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Abstract

Transition metal molybdates have been studied as anode materials for high-performance lithium-ion batteries,
owing to their high theoretical capacity and low cost, as well as the multivalent states of molybdenum. However,
their electrochemical performance is hindered by poor conductivity and large volume changes during charge and
discharge. Here, we report lithium molybdate (Li,M0O,) composited with carbon nanofibers (Li,MoO,@CNF) as an
anode material for lithium-ion batteries. Li,MoO, shows a shot-rod nanoparticle morphology that is tightly wound
in the fibrous CNF. Compared with bare Li,Mo00O,, the Li,MoO,@CNF composite demonstrates superior high
specific capacity and cycling stability, which are attributed to the reversible Li-ion intercalation in the Li,Mo,O,
amorphous phase during charge and discharge. The capacity of the Li,MoO,@CNF anode material can reach 830
mAh g”in the second cycle and 760 mAh g™ after 100 cycles at a charge/discharge current density of 100 mA g7,
which is much better than the bare Li,Mo0O,. This work provides a simple method to prepare a high-capacity and
stable lithium molybdate anode material for lithium-ion batteries.
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INTRODUCTION

Lithium (Li)-ion batteries are recognized as green power sources for next-generation battery related
applications, such as portable electronic devices, electric vehicles, and stationary energy storage systems' .
At present, commercialized Li-ion battery anodes are mainly composed of carbonaceous materials, in which
graphite is the major active component with a theoretical specific capacity of ~372 mAh g'".. However,
higher specific capacity materials are sought to improve the energy density of Li-ion batteries. Typical Mo-
based oxides, such as MoO, and MoO,, exhibit higher theoretical specific capacities than sulfides and
selenides®. Among them, MMoO, (M = Fe, Ni or Mn)""** materials have gained significant attention
because of their higher specific capacities and multivalent states. Nevertheless, due to the relatively low
conductivity and conversion reactions occurring at lower voltages, these metal oxides cannot maintain their
specific capacities during long cycling, resulting in fast capacity decay and poor cycling performance!*'.

In general, metal oxides can be modified with a special morphology or through compounding with other
materials"”'*. Chen et al. synthesized porous hollow Co,0, microfibers by a template method, which
showed a capacity of 787.6 mAh g" at a current density of 100 mA g" after 200 cycles"”. This unique
morphology enabled the material to have a large contact surface area and sufficient void space in the
electrochemical reaction process. Tian et al. combined Bi,Mo,O,, with a Ti,C, MXene, which reached a
specific capacity of 227 mAh g at a high current density of 2.5 A g" after 1000 cycles™. The Ti,C, MXene-
supported substrate improved the structural stability and electronic conductivity of the electrode materials.
Recently, lithium molybdate (Li,Mo0O,) has been studied as an anode material for Li-ion batteries because of
its simple synthesis method and high specific capacity”*!. The studies have confirmed that the
combination of Li,MoO, and carbon can effectively reduce the volume expansion in the Li-ion
extraction/insertion processes, and thus, its electrochemical performance can be improved. Liu et al.
selected citric acid as a carbon source to coat Li,MoO, nanotubes via a sol-gel method in which a conversion
reaction mechanism of Li,MoO, was proposed®:

Li,MoO, + 6Li* +6e— Mo + 4Li,0 (1)
Mo + yLi,O & LiMoO,(O - phase) + (2y-x)Li" +(2y - x)e’ (2)

In this work, we explore Li,MoO, composited with carbon nanofibers (CNFs) as an anode for Li-ion
batteries. A simple sol-gel synthesis route is introduced to make nanoparticles of Li,MoO, decorated in a
CNF network. Various characterization techniques are employed to analyze the structure and composition
of the composite material. So far, few literature works have explored the lithium storage mechanism of Li,
MoO, as an anode material. Through in situ X-ray diffraction (XRD), ex situ X-ray photoelectron
spectroscopy (XPS) analysis, and electrochemical cyclic voltammetry of charge and discharge examinations,
we propose a reaction mechanism that indicates that the Li,MoO,@CNF material experiences reversible Li-
ion intercalation reactions starting from the second charge and discharge cycle. The Li,MoO,@CNF
composite anode material delivers an initial charge capacity of 1294 mAh g* at 50 mA g" and retains a
capacity of 290 mAh g” upon prolonged cycling (800 cycles) at a 1 A g charge/discharge current density.
This work demonstrates the superior performance of the Li, MoO,@CNF anode material for Li-ion batteries.

EXPERIMENTAL

Synthesis of Li,MoO,@CNF materials

CNFs were first functionalized using 60 mL of a 34 wt.% nitric acid solution (analytical reagent, Sinopharm)
added to 200 mg of commercial CNF materials (OCSiAl). The mixture was sealed in a Teflon-lined
stainless-steel autoclave for hydrothermal treatment at 140 °C for 6 h. After that, the precipitate from the
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autoclave was transferred to a high-speed centrifuge, centrifuged three times, and washed several times with
ethanol and deionized water until the pH became neutral. The obtained functionalized CNF were then dried
in a vacuum at 80 °C for 12 h. Li, MoO,@CNF composites were synthesized by a simple and feasible sol-gel
method. Typically, 66 mg of functionalized CNF were ultrasonically dispersed in 30 mL of an alcohol
solvent, with 30 mL of an aqueous solution of 0.754 g of Li,CO, (99%, Sigma-Aldrich) and 1.4467 g of MoO,
(99.9%, Shanghai Macklin Biochemical Co., Ltd.) then added. Afterwards, the mixture was fully stirred at
80 °C until dry and then continuously dried at 120 °C in a vacuum overnight. The material in the beaker
was scraped off and ground, which was labeled as unannealed Li,MoO,@CNE. The annealed Li,MoO,
@CNF composite material was obtained after thermal treatment at a temperature ramp of 5 °C/min in an
Ar flow and maintained at 400 °C for 6 h. The annealed Li,MoO,@CNF sample was denoted as LMO@CNF.
For comparison, the bare Li,MoO, was synthesized using the same method and labeled as bare LMO.

Materials characterization

The crystallographic structures of the as-prepared materials were characterized by XRD on a Bruker
automatic diffractometer with Cu-Ka radiation. The LMO and LMO@CNF materials were characterized by
Raman spectroscopy on a micro confocal Raman spectrometer (Horiba). The carbon content within the
LMO®@CNF material was determined by thermogravimetric (TG) analysis on a thermal analyzer (Hitachi)
in air at a temperature range between room temperature and 700 °C. The morphology and structure of the
prepared samples were observed using field emission scanning electron microscopy (Hitachi), transmission
electron microscopy (TEM, FEI) and high-resolution spherical aberration corrected transmission electron
microscopy (AC-TEM, FEI), respectively. XPS (Thermo Fisher) measurements were used for
characterization of the chemical valence states of the materials and electrode surfaces. All XPS spectra were
calibrated with reference to the binding energy of the C 1s peak at 284.8 eV.

Electrochemical measurements

The working electrode was composed of the active material (80 wt.%), Super-P (10 wt.%), and
polyvinylidene fluoride (10 wt.%). The mixture was fully stirred in an N-methyl-2 pyrrolidone solvent for
12 h. The slurry was evenly coated on the copper foil and dried in a vacuum at 80 °C for 12 h so that the
solvent could be removed. The assembled electrode was punched into small discs and the average load of
each piece was 2.5 mg cm™. All CR2025-type coin cells were assembled in a glove box (MBraun) filled with
argon using glass microfiber (Whatman, GF/B grade) as the separator and lithium metal foil as the counter
electrode. The electrolyte was 1 M LiPF, dissolved in a mixture of ethylene carbonate, dimethyl carbonate,
and diethyl carbonate at a volumetric ratio of 4:3:3 with 5.0% vinylene carbonate. Each coin cell was filled
with ~0.3 mL of electrolyte. The cycling and rate performances of the coin cells were measured in a
potential range of 0.01-3.0 V (vs. Li/Li") on a LAND battery testing system (Jinnuo). Electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry (CV) were carried out using an AutoLab (Metrohm)
electrochemical workstation.

RESULTS AND DISCUSSION

Figure 1A illustrates the synthesis process of the LMO@CNF composite materials. Proportional amounts of
Li,CO, and MoO, were added to the dispersed functionalized CNF alcohol solvent, which could be evenly
and fully mixed by a simple sol-gel method. The lithium molybdate crystal structure is composed of corner-
linked, slightly distorted LiO, and MoO, tetrahedra, which form a three-dimensional network with a narrow
open channel along c-axis®. Lithium molybdate has a hexagonal structure with the space group R-3H,
which exhibits the transverse (_Lc) directions {0001} surfaces and the parallel (||c) directions {1010} surfaces
shown in Figure 1H"”. Thus, it can be seen from the SEM image of the unannealed LMO that LMO exists in
the form of rods [Figure 1B]. After annealing in an argon atmosphere at 400 °C to remove the residual
components, the surface and ends of LMO particles appear to be hexagonal [Figure 1C], with the same
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Figure 1. (A) Schematic of the synthesis of LMO@CNF composite material. (B) SEM images of unannealed LMO and (C) annealed
LMO. (D) SEM images of unannealed LMO@CNF and (E) annealed LMO@CNF. (F) TEM images of unannealed LMO@CNF and (G)
annealed LMO@CNF. (H) Crystal structure of annealed LMO.

occurring for the unannealed LMO@CNF [Figure 1D] and annealed LMO®@CNEF [Figure 1E]. The TEM
images show that the CNF are wrapped around LMO, with small particles embedded in the CNF network
[Figures 1F and G].

The high-resolution transmission electron microscopy (HRTEM) image in Figure 2A displays the high
graphitization of CNF due to the distinct lattice stripes. The orange dotted line in Figure 2B shows the clear
contour of a lithium molybdate rod, together with a zoomed-in HRTEM view of a selected region (squared
in solid green lines), where obvious lattice stripes of nanoparticles can be observed [Figure 2C]. As shown in
Figure 2D, the CNF coverage can be clearly seen in the left area, with dark nanoparticles of a particle size of
~5 nm also observed. Lattice fringes (squared in solid purple lines) with the corresponding d-space
distances of 0.42 and 0.29 nm can be indexed to the (211) and (113) planes of the LMO [Figure 2E],

respectively. Figure 2F displays the high-angle annular dark field (HAADF) scanning TEM image of
LMO@CNF coupled with energy-dispersive spectrometer (EDS) mappings, which reveal the distribution of
the C, Mo and O elements, which verify the combination of LMO rods and CNF.

The XRD characterization of the two samples shown in Figure 3A is consistent with the hexagonal structure
of Li,MoO, (PDF: 12#0763). Lithium molybdate has typical vibrational frequencies of tetrahedral transition
metal oxides (MeO, type). Four vibration mode peaks of lithium molybdate can be seen in the Raman
spectra [Figure 3B], which are related to the asymmetric bending (v4) and asymmetric stretching vibration
(v2) modes of LMO in the range of 250-500 cm™, together with the symmetric bending (v3) and symmetric
stretching (v1) modes in the range of 750-1000 cm, respectively”*, The Raman spectrum of CNF shows a
very weak D band at 1349 cm’, indicating that there is little defective carbon and few impurities®”.

Simultaneously, the radial breathing mode (RBM) at 148 cm™ and the G band at 1595 cm™ can be clearly
seen, indicating the structural integrity and high graphitization of the CNF"*!, The Raman spectrum of
LMO@CNEF shows the characteristic peaks of both lithium molybdate and CNF, indicating that they have
been successfully combined.
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Figure 2. HRTEM images of (A) CNF, (B) LMO@CNF, and (C) enlarged view of the area in (B). HRTEM image of (D) LMO@CNF and
(E) enlarged lattice fringes in (D). (F) HAADF-STEM image of LMO@CNF and EDS mappings showing the distribution of C, Mo, and O
elements.
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Figure 3. (A) XRD patterns and (B) Raman spectra compared with CNF. (C) TG curve of LMO@CNF powder heated in air. (D) Mo 3d,
(E) O 1s, and (F) C 1s X-ray photoelectron spectra of LMO@CNF. XRD: X-ray diffraction.

According to the TG analysis in Figure 3C, the slight fluctuation from 100 to 250 °C is due to the
evaporation of residual water. The main weight loss from 250 °C to over 600 °C is due to the oxidation of
carbon materials in air and the CNF content within the LMO@CNEF is determined to be 3.61 wt.%. XPS was
carried out on the LMO@CNF powder to study the chemical environments of the Mo, O, and C elements,
as plotted in Figure 3D-F, respectively. The hexavalent Mo cations of the LMO@CNF material are verified
by binding energies of Mo 3d,, (235.8 V) and Mo 3d,,, (232.7 eV) in Figure 3D. According to the fitting
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patterns, the O 1s peak can be deconvoluted to one dominant O-Mo contribution at 530.7 eV, together with
two weak peaks from the C-O bond at 532.1 eV and the C=0 bond at 533.5 eV [Figure 3E]. The C 1s peak
can be decomposed into a C-C bond (284.8 eV), a C-O bond (286.1 eV), and a C=0 bond (287.2 eV)
[Figure 3F].

The lithium storage performance of the LMO@CNF anode material was evaluated by CV in a voltage range
of 0.01-3.0 V vs. Li*/Li. In Figure 4A-C, the CV profiles of the LMO, CNF, and LMO@CNF anodes are
shown with the initial four cycles recorded at a scanning rate of 0.1 mV s'. As shown by the CV
characteristics of the LMO and CNF materials, the initial reduction peak at 1.11 V in the first discharge of
the LMO@CNEF shown in Figure 4C is attributed to the Li-ion intercalation process that forms Li,, MoO,.

The subsequent irreversible peak at 0.63 V corresponds to the formation of a solid electrolyte interphase
(SEI) layer™'. By comparing the initial cycles (black curves) of the three materials between 0.01 and 0.5 V in
Figure 4A-C, it can be found that the curves in Figure 4B and C show some small reduction peaks,
indicating that the lithiation process of CNF can also occur at low potentials. In the first charge process, the
oxidation peak of LMO@CNF at 1.26 V may be due to the formation of oxidized molybdenum in a high
valence state. Compared with the oxidation peak of LMO at a more positive potential of 1.56 V [Figure 4A],

the 1.26 V peak of LMO@CNF may be attributed to the CNF conductive network, which allows the
molybdenum to be oxidized more easily. The oxidation peak at 2.46 V is attributed to the delithiation
process of CNF, as shown in Figure 4B and C. Repeatable CV curves are obtained in the next 2nd to 4th
cycles [Figure 4C], showing reversible electrochemical performance of the LMO@CNF anode. The
dominant reduction peak is located at 0.19 V, which can be attributed to the reduction of amorphous Li-
Mo-O compounds to Mo metal. Compared with the reduction peak of LMO at 0.01 V, the earlier
appearance of reduction peak at the higher potential of LMO@CNF may be due to the increased
conductivity from CNF causing deep lithiation.

Figure 4D-F display the charge/discharge curves in the first four cycles of the three anode materials at a
current density of 100 mA g’ between 0.01 and 3.0 V vs. Li'/Li, which are consistent with the CV
observations. The LMO@CNF anode material further shows superior high-rate performance by delivering
specific capacities of 854, 804, 731, 645, 533, 390, and 274 mAh g at the corresponding current densities of
50, 100, 250, 500, 1000, 1500, and 2000 mA g, respectively, much higher than the capacities displayed by
the LMO and CNF anodes, as compared in Figure 5A. In particular, the specific capacity reaches ~900 mAh
g’ when the LMO@CNF anode is cycled back to a low current density of 50 mA g after high-rate steps.
Furthermore, the cycling performance at different current densities of 100, 500, and 1000 mA g of the three
materials is given in Figure 5B-D. The LMO@CNF anode can deliver initial discharge and charge capacities
of 1,218 and 831 mAh g at a low current density of 100 mA g*. The initial Coulombic efficiency is ~68.2%,
and the irreversible capacity loss is mainly due to the formation of the SEI layer and the irreversible
conversion reaction of the LMO. In contrast, the initial Coulombic efficiency of the LMO anode is ~54.2%,
which shows that the composite with a carbon material can reduce the loss of lithium ions and effectively
improve the first cycle efficiency of the LMO anode material. It should be emphasized that after 100 cycles,
the LMO@CNF anode can still maintain a specific capacity of 761 mAh g, much higher than the specific
capacities exhibited by the LMO and CNF anodes, as shown in Figure 5B.

The LMO@CNF anode displays a similar excellent electrochemical performance at a higher current density
of 500 mA g, in which a 531 mAh g specific capacity is exhibited after 360 cycles [Figure 5C]. Under the
same current density of 500 mA g*, LMO and CNF anodes only show specific capacities of 55 and 139 mAh
g after 360 cycles, respectively. The LMO@CNF anode also demonstrates good cycling performance
[Figure 5D], with a specific capacity of 290 mAh g” preserved after 800 cycles at a high current density of
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1000 mA g". The rate and cycling performances of the LMO@CNF anode are significantly better than those
of LMO and CNF anodes alone, which is attributed to the synergistic effect of LMO with CNF. The results
indicate that in the charge and discharge processes, the CNFs provide a conductive network for broken
LMO particles as connected islands, so that the capacities of all the LMO particles can be delivered.
Furthermore, this work indicates the superior electrochemical performance of Li,MoO, over other literature
work, with the relevant comparisons placed in Supplementary Figure 1 and Supplementary Table 1.
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EIS was carried out for the LMO and LMO@CNF materials before cycling and after 200 cycles, as shown in
Figure 6. Through fitting of the experimental EIS data using the equivalent circuit model in Figure 6D, the
charge transfer resistance (R,) of 93.3 Q is obtained for the LMO anode before cycling, while the R, of the
LMO@®CNF is much lower at 48.5 Q, [Figure 6A], indicating its higher electron transfer rate at the electrode
interface. The Li-ion diffusion rate can be calculated by"**":

D, = 2nA?F'C*R* T’ (3)

where D, is the diffusion coefficient of Li* and ¢ is the slope, which could be obtained by the linear fitting of
7’ and o' in the low-frequency region [Figure 6B]. When the other quantities are constant, the diffusion
coefficient depends on the variable o. It could be calculated that the Li* diffusion coefficient ratio of the
LMO@CNF to LMO is 4.39, indicating that the LMO®@CNEF is a better diffusion material for Li* due to the
conductive CNF network providing better transmission channels. Interestingly, the LMO@CNF anode after
200 cycles shows two distinct semicircles in the Nyquist plot [Figure 6C], corresponding to the charge
transfer resistance in the high-frequency region and the SEI layer in the medium-frequency region,
indicating the newly formed SEI layer after 200 cycles. The CV test results at different scanning rates show
that the D;;, of LMO@CNF is higher than that of LMO, which is consistent with that measured by EIS,
proving that CNF can effectively improve the Li-ion migration in the material [Supplementary Figure 2 and
Supplementary Table 2].

In order to understand the phase transitions and structural evolutions during the cyclic
lithiation/delithiation of the LMO@CNF anode material, in situ XRD measurements were performed under
a current density of 100 mA g'. Supplementary Figure 3 shows the charge/discharge curves of the
LMO@CNF anode in the first cycle, together with the contour maps of the XRD characteristic reflections of
the LMO component. During the initial discharge, the intensity of the XRD peaks of LMO gradually
decreases. These peaks disappeared completely when the initial discharge reached ~1 V. This corresponds to
the 1.11 V reduction peak of the CV curve from the LMO@CNF anode [Figure 4C], meaning that the
starting Li,MoO, crystals were converted into amorphous substances. To verify the structural changes in the
reaction process, ex situ XRD measurements were carried out on the LMO@CNF material. The electrode
samples of the LMO@CNF were taken out of the coin cells in the glove box after being scanned to 0.01 V
and sealed in plastic bags for ex situ XRD examination. Another sample charged to 3.0 V after three cycles
was also made and tested. It was found that a weak diffraction peak appeared at 32.5° when the electrode
was discharged to 0.01 V and discharged/charged after three cycles [Supplementary Figure 4]. However, this
peak cannot match the standard PDF card of any substance.

In the investigation of the LMO@CNF material structure after the conversion reaction and its impact on the
electrochemical performance, the LMO@CNF material was examined by TEM and HAADF-STEM after
being discharged to 0.01 V. Figure 7A shows the LMO particles and CNF. Figure 7B displays the HAADF-
STEM images of LMO@CNTF framed in dark blue and light blue lines from Figure 7A, coupled with EDS
mappings that reveal the distribution of the C, Mo, and O elements. The material is described as a Li-Mo-O
compound. Figure 7D shows an enlarged view from the green line region in Figure 7C, showing many small
black crystalline grains anchored on the carbon layer. The lattice fringes of the nanoparticles are shown in
both Figure 7E (squared in purple lines) and F(squared in light blue lines). According to the Bragg equation,
the d-space distance of 0.27 nm could match the diffraction peak at 32.5° obtained by ex situ XRD
measurements [Supplementary Figure 4]. This means that this Li-Mo-O compound is likely to exist in the
form of nanocrystallites, and as a result, its size is too small to detect by XRD. Furthermore, the d-space
distance of 0.36 nm can be indexed to the (011) plane of Li,,,M0O,. According to the literature®*", Li,,,
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Figure 6. Electrochemical impedance spectra and fitting plots of LMO and LMO@CNF anodes (A) before cycling, (B) impedance
response to frequency, (C) after 200 cycles, and (D) corresponding equivalent circuits.
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Figure 7. (A) TEM image of LMO@CNF anode material after being discharged to 0.01V at a current density of 100 mA g™.(B) HAADF-
STEM images and EDS mappings showing the distribution of the C, Mo, and O elements. (C) Additional TEM image and enlarged areas
of HRTEM images in (D), (E) and (F). (G) SAED pattern of LMO@CNF material. SAED: Selected area electron diffraction; HAADF: high-
angle annular dark field.

MoO, can be converted to Mo and Li,O at low potentials. Combined with the comparison of the CV curves
in Figure 4A and C above, we can postulate that the reaction mechanism in the first discharge process of the
LMO and LMO@CNF anodes should be a three-step reaction of “lithiation, phase transition and
conversion”:
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Li,MoO, + 8Li* — Li, sMoO, (Lithiation) (4)
Li, sMoO, + (6 — ) Li*— (Li,,,M00O,) — Mo + 4Li,O (Phase transition and conversion) (5)

The reaction in the first charge process of the LMO and LMO@CNF anodes is as follows:
Mo + 4 Li,O — (8 -8) Li* + LisMo, 50, (or Li,Mo,0O, or Li -Mo - O) (6)

In the following charge and discharge processes, the anode material goes through Li-Mo-O to Mo + Li,O
reversible reactions, as described in Equation 6. Figure 7G shows the selected area electron diffraction
(SAED) pattern of the LMO@CNF material. The diffraction spots are almost invisible, indicating that the
material is amorphous after being discharged to 0.01 V, which is consistent with the above observation.

Ex situ XPS was carried out on the LMO and LMO@CNF anodes after being discharged to 0.01 V and
charged to 3.0 V [Figure 8], in an attempt to study the chemical environment of the Mo and O elements.
The electrodes were taken out of the cells in the glove box and kept in a vacuum to prevent oxidation in air.
The X-ray photoelectron spectra of the LMO and LMO@CNF anodes after being discharged to 0.01 V are
shown in Figure 8A and B. There are Mo spectra at various valence states, illustrating the co-existence of
mixed molybdenum compounds in the reaction process. We believe that the LiMo,O, or Li-Mo-O
substance exists in both the reaction processes of the LMO and LMO@CNF anodes. The Li-Mo-O could be
amorphous, as evidenced by the in situ and ex situ XRD measurements. However, this amorphous state is
beneficial to the electrochemical performance, as it has been demonstrated that reversible reactions occur
starting from the second cycle and high capacities can be achieved. Compared with LMO, the binding
energy of Mo® shifts to the right, indicating that LMO@CNF contains more Li ions due to the extra lithium
storage in CNF, which reduces the overall valence state of the Mo element. Furthermore, the conductive
CNF network inhibits the Mo and Li,O particles from shedding and agglomeration, which makes the O*
peak easier to detect. Additional Li* can be accommodated in the nano interface of Mo and Li,OF*,
making the conversion reaction more reversible, which might be the reason for the stronger O-Mo peak.

Comparing the valence states of Mo in Figure 8, it is found that at 3.0 V after one cycle, the peak of Mo®"
becomes stronger, but there is still the existence of low-valence-state Mo, which means that the amorphous
Li-Mo-O substance cannot return to the original state of Li,MoO, after delithiation. This also proves that it
is reasonable to recognize the amorphous substances as Li,Mo,0O, or Li-Mo-O. As shown in the X-ray
photoelectron spectra of O element in Figure 8D, the O-C=0 peak of high oxidation state and the O-Mo
peak of low oxidation state are clearly visible. This means that LMO@CNTF has a higher oxidation state at
3.0 V, which indicates that with the participation of CNF, it releases more lithium during the delithiation
process. This leads to a higher charging capacity for the LMO@CNTF, and it also corresponds to a higher
initial Coulombic efficiency. The reversible reaction of Li,Mo,O, ensures that the LMO@CNF can retain a
high charge and discharge capacity. The conductive network enables the isolated LMO particles firmly
combined with CNF, allowing more LMO to participate in the reaction and contribute to the overall
capacity.

To verify the application potential of the anode material, the LMO@CNF anode is coupled with a
LiNi,,,Co,,,Mn,,,O0, (NCM) cathode and a full battery cell is constructed. As shown in Supplementary
Figure 5, the NCM//LMO@CNF full cell demonstrates excellent charge/discharge, cycling, and rate
electrochemical performances. This experiment confirmed the feasibility of using LMO@CNF as an anode
material in the full battery and provided an experimental reference for the possible application of metal

oxide anode materials.
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Figure 8. Ex situ X-ray photoelectron spectra measured in a vacuum of Mo and O elements of (A) LMO and (B) LMO@CNF material
after being discharged to 0.01V at a current density of 100 mA g". At 3.0 V after one cycle, ex situ X-ray photoelectron spectra of Mo
and O elements of (C) LMO and (D) LMO@CNF material.

CONCLUSIONS

A LiMoO,@CNF composite material was synthesized via a simple sol-gel method. During cycling, the
broken LMO microcrystals can be connected by carbon nanofibers, which enables the composites to show
excellent electrochemical performance. The LMO®@CNF anode demonstrates a reversible specific capacity
of ~830 mAh g'at a current density of 100 mA g* and still maintains at ~760 mAh g*after 100 cycles. A
specific capacity of 290 mAh g can still be maintained after 800 cycles at a high current density of 1000 mA
¢, indicating its cycling stability performance. Furthermore, through CV, EIS, in situ and ex situ XRD, XPS,
and TEM measurements, the reaction mechanism is explored. The LMO@CNF goes through the discharge
process with a first lithiation step turning into Li, , MoO,, then a phase transition step into Li,,,M0O,, and
the Li,,,MoO, is further converted into Mo and Li,O at low potentials. In the oxidation process, a Li,Mo O,
amorphous phase is formed, which benefits the electrochemical performance of LMO@CNF regarding high
specific capacity and reaction reversibility. This work provides a reliable LMO@CNF anode material with
high specific capacity and stability for Li-ion batteries, and attempts are made to reveal the reasons for the
excellent performance of the material.
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