 528 532
Binding energy (eV)

Binding energy (eV)

5:;,6 52.0 5;14 224 228 232 236 240
Binding energy (eV)

Fig. 3 Surface properties of catalysts. a C 1s, b O 1s and ¢ Mo 3d XPS spectra for MC-20. d C 1s, e O 1s and f Mo 3d XPS spectra for MC-60

Mo,C(112) (PDF#75-1621), and M0y0O,4(020) (PDF#05-
0441) planes, respectively (Fig. 2b). This result reveals
Mo,C formation on MC-60. When treating metal oxides
with the discharge process, collisions of discharge process
electrons with metal oxides create oxygen vacancies on
metal oxides [13—16]. Thus, oxygen vacancies are formed
on MoO; of MC-60 during the discharge process. This out-
come could be the origin of MoyO,, on MC-60. Elemental
mapping patterns confirm the presence of C, Mo, and O on
MC-20 and MC-60 (Fig. 2c and d).

Full-range survey XPS spectra confirm the presence of C,
0, and Mo on MC-20 and MC-60 (Fig. S4). Thus, the C 1s
XPS spectrum of MC-20 exhibits four peaks at 284.8, 286.9,
290.2, and 291.8 eV (Fig. 3a). The peak at 284.8 eV is due
to C—C and C=C bonds in CNTs, and the peak at 286.9 eV
is caused by the C—O bond formed between C atoms and OH
groups on CNTs [17-23]. Peaks at 290.2 and 291.8 eV are
due to O=C-0 bonds in COOH groups on CNTs [17-23].
The O 1s XPS spectrum of MC-20 has two peaks at 531.1
and 532.4 eV, characteristic of O atoms in the lattice of
MoO; (Oy,,) and OH or/and COOH groups on CNTs (O,4,)
[17-25]. The Mo 3d XPS spectrum of MC-20 can be fitted
into two peaks at 233.2 and 236.3 eV (Fig. 3c), which are
due to Mo®* in MoO; [22, 23]. The C 1s XPS spectrum of
MC-60 (Fig. 3d) is similar to that of MC-20, indicating that
a longer discharge process for catalyst preparation did not
influence CNT features. Compared with those of MC-20, the

O Is XPS peaks of MC-60 (Fig. 3e) shift to lower binding
energies. This shift could be due to the electronic interac-
tions between MoO; nanoparticles and CNTs. Mo 3d XPS
peaks due to Mo®" in MoO on MC-60 are located at 232.9
and 236.1 eV, lower than those on MC-20. This comparison
further implies electronic interactions between MoO; nano-
particles and CNTs on MC-60. In the Mo 3d XPS spectrum
of MC-60, in addition to the peaks of Mo®* in MoO;, a
peak appears at 228.1 eV and is assigned to Mo** in Mo,C
(Fig. 3f) [22-25]. These XPS spectra demonstrate that Mo,C
is negligible on MC-20 but present on MC-60.

MC-20 is prepared by conducting a 20 min discharge pro-
cess on AMT/CNT (Fig. 1a). As depicted by XPS spectra
(Fig. 3a—c), the Mo-containing species on MC-20 is MoOs;,
and no other Mo-containing species such as AMT and
Mo,C are on MC-20. Thus, the 20 min discharge process
can completely dissociate AMT into MoO; but cannot pro-
duce Mo,C. Increasing the discharge process time from 20 to
60 min leads to Mo,C formation, as reflected by XPS spec-
tra (Fig. 3d—f). Mo,C could be produced from the reaction
of Mo atoms of MoO; with C atoms of CNTs, rather than
the reaction of AMT with CNTs, as AMT was completely
dissociated into MoOj in the 20-min discharge process. To
explore how the time of the discharge process affects Mo,C
formation, Mo 3d XPS spectra of catalysts prepared using
20, 40, 60, 90, and 120 min discharge processes are com-
pared (Fig. S5). By increasing the discharge process time
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from 20 to 120 min, the Mo 3d XPS peak of Mo** of Mo,C
becomes stronger. According to Mo 3d XPS spectra, the
ratios of Mo,C/MoQOj on catalysts prepared using 20, 40, 60,
90, and 120 min discharge processes are calculated to be O,
0.06,0.11, 0.15, and 0.18, respectively. Thus, Mo,C content
on the catalyst increases when increasing the discharge pro-
cess time for catalyst preparation from 20 to 120 min. Mo,C
is formed in two ways. First, during a discharge process
longer than 20 min, collisions of discharge process electrons
with MoOj; nanoparticles and CNTs trigger the reaction of
Mo atoms of MoOj; nanoparticles and C atoms of CNTs at
the MoO;—CNT interface, producing Mo,C there. Second,
during a discharge process longer than 20 min, collisions of
discharge process electrons with CNTs induce a transfer of
C atoms from CNTs to MoO; nanoparticles, triggering the
reaction of Mo atoms with C atoms. This produces Mo,C
on MoOj; nanoparticles. Mo,C formations on MC-60, at the
MoO;-CNT interface or on MoOj; nanoparticles, create the
Mo,C-Mo0Oj; interface on MC-60.
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GOR Performance of Catalysts

During the GOR process, OER inevitably occurs [2-10,
17]. Moreover, O atoms and OH groups formed from OER
are key species for glucose oxidation in the GOR. Thus,
before exploring the performance of catalysts in the GOR,
their performance in OER is first studied. Figure 4a illus-
trates CV curves for CNTs, MC-20, and MC-60 in OER.
Pure CNT has no activity to OER. MC-20 and MC-60 are
active to OER, with the activity of MC-60 higher than that of
MC-20. According to LSV polarization curves (Fig. 4b), 1,
for MC-20 and MC-60 is calculated to be 450 and 410 mV,
respectively. Thus, to produce a 10 mA/cm? current, 410 mV
and 450 mV potentials are needed on MC-60 and MC-20,
respectively. This result confirms that MC-60 has a higher
activity to OER than MC-20. The electrochemical active
surface area (ECSA) is evaluated by measuring Cpy; in a
potential range without a Faradic process at scan rates of
20, 40, 60, 80, 100, and 120 mV/s (Fig. S6). As shown in
Fig. 4c, the Cpy; of CNT, MC-20, and MC-60 are 2.0, 8.8,
and 10.0 pF/cm?, respectively. Thus, the ECSA of CNT,
MC-20, and MC-60 are 0.05, 0.22, and 0.25, respectively.
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The larger ECSA could be responsible for the higher OER
activity of MC-60. The Tafel slopes of MC-20 and MC-60
are measured to be 210 and 168 mV/dec, respectively
(Fig. 4d). The smaller Tafel slope reveals that the reaction
rate is faster on MC-60 than on MC-20. These results show
that MC-60 has higher activity and faster kinetics in OER
than MC-20.

The reaction system for the GOR has a certain amount
of added glucose, but otherwise is similar to that for OER.
We first explore the performances of MC-20 and MC-60 in
the GOR in an aqueous solution (0.1 mol NaOH) containing
5 mmol/L glucose, as depicted in Fig. 5a. Compared with
those obtained in the absence of glucose (Fig. 4a), the CV
curves of MC-20 and MC-60 with 5 mmol glucose added
to the reaction solution exhibit evident peaks from 1.35 to
1.55 V, which are caused by the reduction and oxidation of
glucose [5—11]. This comparison reveals that the GOR is
triggered by MC-20 and MC-60. Compared with those of
MC-20, the reduction and oxidation peaks of glucose in the
CV curves of MC-60 are stronger. Thus, MC-60 has higher
activity in the GOR than MC-20. We next explore the CV
curves of MC-20 and MC-60 at different glucose concentra-
tions (Cyjyeose) (Fig. S7). The current density (j) at the top
of the glucose oxidation peak on the CV curve in Fig. S7 is
plotted as a function of Cye 10 Fig. 5b. The j—Cijy o4 Tela-
tionships are well fitted by straight lines for MC-20 (Eq. (3))
and MC-60 (Eq. (4)):

J = 0.026 X Cypyoose + 0.4 3)

J=0.745 X Cyiyeoee + 5.7 4)

The slope of the j—Cljyco line corresponds to the activity
of the catalyst in the GOR, i.e., the electronic current (LA)
originating from detecting and converting 1 mmol glucose
on a 1 cm? electrode coated by the catalyst. According to
the j=Cyjycose lines in Fig. 5b, the activity of MC-60 in the
GOR is 745 pA/(mmol/L cm?), 28.6-fold higher than that of
MC-20 (26 pA/(mmol/L cm?)).

Catalysts prepared using different discharge process
times exhibit different activities in the GOR. As illus-
trated in Fig. 5c¢, when increasing the discharge process
time from 20 to 120 min, the GOR activity of the catalyst
first increases from 26 to 745 pA/(mmol/L cm?) and then
decreases to 232 uA/(mmol/L cm?), with the highest GOR
activity being achieved on MC-60. We also examine the
activity of the Mo,C/CNT catalyst in the GOR. The Mo
3d XPS spectrum of Mo,C/CNT (Fig. S8) shows Mo,C
peaks but not MoO;, peaks, indicating that MoOj is negligi-
ble on Mo,C/CNT. Moreover, the GOR activity of Mo,C/
CNT is pA/(mmol/L cm?), which is much lower than that
of MC-60. Additionally, in our previous work, we explored

the performance of Pt/CNT and Au/CNT catalysts in the
GOR [11, 17, 26]. The activity of MC-60 in the GOR is
also higher than those of Pt/CNT (270 pA/(mmol/L cm?))
and Au/CNT (110 pA/(mmol/L cm?)). The detection limit
(response minimum) reflects the sensitivity of the catalyst
in the GOR and is measured by recording the amperometric
response (Fig. 5d). A lower detection limit indicates that the
catalyst has a higher sensitivity in the GOR. By successively
adding a certain amount of glucose to the reaction solu-
tion, the current density on MC-60 shows step-like changes
representing the response of MC-60 to the GOR. The step-
like current density response is still evident at a Cyjcoe a8
low as 8 pmol/L (pM) and disappears when Cycoqe 1S lower
than 8 pmol/L. Thus, the detection limit of MC-60 in the
GOR is 8 pmol. The steady-state response time of MC-60
at a Cyjyeose OF 8 pmol/L is only 3 s. The detection limit on
MC-20 is 200 pmol, 25-fold larger than that of MC-60 (Fig.
S9). Moreover, the steady-state response time of MC-20
(10 s, Fig. S9) is much longer than that of MC-60. This
comparison further demonstrates the higher efficiency of
MC-60 in the GOR.

To measure the anti-interference ability of the catalyst to
impurities during the GOR, we continuously add glucose
(0.1 mmol), urea (0.1 mmol), glutamic acid (0.1 mmol),
oxalic acid (0.1 mmol), citric acid (0.1 mmol), amylum
(0.1 mmol), chitosan (0.1 g/L), and NaCl (0.1 mmol) to the
reaction solution. When glucose is added to the reaction
solution, MC-60 shows a fast and strong response; when
other species are added, there is no response (Fig. Se),
revealing the excellent anti-interference ability of MC-60
to impurities during the GOR. The current density remains
almost unchanged after proceeding with the GOR for 30 h
on MC-60, but it decreases by 20% after proceeding with
the GOR for 10 h on MC-20. This comparison indicates that
MC-60 has a higher stability in the GOR (Fig. 5f).

Discussion

As previously mentioned, MC-60 containing MoO; and
Mo,C considerably outperforms the MoO;/CNT catalyst
without Mo,C (MC-20) in the GOR. Next, we discuss the
origin of this difference in performance. The morpholo-
gies, MoOj; nanoparticle sizes, and surface areas of MC-60
and MC-20 are similar and, therefore, not the origins of
the difference. An evident difference between MC-60 and
MC-20 is that Mo,C is negligible on MC-20 but present on
MC-60. The presence of Mo,C on MC-60 at the MoO;-CNT
interface or on MoO; nanoparticles creates a Mo,C-MoO;
interface on MC-60. This interface could influence glucose
adsorption and oxidation on MC-60.

To elucidate the influence of the Mo,C-MoO; inter-
face on glucose adsorption and oxidation, we explore
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Fig.5 GOR performance of catalysts. a CV curves; b Current den-

sity as a function of Cyeqse; € Activity of catalysts prepared using

different discharge times; d Current density measured when adding

different CglumSe into reaction solution at different times for MC-60;

e Current density measured when continuously adding glucose

the glucose adsorption and oxidation on pure MoO;,
the MoO;/Mo,C composite with Mo—C bonds at the
Mo0O;-Mo,C interface, and pure Mo,C using density
functional theory (DFT) calculations. Details of the DFT
calculation method and structures for modeling these sys-
tems are shown in supplementary information (Fig. S10).
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(0.1 mmol/L), urea (0.1 mmol/L), glutamic acid (0.1 mmol/L), oxalic
acid (0.1 mmol/L), citric acid (0.1 mmol/L), amylum (0.1 mmol/L),
chitosan (0.1 g/L) and NaCl (0.1 mmol/L) into reaction solution at
different times (0.5 V vs. SCE) for MC-60. f Stability of MC-20 and
MC-60 in GOR

The adsorption energy (E,) of glucose on a catalyst is cal-
culated using Eq. (5):

Ea = E(glucose—calalysl) _Eglucose _Ecalalyst (5)
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Positive and negative E, values represent endothermic
and exothermic adsorption, respectively. Therefore, a more
negative E, indicates a more favorable adsorption of glucose
on the catalyst. On pure MoO; and pure Mo,C, the Mo site
is most favorable for glucose adsorption, with E, of —0.12
and —0.25 eV, respectively (Fig. S10). On the MoO,;/Mo,C
composite with Mo—C bonds at the MoO;—-Mo,C interface,
Mo site bonding to C and O atoms at this interface is most
favorable for glucose adsorption, with an E, of —0.68 eV
(Fig. S10). This result indicates that the MoO;/Mo,C com-
posite with Mo—C bonds at the MoO;—Mo,C interface pro-
motes glucose adsorption, compared with pure MoO; and
pure Mo,C.

Previous studies have shown that during the GOR, the
product of glucose oxidation by O or/and OH groups pro-
duced from H,O dissociation is gluconate anion, and glucose
oxidation to gluconate anion proceeds along with the forma-
tion of intermediates 11-13 (Fig. 6) [17, 27-30]. Figure 6
shows the oxidation process as well as the DFT-calculated
reaction energy (E,) and energy barrier (E,) of each step on
pure MoO;, the MoO,/Mo,C composite with Mo—C bonds
at the MoO;—Mo,C interface, and pure Mo,C. As shown
by E. and E, in Fig. 6, glucose oxidation is more favora-
ble on the MoO4/Mo,C composite with Mo—C bonds at the
MoO;-Mo,C interface than on pure MoO; and pure Mo,C,
thermodynamically and kinetically. Thus, the MoOs/Mo,C
composite with Mo—C bonds at the MoO;—Mo,C interface
promotes glucose oxidation, compared with pure MoO; and
pure Mo,C.

Based on the DFT calculations, bonding of Mo with C
and O at the MoO;—Mo,C interface promotes adsorption and
oxidation. Mo,C formation on MC-60 at the MoO;—CNT
interface or on MoO; nanoparticles creates abundant Mo
sites, wherein Mo bonds to C and O atoms to promote glu-
cose adsorption and oxidation. This occurrence could be
the origin of the better performance of MC-60 in the GOR.
However, excess Mo,C on CNT-supported MoO; nanopar-
ticle catalysts decreases the number of MoOj;, thus decreas-
ing the amount of Mo sites bonding to C and O atoms. This
occurrence could be the origin of the decreased GOR perfor-
mance of catalysts that have more Mo,C including catalysts
prepared using the 90 and 120 min discharge processes as
well as the Mo,C/CNT catalyst (Fig. 5¢). The ratio of Mo,C/
MoO; in MC-60 is 0.11. Therefore, on the CNT-supported
MoOj; catalysts, this ratio should be controlled near 0.11.

Conclusion

In summary, we loaded MoO; nanoparticles on CNTs and
used a discharge process to form a noble-metal-free MC-60
catalyst containing a Mo,C-MoO; interface. In the GOR,
MC-60 shows activity as high as 745 pA/(mmol/L cm?),
28.6-fold higher than that on catalysts without a
Mo,C-MoO; interface (26 pA/(mmol/L cm?)) and higher
than those on the Pt/CNT catalyst (270 uA/(mmol/L cm?))
and the Au/CNT catalyst (110 pA/(mmol/L cm?)). In
the GOR, the response minimum on MC-60 is as low as
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8 umol/L, with a steady-state response time of only 3 s.
Moreover, MC-60 has superior stability and anti-interference
ability to impurities in the GOR. The better performance of
MC-60 in the GOR is due to abundant Mo sites bonding to
C and O atoms at the MoO;—Mo,C interface. The Mo sites
bonding to C and O atoms at the MoO3;-Mo,C interface
create active sites promoting glucose adsorption and oxida-
tion, thus enhancing the performance of MC-60 in the GOR.
These results help fabricate more efficient noble-metal-free
catalysts for glucose-based biofuel cells.
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