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Abstract

Three-dimensional holey nitrogen-doped carbon matrix decorated with molybdenum
dioxide (M0Oz2) nanoparticles have been successfully synthesized via a NaCl-assisted
template strategy. The obtained MoO2/C composites offered multi-advantages,
including higher specific surface area, more active sites, more ions/electrons
transmission channels, and shorter transmission path due to the synergistic effect of
the uniformly distributed MoO2 nanoparticles and porous carbon structure. Especially,
the oxygen vacancies were introduced into the prepared composites, and enhanced the
Li" intercalation/deintercalation process during electrochemical cycling by Coulomb
force. The existence of local build-in electric field was proved by experimental data,
differential charge density distribution and density of states calculation. The unique
designed structure and introduced oxygen vacancy defects endowed the MoQO>/C
composites with excellent electrochemical properties. In view of the synergistic effect
of the unique designed morphology and introduced oxygen vacancy defects, the
MoO2/C composites exhibited superior electrochemical performance of a high
capacity of 918.2 mAh g! at 0.1 A g! after 130 cycles, 562.1 mAh g! at 1.0 A g’!
after 1000 cycles and a capacity of 181.25 mAh g™ even at 20.0 A g’'. This strategy
highlights the path to promote the commercial application of MoOz-based and other
transition metal oxides electrodes for energy storage devices.

Keywords : MoO2/C Hybrid; 3D Holey Structure; Oxygen Vacancies; Lithium-ion

Batteries.



1. Introduction

Faced with enormous challenges of the ever-increasing energy shortage crisis and
increasing environmental problems, immense efforts have been made to seek and
enhance the reliability and practicability of new generation clean energy [1-5].
Meanwhile, the energy storages are sought-after to fill the timeliness of new energy,
including wind, solar, nuclear, geothermal, etc [6, 7]. Among multitudinous optional
candidates, lithium-ion batteries (LIBs) have been proved to a great success as energy
storage equipment for electronic mobile devices and electric vehicle [8-10]. To
substitute commercial graphite anode with the low theoretical specific capacity (372
mAh g!) [11], numerous kinds of anode materials were designed and meliorated to
meet the demands of higher energy density and power density LIBs [12].

Transition metal oxides (TMOs) have been investigated over the past few decades
as electrodes for LIBs on account of the superiorities of high specific capacity,
environmentally friendly, abundant resources, easy synthesis and cost effective [13].
Especially, the common power cut-off phenomenon in modern society is urging
higher performance LIBs anodes to put into the market, which further broadens the
development prospects and research significance of TMOs. Among multifarious
TMOs, molybdenum dioxide (MoO:2) has attracted more attention based on its
characteristic of high theoretical specific capacity (838 mAh g), satisfactory
chemical stability and relatively high electronic conductivity (>1*10*S cm™), which
are precondition for next generation LIBs anodes [14]. Unlike commercial graphite

anodes with the Li" intercalation/deintercalation via intercalation reaction, the



reversibly inserts/extracts of Li" in MoO2 by the conversion reaction, as shown in
formula (1) and (2) [15, 16]:

x Li'+x e + MoO2= LixMoO2 (D)

Lio9osMo0O2+ 3.02 Li" + 3.02 =2 Li2O + Mo ()
which contains phase change of MoO2, formation/decomposition of Li2O, and redox
of metal phase. Normally, the huge volumetric changes occurred during cycling
processes, which may cause the fragmentation and agglomeration of MoO: particles,
resulting in the active electrodes stripped from fluid collector and irreversible
electrolyte consumption for the repeated formation/decomposition of solid electrolyte
interphase (SEI). Furthermore, the discharge product of Li2O and the bulk MoO2
results in the inherent poor conductivity of MoOz2 [17]. The mentioned issues give rise
to short lifespan and rapid capacity fading, which bring challenges to obtain excellent
electrochemical performance of MoO2 and cause barriers for their further commercial
applications.

Nanocrystallization is believed as one feasible method to overcome these issues,
since the nanosized MoO:2 (compared to micro-meter) can effectively shorten the
transport path of electrons and ions, enlarge contact area of electrolyte/electrodes and
improve the number of active sites [18]. Meanwhile, building special morphology is
an important way to improve various performances of materials [19-25], the
composites composed of MoO2 nanostructure and various carbonaceous materials
with special morphologies are considered as another effectively strategy to deal with

the aforementioned issues, thanks to the carbonaceous materials can relieve volume



expansion and improve electronic conductivity of MoO2. For example, 3D
MoO2/N-doped carbon composites were prepared and delivered a high reversible Li
storage capacity due to the designed 3D structure [26]. Benefiting from the unique 3D
MoO2/N-doped carbon matrix structure, the volumetric changes were effectively
relieved and the conductivity of MoO2 was increased [14]. Indeed, the
electrochemical performance of MoO: electrodes has been ameliorated effectively via
embedding the MoO2 nanostructure into the conductive carbon matrix. Nevertheless,
the Lio.sMoO2 phase with a low conductivity will be formed in its initial lithiation
process, and will prevent further lithiation of MoO:, which is still a challenge for its
further application.

For the sake of improving the intrinsic conductivity of MoO: electrodes,
defect-creating method should be a promoting and practicable route. Defect
engineering (especially oxygen vacancies), which is regarded as the effectively
performance-adjustment tool, has been widely applied to catalysis, microwave
absorption, energy storages, and many other fields [27-30]. The oxygen vacancies
engineering gives huge potentiality for narrowing the energy bandgap, controlling
carrier migration, and inducing extra energy level. It is instrumental in improving the
intrinsic electronic conductivity that was proved by theoretical calculation and
practical experimental results [31]. Furthermore, the oxygen vacancies can affect
surface thermodynamics of transition metal oxides under the case of the unchanged
initial characteristics of crystal components and structures, promoting phase transition

particularly at the interfaces of electrolyte and electrodes. Besides, the local build-in



electric field can be induced by the oxygen vacancy defects, which diminishes the
electrostatic repulsion and stress between adjacent atoms, improves the reaction
kinetics of € and Li", and thus results in excellent electrochemical performance [32].
Although gigantic efforts have been devoted to upgrade the electrochemical properties
of TMOs, the cooperative effects of oxygen vacancies engineering, morphology
control and compound with conductive carbonaceous materials are unclear and the
working mechanism of oxygen vacancies in MoO: still need to be explored
continuously and vigorously.

Herein, the oxygen vacancies-rich and three-dimensional porous nitrogen-doped
carbon structure decorated with MoO2 nanoparticles (CN-MoO:) was synthesized by
the facile and controllable NaCl-assist template method. This synthetic method can
yield kilogram scale product for the large amount of high-performance LIBs
MoOz-based anodes. The ingenious constructed CN-MoO2 composites are predicted
to provide multi-advantages for achieving satisfactory electrochemical performance
when applied as anodes for LIBs. First, MoO2 nanoparticles growing inside the
carbon matrix shorten the transportation path of Li" and electrons, offer more active
sites. Second, the unique designed three-dimensional porous nitrogen-doped carbon
matrix can effectively reduce the influence of volumetric effect of MoO:2 during
cycling process, improve the electronic conductivity and the 3D honeycomb-like
porous structure can also enhance the reaction kinetics by shortening the diffusion
path of Li" and electrons. Furthermore, the oxygen vacancies were introduced into the

CN-MoO:2 composites identified by X-ray photoelectron spectroscopy and electron



paramagnetic resonance, which promoted the phase transition between MoO:2 and
LixMoO:z in the incipient charge/discharge process and further enhanced the intrinsic
conductivity of MoO2. Meanwhile, the local build-in electric field derived by oxygen
vacancies proved by First principles calculation provides mass transport channels and
further improves the reaction kinetics of MoO:2 by promoting the migration of ¢ and
Li". All the mentioned factors with an effective synergy will contribute to getting
excellent electrochemical performance of CN-MoO: anodes and offer an effective
synthetic route for MoO2-based and other TMOs electrodes for energy storage
systems.
2. Results and Discussion

The 3D N-doped porous carbon structure attached with MoO:2 nanoparticles
(CN-MoO2 composites) was designed and successfully synthesized via a facile
NaCl-assisted template method, followed with freeze-drying and carbonization
processes, where the Schematic illustration is displayed in Scheme 1. The NaCl
works as template to form the 3D porous structure and prevent agglomeration of
nanoparticles. The freeze-drying process further contributes to the uniform porous
structure. The carbonization process at various temperature causes the formation and
disappearance of oxygen vacancies in the 3D porous matrix. The detailed preparation

process has been presented in the experimental part in the supporting information.



Freeze drying

CN-MoO, composite

Scheme 1 Schematic illustration of synthetic route of CN-MoQO2 composites.

The morphologies of the obtained CN-MoO2 composites were explored by SEM
and high-resolution TEM images, as shown in Figure 1. All the prepared composites
under different temperatures exhibited uniformly three-dimensional porous structure
with smooth surface, without obvious nanoparticles as shown in Figure la-f
(CN-Mo002-400 (a), CN-Mo002-500 (b), CN-M002-600 (¢ and d), CN-Mo0O2-700 (e),
CN-Mo02C-800 (f)). The 3D honeycomb-like framework with an aperture of ca.1 um
of Mo-based hybrids were constructed by the interlocking network carbon nanosheets.
In order to probe the detailed information of the composites, the SEM-based EDS was
carried out and displayed in Figure S1. The observed uniform distribution of the Mo,
C, N, O element indicates the formed 3D porous N-doped carbon structure and the
homogeneously dispersed MoOz2 in 3D matrix. Figure 1g-i shows the TEM images of
CN-Mo02-600 composite, further verifying morphologies and the existence of MoO2
nanoparticles. The MoO:2 nanoparticles in the position of the yellow circle, Figure 1h,

confirm the confinement growth of molybdenum dioxide particles in the carbon
8



matrix. The lattice fringes of 0.2171, 0.2156 and 0.2442 nm (Figure 1i), are indexed
as the (021), (-212), and (200) crystal plane orientation of MoOz, respectively. All the

results proved the successful construction of the 3D porous CN-MoO2 composites.

Figure 1 SEM images of CN-Mo002-400 (a), CN-Mo002-500 (b), CN-Mo00O2-600 (c
and d), CN-Mo0O2-700 (e), CN-Mo2C-800 (f); TEM images of CN-Mo0O2-600 (g-1).

To disclose the influence of carbonization temperature on the formation of
molybdenum-based composites, a variety of characterization methods were applied.
The obvious diffraction peaks situated in the 26 of 26.03° 37.02°, and 53.5°in the
XRD patterns of the CN-MoO2 composites (Figure 2a) correspond to the (-111),
(-211) and (-312) crystal planes of monoclinic MoO2 (JCPDS No. 32-0671) [33]. The
characteristic peaks in the samples annealed at 800 °C located at 20 of 34.4°, 37.9°,
39.5°, were indexed to (100), (002), (101) crystal planes of Mo2C (JCPDS No.

11-0680) [34-35], which indicated the conversion of MoO:2 to Mo2C when the
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carbonization temperature was increased to 800 °C. Besides, no other diffraction
peaks were observed in Figure 2a illustrates that no impurities or by-products were
generated by regulating carbonization temperatures.

To further assess the quality of carbon matrix in Mo-based composites, the Raman
spectroscopy was applied. Figure 2b presents the Raman spectra of the CN-MoO2
obtained at different heat treatment temperatures and CN-Mo2:C samples. The
observed two apparent widened peaks at approximately 1347 and 1583 cm’! were
ascribed to Ezg vibration mode (G-band) and Aig vibration mode (D-band) that
correspond to the order and disorder graphitic carbon, respectively. The ratio of Ip/I¢
intensity was calculated to ca. 0.891, 0.857, 0.842, 0.937 and 0.991 for the composites
obtained with the annealed temperature ranged from 400 to 800 °C. This implies a
beneficial degree of graphitization in all the prepared hybrids, which are instrumental
in promoting the transmission of electrons and guarantee the efficient reactions during
cycling processes. The In/lg value showed a trend of decrease first and then increase
along with the increase of carbonization temperature, and the CN-MoO2-600
composite displayed the minimum value among the samples.

The content of carbon and MoO:2 in CN-Mo0O2-600 composites was investigated by
TGA analysis, Figure 2c. The incipient weight loss of 4.3 % before 200 °C was caused
by residual moisture and solvent evaporation on the surface of CN-Mo0O2-600. The
main weight loss of 23.0 % between 200 °C to 750 °C was due to the oxidation
reaction of MoOz2 to MoO3 and the combustion of the porous carbon [36]. The content

of carbon and MoO2 was calculated to be ca. 35.51 % and 64.49 %, respectively. The

10



high content of carbon formed the 3D porous framework, which was beneficial to
relieve the volume changes of MoO:2 and improve the instinctive low electronic
conductivity during charge/discharge process.

The N2 adsorption-desorption isotherms and the corresponding BJH pore size
distribution of the synthesized CN-Mo0O2-600 composite were exhibited in the Figure
2d and e. The curve showed a similar curve to the Type IV isotherm with a
characteristic hysteresis loop, which proved the mesoporous properties of
CN-Mo02-600 composite. The specific surface area of the CN-MoO2-600 sample was
measured to be ca. 27.6 m?> g' and the average pore size was ca. 1.7 nm.
It's worth noting that the N2 adsorption and desorption curve was not closed, which
may be due to the fact that the pores tend to shrink when the carbon material adsorbs
gas, which makes it difficult for the adsorbed gas to desorb [37]. The mesoporous
structure and relatively large specific surface area are considered to increase the
contact area of electrolyte/electrodes and accommodate more active sites, resulting in
excellent electrochemical properties of high capacity and super rate capability.

The surface electronic states and chemical composition of the as-prepared
Mo-based composites was explored via X-ray photoelectron spectroscopy (XPS),
Figure 2f-m (CN-Mo002-600) and Figure S2-4 (CN-Mo002-400, CN-Mo002-500, and
CN-Mo02-700, respectively). The distinct peaks located at ca. 232.59, 284.72, 398.22,
and 530.58 eV in Figure 2f, correspond to Mo 3d, C 1s, N 1s and O 1s respectively.
The high resolution XPS spectra of the Mo 3d in Figure 2g was divided into two

doublets. One doublet at 229.6 and 233.5 eV was indexed to the Mo 3ds2 and Mo
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3d3; of Mo*". The doublet peaks at 232.6 and 235.8 eV belong to another group that
were believed to be the Mo 3ds2 and Mo 3ds2 of Mo®*. The existence of Mo®* peaks
was caused by the oxidation of MoO: when exposingto air under high energy
condition. The high resolution XPS spectra of C 1s exhibited in Figure 2h were
classified into four peaks situated at 284.3, 284.8, 285.8 and 286.8 eV, which were
distinguished as C=C, C-C, C=N and C-N, respectively. Meanwhile, the spectra of O
Is (Figure 2i) were distinguished into three peaks: lattice oxygen at ca. 529.6 eV, OH
group at ca. 530.4 eV and adsorbed water on the surface of Mo-based hybrids at ca.
531.1 eV [38-41].

Furthermore, the high resolution XPS spectra of N 1s in Figure 2j-m, were chopped
up into five peaks around 395.7, 398.7, 397.6, 399.4 and 400.4 eV, which correspond
to Mo 3p32 Mo*" and Mo®", Pyridinic N, Pyrrolic N, Graphite N, respectively [15].
All the as-prepared composites were rich in nitrogen element, which was derived
from the pyrolysis of urea. The nitrogen content of CN-Mo002-400, CN-Mo0O2-500,
CN-Mo00»-600, CN-M002-700 was examined to be ca. 19.42%, 21.23%, 26.38%,
19.95%, respectively. The appearance of Mo*" and Mo®" peaks in N 1s was ascribed
to N peak partially overlaps with Mo 3p3/2[15]. The results indicated that the nitrogen
element was introduced into the carbon matrix in all the as-prepared composites,
which was beneficial to enhance the electronic conductivity. The results also
illustrated the content and composition of nitrogen was influenced by pyrolysis
temperature. Pyrrolic nitrogen might be converted into graphitic and pyridinic

nitrogen as the pyrolysis temperature increases and the formation of graphitic nitrogen
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might offer extra free electrons to enhance electronic conductivity, promoting the
improvement of electrochemical performance. The subsequent decrease in nitrogen
content was because of the appearance of phase transition at higher annealed
temperature [15, 36, 42-44]. It was concluded that the carbon-nitrogen composite

MoO:2 material was successfully synthesized.
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Figure 2 (a) XRD patterns and (b) Raman spectra of CN-Mo00O2-400, CN-Mo002-500,
CN-Mo002-600, CN-M002-700 and CN-Mo02C-800; TGA curves (c), N2 adsorption-
desorption isotherms (d) and pore size distributions (e) of CN-Mo0QO2-600; XPS survey
(f) and high resolution XPS spectra of Mo 3d (g), C 1s (h), O Is (i), N 1s (j) of
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CN-Mo002-600; high resolution XPS spectra of N 1s (k-m) of CN-Mo0O:2-400,
CN-Mo002-500, CN-Mo002-700, respectively.

The oxygen vacancy defects were introduced into the Mo-based composites during
the phase transition of (NH4)sM07024-4H20 to MoO2 with the increase of annealing
temperature. Figure 3a-d presents the high-resolution XPS spectra of O 1s in
CN-MoO:2 composites, respectively. All the as-prepared composites presented the
similar fitting curves of O 1s in CN-Mo0O2-600 composites. The OH™ groups were
judged to be related to the defects of oxygen vacancies among the fitting peaks
according to the previously researches [32]. Figure 3e exhibits the ratio of OH™ group
to lattice oxygen, which qualitatively showed the content of oxygen vacancies in
CN-MoO2 hybrids, and certified that the relative content of oxygen vacancy was
affected by temperature. For quantitative analysis the oxygen vacancies in the
prepared composites, the electron paramagnetic resonance tests of CN-MoO2-500,
CN-Mo002-600, CN-M002-700 were implemented, as shown in Figure 3f. The
obvious peak with the maximum value in CN-Mo00O2-600 composite while the g-factor
around 2.002 testified that existence of large number of oxygen vacancies in it, which

agree well with the XPS results.
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Figure 3 Oxygen vacancies were determined by high resolution XPS spectra of O 1s
in CN-MoO: hybrids annealed at 400 to 700 °C (a-d); the ratio if OH™ group to lattice
oxygen in the as-prepared composites (e); and electron paramagnetic resonance (EPR)

tests of CN-Mo00O2-500, CN-Mo002-600, CN-Mo0O2-700 (f).

With the purpose of exploring the electrochemical performance of the prepared
composite, the obtained powder materials as electrodes were assembled into half-cells.
Figure 4a displays the CV curves for the initial four-cycles of CN-Mo0O2-600 at 0.2
mV s, The two distinct viewed reversible reduction peaks located at 1.20/1.28 and
1.51/1.70 V during the initial cycle, illustrate the phase transition from monoclinic
phase to oblique cross phase and the insertion of Li" to form the LixMoOz2 orthogonal
phase (0<x<0.98) [11,45-47]. Then the reduction peak shift slightly to the higher
potential position in the subsequent cycles was on account of the continuous
activation of the electrodes, which improved the reaction kinetics and the reversible
phase transition reaction [16]. The peak at 0.72 V was merely caught in initial cycle
because this peak represents the irreversible formation of SEI films. An inconspicuous
peak situated at 0.5 V was attributed to the decomposition of LixMoO: into Li2O and
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Mo [36,45-47]. The occurrence of oxidation peaks at 1.48 and 1.75 V are caused by
the deintercalation of Li" and the phase transition from the quadrature phase
(LixM002) to the monoclinic phase (M0Oz2). The almost overlapping of CV curves of
the subsequent cycles explains the excellent cycling reversibility of the
CN-Mo002-600 electrodes [11, 16, 48-49]. The CV curves of other electrodes obtained
under different temperature are showed in Figure S5, all the other MoO2-based
electrodes except CN-Mo02C-800 undergoes similar redox reactions, which agrees
with the XRD results.

Figure 4b displays the selected galvanostatic charge-discharge profiles of
CN-Mo002-600 electrodes at 0.1 A g'!. The initial coulombic efficiency was calculated
to be 64.78 % based on data originated from the initial discharge/charge capacity of
1557.2 mAh g' and 1008.7 mAh g, respectively. The relatively low coulombic
efficiency and capacity loss of the initial cycle were mainly ascribed to the some
irreversible reactions, including the formation of SEI films and decomposition of
electrolyte, et al. [11]. Satisfyingly, the charge/discharge profiles presented a high
degree of overlap from the subsequent cycles, leading to the high coulomb efficiency
over 98 % during subsequent cycling processes. Furthermore, the charge/discharge
platform corresponded well to the CV results. The charge/discharge profiles of other
electrodes obtained under different temperature are shown in Figure S6, where the
initial coulombic efficiency was calculated to be 59.76 %, 72.91 %, 52.90 % and

44.80 %, respectively.
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To further probe the electrochemical performance of CN-MoO2-600 electrodes, the
rate capability was carried out and displayed in Figure 4c. The reversible capacities of
ca. 958.82 (0.1), 877.62 (0.2), 769.96 (0.5), 680.44 (1.0), 574.78 (2.0), 415.74 (5.0),
287.00 (10.0) and 181.25 mAh g (20.0 A g') were achieved. The CN-Mo00O2-600
electrodes can recover to the specific capacity of ca.1136.25 mAh g' when the
current density was reset to 0.1 A g! after 50 cycles under varying current density.
The charge/discharge profiles corresponding to the rate performance of
CN-Mo02-600 are presented in Figure S7, showing a typical phenomenon of voltage
hysteresis, indicating excellent reaction kinetics of CN-Mo00O2-600. The rate capability
of other prepared Mo-based composites was exhibited in Figure S8, presenting good
capacity reversibility. The results illustrated that the oxygen vacancies-rich
CN-Mo02-600 electrodes with superior electrochemical performance were obtained
thanks to the improved electronic conductivity and shortened transportation path of e
and Li".

The cycling performance of the prepared CN-Mo00O2-600 electrodes was examined
at 0.1 and 1.0 A g'! in Figure 4d&g. A satisfactory capacity of 918.2 mAh g™! after 130
cycles at 0.1 A g! was obtained, which is beyond its theoretical specific capacity
without obvious capacity changes with the high coulombic efficiency over 98.1 %.
The reversible capacities of 769.7, 806.1, 615.7 and 372.1 mAh g™! of CN-Mo002-400,
CN-Mo002-500, CN-M002-700 and CN-Mo2C-800 electrodes after 100 cycles at 0.1 A
gl as shown in Figure S9, indicate that the CN-MoO2-600 electrodes exhibited the

highest cycling stability performance. The cycling performance of CN-MoO2-600
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electrodes was also tested at 1.0 A g!' in Figure 4g. The CN-MoQ2-600 electrodes
display exceptional stable cycling lifespan with the pleasant capacity of 562.1 mAh
g! and high coulomb efficiency over 99.91 % after 1000 cycles. The unique
engineered 3D porous N-doped carbon matrix was believed to contribute to the

outstanding cycling performance by restricting the huge volumetric changes of active

electrodes during charge/discharge processes.
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Figure 4 Electrochemical performances of CN-Mo0O2-600 electrodes: (a) CV curves
at 0.2 mV s!; (b) The discharge/charge profiles at 0.1 A g!; (c) rate capacities at
0.1-20.0 A g''; (d) cycling performances at 0.1 A g''; (e) Nyquist plots of Mo-based
composites; (f) Nyquist plots of CN-Mo00O2-600 samples under different cycles; (g)

long lifespan cycling performance at 1.0 A g’

The cycling performance in Figure 4g shows the capacity changes phenomenon

that initial capacity declines and subsequent capacity increases. Capacity changes in
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TMOs electrodes are the common phenomenon that may be caused by multi-reasons.
First, the decrease of capacity would be attribute to the instability of SEI layer and the
partial degradation of electrolyte. Then, the increase of the capacity would be
produced by the full infiltration of electrolyte and the continuous activation of MoO2
nanoparticles in 3D porous carbon matrix. Furthermore, the gel-like film on the
surface of active materials with high electrochemical activity contributes to certain
capacity. Besides, the distinctive 3D structure with oxygen vacancy and the
introduction of heterogeneous element in carbon matrix enhanced the capacitance
contribution [7, 12].

The electrochemical impedance spectroscopy (EIS) of Mo-based electrodes is
shown in Figure 4e. The Nyquist plots consists of a semicircle (high-frequency region)
and slop line (low-frequency region). The CN-Mo0O2-600 electrodes exhibit a lower
electron transfer resistance and a greater slope, indicating a lower diffusion resistance
to promote transfer of e. The EIS curves of CN-Mo0O2-600 electrodes after different
cycles are shown in Figure 4f. The impedance value of CN-MoO2-600 electrode
became smaller gradually, explaining the uninterrupted activations of the
CN-Mo002-600 electrodes at charging-discharging runs and final reach steady-state.

For discovering the composition mechanism of the obtained capacity, the kinetics
of the CN-Mo02-600 electrodes was explored (Figure 5). The CV tests of the
CN-Mo02-600 electrodes were put into effect at variable scan rates between 0.1-1.5
mV s, as shown in Figure 5a. Mild voltage delay phenomenon with the increase of

scan rates is observed, which illustrated the transmission rate of Li" and e are
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effectively promoted by the 3D porous N-doped structure and introduced oxygen
vacancies. The storage mechanism was further examined by probing into the

correlation between scan rate (v) and current (i), basing on eqns (3, 4) [50]:

i=av? 3)

logi = blogv +loga 4)
where a, b is constant achieved through eqn (3). Generally, the storage behaviors can
be divided into two forms, including surface charge transfer that generates
capacitance contribution and lithiation/delithiation-reaction that generates diffusion
contribution [11, 51-52], which were determined by the b-value from eqn (3), where
the b-value approach 0.5 (1.0) signified the diffusion contribution (capacitance
contribution) dominates foreground. The fitting calculation results of the b value
floated between 0.63 and 0.87 (Figure 5d) based on the fitting calculation (Figure 5b
and c), showing the total capacity roots in the synergetic contribution of the two
forms.

The precise ratio of the two forms capacity contribution was further calculated via

eqns (5, 6) [53]:

i =kv+ kvt/? ()

i/v'/? = k% + k, (6)
where k1 and k2 are constant achieved through eqn (5), k;v on behalf of diffusion

2

contribution and k,v/? means the capacitance contribution. The fitting profiles

1/2

between v/2 and i/v'/? are displayed in Figure S10. The capacitance contribution

of CN-Mo0O2-600 electrodes was calculated to be ca. 40.88 %, 50.36 %, 55.64 %,
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64.55 % and 72.73 % of total capacity at 0.1-1.5 mV s in Figure Se, indicating the
synchronous increase of capacitance contribution and scan rates. A 55.64 % of the
total capacity originated from capacitance contribution is obtained at 0.5 mV s’
(Figure 5f). The high ratio of capacitance contribution was caused by the enhanced
transportation of ions and electrons through the unique 3D porous N-doped carbon
matrix and local built-in electric field derived by oxygen vacancies of CN-MoQO2-600

electrodes, resulting in the obtained practical capacity beyond the theoretical specific

capacity.
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Figure 5 Kinetics analysis of the CN-Mo00O2-600 electrodes: (a) CV cures at different
scan rates; (b) fitting curves (current responses plotted vs scan rates) at different
potentials for cathodic and (c) anodic scans; (d) b-values; (e) ratio of diffusion
contribution in total storage under different scan rates; (f) the ratio of diffusion

contribution at 0.5 mV s’

The previous studies of MoOz-based composites as anode electrodes for LIBs are
summarized and listed in Table 1. The CN-Mo0O2-600 electrodes show superior

electrochemical performance compared with most of the previous similar works,
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which should be attributed to multifactor, including distinctive conceived and stability
structure, delicate chemical composition, particle diameter, crystallinity, and the
introduced oxygen vacancy defects. The MoO:2 nanoparticles anchored into the 3D
porous honeycomb-like carbon matrix efficiently shortened the transfer route of ions
and electrons, supplied sufficient space to mitigate volumetric changes of MoO:
actives during cycling, improved the number of active sites, and enlarged contact area
between MoO2 electrodes and electrolyte. Equally important, the introduction of
oxygen vacancy defects and their concentration control played an extremely
significant part in enhancing the electrochemical performance of the prepared
electrodes, which was proved by the Schematic illustration (Figure 6a) and the
electron density difference calculation results (Figure 6b, ¢ and e). The local built-in
electric field was formed based on the emergence of oxygen vacancies, where an
enriched positively charged region in the centers of oxygen vacancies, and a
negatively charged region with equal charges surrounds the oxygen vacancy.
Particularly, the Coulomb force stemmed from the electric field that from perfect
crystal region points to negatively charged region efficiently facilitates the movement
of Li" and accumulated in the negatively charged region during discharge process. The
negatively charged region gradually inclined to be electrically neutral after lithiation
to some extent. Then, the Coulomb force originated from the electric field pointing to
electrically neutral region from centers of oxygen vacancies sped up the transmission
speed of Li" during charge process. The electrochemical performance, especially the

rate capability, of the CN-Mo0O:2-600 electrodes was further improved by the
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above-mentioned built-in electric field. Besides, the inherent conductivity and the
number of active sites were also tremendously enhanced by the existence of oxygen
vacancies, which was instrumental in obtaining excellent lithium storage behaviors,

and was identified by the density of states calculation (Figure 6d).
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Figure 6 (a) schematic illustration of the promoted Li" migration in crystal lattices in
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view of the local built-in electric field around oxygen vacancy; (b) perfect crystal
structure of MoOz; (c) crystal structure of MoO2 with oxygen vacancy; (d) DOS of
MoO:2 and MoO: with oxygen vacancy; (e) differential charge density distribution of

oxygen vacancy in MoOx.

To explore the structure stability of the obtained electrodes, the SEM images of

CN-Mo002-600 electrodes after 2 and 130 cycles at 0.1 A g'! are displayed in Figure
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7a and b, respectively. The original morphologies of the 3D porous structure were
almost inherited without obvious structural damage and agglomeration even after 130
cycles, illustrating the superior structure stability of the CN-MoO2-600 electrodes.

To further probe the reaction kinetics of the CN-Mo00O2-600 electrodes, the GITT
curve and the calculated ion diffusion coefficient curve are shown in Figure 7c and d,
respectively. The Li" diffusion coefficient was calculated via the galvanostatic
intermittent titration technique (GITT) based on eqn (7) :

D = (B (50 (7)
where D (cm? s!) represents the ion diffusion coefficient, T (s) means the relaxation
time, n,, (mol) presents the number of moles, V,, (cm® mol') means the molar
volume of the anode material, S (cm?) means the area of the electrode piece, AE; is
the voltage change induced by the pulse, and AE; is the constant current charge and
discharge voltage changes. The value of D was calculated to between 102 and 1071
2

cm” s in Figure 7d, illustrating the excellent reaction kinetic properties of

CN-Mo002-600 electrodes.
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Table 1. Comparison of the cycling performance of MoO2-based anode materials.

TMOs Current Density Cycle number Capacity Ref.
Ag! mAh g!

MoO@RGO 1.0 50 523 [54]
MoOx@MoSex@NC 0.5 80 468 [55]
MoO,@CNF 0.2 100 755.7 [36]
MoO»/C 1.0 1000 167 [56]
MoO»/C 1.0 400 572 [57]
Mo0O»/Mo0,C/RGO 0.5 150 500 [58]
MoO»/Mo,C/C 0.1 100 665 [59]
3D MoO,/NC 0.1 250 912 [26]
C/MoO» 0.1 100 811 [60]
MoO>@MPCNF 1.0 500 395 [61]
MoO»/N-C 0.1 100 708 [62]
MoO»/C 1.0 1000 480 [16]
Mo0O,/C-G(M) 0.1 10 660 [63]

This work 0.1 130 918.19

1.0 1000 562.5
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Figure 7 (a-b) SEM images of the CN-Mo00O2-600 electrode after 2 and 130 cycles,
respectively; (c) GITT curves of CN-Mo002-600; (d) ion diffusion coefficient curve of
CN-Mo002-600 electrodes.
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3. Conclusion

In summary, the 3D porous N-doped carbon matrix adorned with MoO:2
nanoparticles with oxygen vacancies was prepared via a facile and efficient route. The
synthesized CN-Mo0O2-600 electrodes displayed outstanding electrochemical
performance, including high specific capacity, satisfactory cycle stability and good
rate capability, thanks to the distinctive designed morphologies, the introductions of
nitrogen element and oxygen vacancies. Particularly, the oxygen vacancies act as
a significant part in enhancing the electrochemical behaviors of electrodes by
establishing the built-in local electric fields due to charge imbalance effects,
promoting the intercalation/deintercalation of Li" by improving the reaction kinetics,
which was identified by DFT and DOC calculations. The synergistic strategy of
designing 3D porous structure and introducing nitrogen element and oxygen
vacancies in matrix sheds light on regulating and optimizing MoO:z-based and TMOs
electrodes for energy storage devices.
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