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The design and development of flexible and free-standing molybdenum (Mo)-based composite nanoma-
terials have aroused intensive attention in the fields of electrocatalysis, energy storage, and wearable
electronics. In this study, novel nanocomposite membranes constructed with Mo-based compound nano-
crystals loaded carbon nanofibers (CNFs) were successfully generated by a combination of electrospinning
molybdenum acetylacetone-contained polyacrylonitrile (PAN) solution and subsequent annealing process
from 580 to 900 °C. The relationship and mechanisms between the generation of different types of Mo-
based nanocrystals and the annealing temperature were systematically explored. It was found that MoO,
nanocrystals were formed when the annealing temperature was 580 °C. With the temperature increasing,
Mo,N nanocrystals began to form due to the reaction between the formed MoO, and the N atoms in the PAN
macromolecules. At higher temperature like 669 °C, Mo,C nanocrystals started to form due to the reaction
between Mo,N and C atoms in the carbonized PAN macromolecules, and single-phase Mo,C nanocrystals
were produced in CNFs at 900 °C. Then, a series of flexible CNF-based nanocomposite membranes em-
bedded with various different types of Mo-based compound nanocrystals were generated by effectively
controlling the annealing temperature, which were all utilized as anodes for the construction of lithium-ion
batteries. Electrochemical measurements showed that the anode materials annealed at 600 °C possessed
the highest specific capacity, which were due to the high theoretical specific capacity of MoO, and sig-
nificantly improved conductivity of Mo,N. Moreover, all the as-developed electrodes exhibited excellent
cycling stability during the charge-discharge process. The present study provides a facile and broadly-ap-
plicable routine to tailor the component, structure, and electrochemical properties of Mo-based nano-
crystals in CNFs, which finds huge application potential in the fields of various flexible electrochemical
devices.
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1. Introduction

Lithium-ion batteries (LIBs) have produced a breakthrough in the
energy storage field, originated from their high energy density, long
life, and light weight, as well as environmental friendliness [1].
However, the currently-employed anode material (i.e., graphite) in
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the commercial LIBs cannot meet the increasing demands of elec-
tronic equipment, due to their poor rate performance and low the-
oretical capacity [2]. To address these issues, significant efforts have
devoted to the design and development of alternative anode mate-
rials. A number of recent reports have demonstrated that the na-
nostructured metal compounds with high energy density, long
cycling life, and low cost are assuredly great candidates [3-5]. In
addition, the structural limitations like poor continuity of some re-
cently-developed electrode materials (e.g. nanoparticles, nanorods
and microspheres) significantly limits the cycling stability of as-
prepared LIBs. Therefore, the flexible and continuous composite
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materials constructed with nanostructured metal compounds-
loaded carbon-based substrates have been proposed as ideal anode
alternatives most recently [6-10].

The commonly employed carbon-based flexible substrate mate-
rials include graphene, carbon nanotubes (CNTs), carbon nanofibers
(CNFs), porous carbon, and carbon cloth [11-14]. In comparison, the
one-dimensional (1D) CNF-constructed flexible substrates exhibit
some unique advantages, such as large specific surface area, high
conductivity, and excellent formability, which are all of significant
important for the fabrication of flexible LIBs with high performance
[15,16]. To obtain a uniform dispersion of nanocrystals in CNFs,
various preparation methods, including solvothermal synthesis [11],
spray pyrolysis [15], templating [17], and electrospinning followed
by thermal reduction [18], have been utilized. Compared with tra-
ditional solvothermal and template methods, electrospinning ex-
hibits more intriguing features for the fabrication of 1D structures
such as microstructure design, surface modification, control of ele-
mental composition, and large-scale manufacturing [19,20].

When talking about the nanostructured metal compounds, mo-
lybdenum (Mo)-based compound nanocrystals possess excellent
electrical, optical, and catalytic properties, which seem to be more
appropriate for the construction of composite materials compared
with some other transition metal-based nanocrystals like Fe,Os,
C0304, CoO [21-23]. In the recent years, Mo-based compound na-
nocrystals/carbon composites have been widely explored to fabri-
cate various flexible electronic devices [24-27]. Various kinds of Mo-
based compounds were incorporated into CNFs by a combination of
electrospinning technique and subsequent annealing at 600-900 °C
[28-32]. For instance, Liu et al. directly incorporated monoclinic
Mo0,.s nanoparticles (~10 nm) into CNFs by electrospinning and
thermal treatment at 700 °C in N,, yielding a reversible capacity of
876.9 mAh g! at 200 mA g! after 250 cycles when evaluated as a
free-standing anode in LIBs [29]. Xiang et al. developed an anode of
monoclinic MoO, nanoparticles/CNF membrane for LIBs using elec-
trospinning and carbonization at 600 °C in Ar/H, (5:1 in volume)
atmosphere, achieving a reversible capacity of 811 mAh g! at
100 mA ¢! after 100 cycles [30]. Li et al. prepared MoO,/Mo,C na-
nocomposite/CNFs for LIBs anodes by electrospinning followed by
carbonization at 800 °C in Hy/Ar (1:9 in volume) atmosphere, and
delivered desirable rate capability and satisfactory cycling perfor-
mance [31]. Li et al. prepared ultrafine hexagonal Mo,C nano-
particles encapsulated in N-doped CNFs by electrospinning coupled
with post-pyrolysis at 800 °C in N,, achieving excellent lithium
storage performance when evaluated as anode for LIBs [32-34].

Unfortunately, most studies so far focused on the generation of
one or two specific compounds (such as MoOs, MoO,, Mo,C, and
Mo0,/Mo,C), and no systematic investigations have been reported
on the relationship between the phase evolution of different types of
Mo-based compounds and the annealing process with different
temperatures. Worse still, the phase transformation mechanism is
still unclear in the case of Mo-based compound nanocrystals em-
bedded in CNFs. In addition, many efforts should be conducted to
improve the specific capacity of Mo-based compounds by adjusting
their size, crystal structure, and morphology during annealing pro-
cess. In this work, we successfully realized the successful doping of
different types of molybdenum (Mo)-based compound nanocrystals,
including MoO,, M0o0O,/Mo;N, Mo,N/Mo,C, and Mo,C nanocrystals,
into CNFs using electrospinning technique followed by controllable
high-temperature annealing in Ar atmosphere. Our results make it
possible to understand the phase transformation process of Mo-
based nanocrystals in the CNFs with different annealing tempera-
tures. In addition, the obtained results indicate that the electro-
chemical performance of different composite membranes can be
tailored by controlling the phase state of Mo-based nanocrystals in
CNFs. This work provides a facile method to prepare specific Mo-
based composite nanofibrous membranes, which are promising as
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anode materials for the fabrication of LIBs with enhanced perfor-
mance.

2. Experimental section
2.1. Materials

Polyacrylonitrile (PAN, M,= 150,000), molybdenum acet-
ylacetone [MoO;(acac),], N,N-Dimethylformamidel (DMF) were
purchased from the Sinopharm Chemical Reagent Co., Ltd (China).
All the reagents were used as purchased without further pur-
ification.

2.2. Preparation of the Mo-based composite CNF membranes

The Mo-contained CNF composite membranes were prepared by
electrospinning followed by high temperature annealing process.
Firstly, the MoO,(acac), contained PAN nanofiber membranes were
fabricated by electrospinning, according to a modified procedure
from previous study [35]. Specifically, PAN (9 wt%) and MoO,(acac),
(8.5 wt%) were dispersed in DMF and stirred for 2 h to form a
homogeneous spinning solution. The solution was then electrospun
into the nanofiber membrane (temperature: 26 °C, humidity:
33-36%, voltage: 20 kV, injection rate: 0.36 mL/h and rolling speed:
500-800 rpm). The distance was set as 16 cm from the collecting
roller to the syringe needle, and the diameter of the syringe needle
pinhole was 0.55 mm. After 6 h of continuous electrospinning, the
as-prepared nanofiber membranes were collected and dried at 60 °C
for 2-3 h. Secondly, the as-prepared nanofiber membrane was oxi-
datively stabilized in an oven under ambient atmosphere at 230 °C
for 2 h [36-38]. Finally, the MoO5(acac),/PAN composite nanofiber
membranes were annealed at 400, 500, 580, 600, 700, 800, and
900 °C, respectively, in the Ar flow for 2 h with a heating rate of 2 °C/
min, to obtain Mo-based compound nanocrystals-encapsulated CNF
membranes. The samples annealed at 400, 500, 580, 600, 700, 800,
and 900 °C are named as M-P 400, M-P 500, M-P 580, M-P 600, M-P
700, M-P 800, and M-P 900, respectively.

2.3. Materials characterizations

The phases of the as-prepared CNF composites were examined
using a Bruker D8 advance powder X-ray diffractometer in the
10-80° range using Cu-K, as radiation source (A = 0.15406 nm). X-ray
photoelectron spectroscopy (XPS) data were acquired using a
Thermo Scientific K-Alpha+ XPS spectrometer equipped with an Al
K, x-ray source. The morphologies were imaged using a field-
emission scanning electron microscope (FE-SEM, Sigma 500). The
elemental mapping of the nanofibers was carried out using an en-
ergy-dispersive X-ray spectrometer (EDS, Oxford INCAx-Sight 6427).
The as-prepared composite carbon fibers were ground and dispersed
in ethanol. After sonication, the dark mixture was dropped onto the
Cu grid for transmission electron microscopy (TEM) imaging. TEM
and high-resolution TEM (HRTEM) images were obtained by TEM
(JEOL JEM2100F). High-resolution '>C solid-phase nuclear magnetic
resonance (NMR) spectra were recorded at 9.4 T 400 MHz NMR
spectrometer operated at 400.17 MHz. The relaxation delay was
2.0 s, the acquisition time was 4.74 ms, the contact time was 2000 ps,
the sweep width was 621 ppm and the number of scans was 1024.
Fourier transform infrared spectroscopy (FT-IR) data were acquired
using an FT-IR spectrometer (Thermo Scientific Nicolet 50, Thermo
Fisher) equipped with Polaris long life infrared light source and
built-in medium and far infrared diamond attenuated total reflection
(ATR) module in reflectance mode. The spectral range is
4000-400 cm™! with a resolution of 4 cm™. All the spectra were
collected at room temperature under atmospheric pressure, with an
average 60 scans for background and ATR correction.
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Thermogravimetric analysis (TGA) was carried out on thermogravi-
metric apparatus (TG209F3, NETZSCH, Germany) at temperatures
ranging from 40° to 900°C with a heating rate of 10 °C/min. The first
stage was performed from 40° to 230°C under ambient air, and the
second stage from 230 to 900 °C under N, atmosphere.

2.4. Electrochemical measurements

To evaluate the electrochemical properties of the as-prepared
CNF composites, CR2025-type coin cells were assembled in a high-
purity Ar-filled glove box, where the moisture and oxygen con-
centration is less than 0.1 ppm, using metallic lithium as a counter
electrode. The as-prepared free-standing Mo-based compound na-
nocrystals/CNF membranes were used as anodes without any binder
or conductive carbon black. The thickness of the CNF composite
membranes is about 200 pum, and the mass of the composite anodes
is ~0.0026 g. The electrolyte consisted of 1 M LiPFg solution of
ethylene carbonate (EC)/dimethyl carbonate (DMC)/diethyl carbo-
nate (DEC) (1:1:1 in volume).

The electrochemical performance was tested on a LAND CT2001
battery test system in the 0.01-3.00 V voltage range at room tem-
perature. Cyclic voltammetry (CV) measurements (over the
0.01-3.00 V potential range at a scan rate of 0.1 mV s') and elec-
trochemical impedance spectroscopy (EIS) tests under open-circuit
voltage were performed using a Metrohm Autolab electrochemical
workstation (PGSTAT 302 N). The EIS tests were carried out in the
100 kHz to 0.01 Hz frequency range with a disturbance amplitude of
5 mV. Each sample was prepared more than 5 coin-cells for the
electrochemical tests to determine its repeatability.

3. Results and discussion
3.1. Morphological analysis

The Mo-contained CNF composite membranes were prepared by
electrospinning and followed annealing from 580 to 900 °C (Fig. 1a).
Fig. S1a, ¢, e, and g displayed the actual photographs of as-prepared
Mo0O;(acac),/PAN composite nanofibers, pre-oxidized composite
nanofibers, and Mo-contained CNFs annealed at 400-500 °C. Fig. 1b,
d, f, h, and j showed the actual photographs of Mo-contained CNF
composite membranes that annealed at 580-900 °C. The color of as-
fabricated nanofiber composite membranes changed from light
yellow to brown after pre-oxidation, then changed to black after
annealing at 400-900 °C. The as-prepared and pre-oxidized nano-
fibers exhibited outstanding flexibility. After annealing from 400° to
900°C, the created membranes could still be easily folded without
breaking, indicating that they maintained excellent flexibility after
the annealing process.

Fig. S1b, d, f, and h as well as Fig. 1c, e, g, i, and k showed the
representative SEM images of as-prepared MoO5(acac),/PAN com-
posite nanofibers, pre-oxidized composite nanofibers, and Mo-con-
tained CNFs annealed at 400-900 °C. All the nanofibers possessed
smooth surface morphology and were well dispersed without ob-
vious agglomeration. The average diameter of as-prepared nanofi-
bers was determined to be (258 + 20) nm, and it decreased to
(230 + 16) nm after the pre-oxidation process, possibly due to the
loss of water and other impurities during the pre-oxidation process.
When the annealing temperature increased from 400 to 900 °C, the
mean diameter of formed Mo-contained CNFs decreased from
220 £ 15-150 + 16 nm, as shown in Fig. S2 and S3. The reduction in
the nanofiber diameter was mainly attributed to the release of large
amounts of non-carbon impurities, which leaded to the increased
weight loss of nanofibers with the annealing temperature in-
creasing [36].
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3.2. Microstructure analysis

XRD patterns were acquired to investigate the crystal structure of
the Mo-contained CNF composite membranes that obtained at dif-
ferent annealing temperatures. Fig. 2a displayed representative XRD
patterns of the nanofibers that annealed at temperatures from
400 °C to 900 °C. The diffraction peaks acquired from samples M-P
400 and M-P 500 were found to be basically the same. Only two
diffusive broad peaks were observed at 28° and 42°, and no other
crystalline diffraction peaks were detected, indicating that the na-
nofibers possessed an amorphous carbon structure, which were
further confirmed by TEM images (Fig. S4).

The XRD pattern of the M-P 580 showed that the amorphous
phase was transformed into crystalline, as shown in Fig. 2b. The
broad peak at ~ 26° originated from the overlap of a diffusive broad
peak from amorphous carbon and a diffraction peak from the (111)
plane of monoclinic MoO, (JCPDS no.: 65-1273). The peak at ~ 37°
originated from the diffraction peaks from the (111), (002) and (200)
planes of MoO,. The broad peak at ~42° derived from the overlap of
diffraction peaks from MoO,. When the annealing temperature in-
creased to 600 °C (Fig. 2c¢), the intensity of the peak at 43.0° (labeled
by a pink circle) was enhanced in the XRD pattern, corresponding to
the overlap of diffraction peaks from MoO, and (200) plane of Mo,N
(JCPDS no.: 75-1150). Two small peaks at 62° and 74° originated from
the contribution of diffraction peaks from both monoclinic MoO,
and tetragonal Mo,N. When the annealing temperature increased to
700 °C, a sharp peak at 39.4° (labeled by a black diamond) started to
be appeared, corresponding to the (121) plane of Mo,C (JCPDS no.:
79-0744). The quantification analysis of the XRD pattern for M-P 600
shows that the mass ratio of MoO, and Mo,N is 1:1.7.

The broad peaks of M-P 700 at ~ 25° and ~ 43° derived from the
amorphous carbon and the diffraction peak from Mo,N, respectively
(Fig. 2d). The diffraction peaks at ~ 62.0° and ~ 75.4° originated from
the overlap of diffraction peaks from Mo,N and Mo,C. When in-
creasing the temperature to 800 °C, the XRD pattern also showed the
co-existence of Mo,C and Mo,N (Fig. 2e), which was similar to that
shown in Fig. 2d. The broad peak at ~25° originated from amorphous
carbon. The increased intensity of the diffraction peak at 37.7° was
ascribed to the overlap of diffraction peaks from the (200) plane of
Mo,C and the (112) plane of Mo,N. The other two diffraction peaks
at ~62.0° and ~75.4° are attributed to Mo,C and Mo,N. Moreover,
the intensity of the diffraction peaks from the (021) and (121) planes
of Mo,C (20=34.4° and 39.4°) were enhanced and the intensity of
the diffraction peak at 42.7° was reduced, indicating that Mo,N
transformed into Mo,C with the temperature increasing. In addition,
with the temperature rising from 800 °C to 900 °C, the mass ratio of
Mo,N and Mo,C goes from 1:1.4-1:1.3 by the quantification analyses
of the XRD patterns. When further increasing the temperature to
900 °C, the diffraction peaks at 34.4°, 37.9°, 39.4°, 52.1°, 61.6°, 69.6°,
74.7° and 75.6°, were assigned to the (021), (200), (121), (221), (040),
(321), (240) and (142) planes of Mo,C (JCPDS no.: 79-0744), re-
spectively, as shown in Fig. 2f. No other diffraction peaks could be
detected, indicating that a single-phase of Mo,C was formed
at 900 °C.

Taken together, it could be concluded that MoO, was generated
when the nanofibers were annealed at 580 °C. With increasing the
annealing temperature, Mo,N began to be appeared because N
atoms preferentially bind to Mo atoms. This could be attributed to
the high N content (26.4%) in polyacrylonitrile (PAN) and higher
electronegativity of N atoms compared to C atoms [39]. When fur-
ther increasing the annealing temperature, the N atoms were
eliminated as N, and the Mo,N started to convert into Mo,C, leading
to the co-existence of Mo,C and Mo,N in the created CNFs. Until the
annealing temperature reached to 900 °C, a single phase of Mo,C
was obtained.
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(a) Taylor cone
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Fig. 1. The preparation process, photographs and SEM images of CNFs that annealed at 580-900 °C. (a) Preparation process of Mo-contained CNFs. Photographs of (b) M-P 580, (d)
M-P 600, (f) M-P 700, (h) M-P 800, and (j) M-P 900. SEM images of (c) M-P 580, (e) M-P 600, (g) M-P 700, (i) M-P 800 and (k) M-P 900, respectively.

Extensive TEM characterizations were carried out to observe the
morphology and microstructure of Mo-contained CNF composite
membranes annealed at different temperatures. Fig. 3a, c, e, and g
displayed the representative bright-field (BF) TEM images of M-P
580, 600, 800, and 900, and Fig. S5a showed a representative BF TEM
image of M-P 700. The fibrous segments of as-synthesized samples
showed relatively uniform rod-like shape with the diameters re-
duction from 200 to 150 nm, consistent with the SEM micrographs
displayed in Fig. 1. In addition, many nanocrystals were dispersed in
the prepared CNFs. Fig. 3a and c indicated that for the samples of M-
P 580 and 600, the boundary of adjacent particles was not clear and
the particles with a slender line-like shape were uniformly dis-
tributed in the nanofibers. When the annealing temperature in-
creased to 700 °C, the nanocrystals were mainly located in the center
of the nanofibers (Fig. S5a). As the temperature increased to 800 °C,
the nanocrystals diffused outward and were uniformly distributed
across the whole nanofibers. For the M-P 900, some nanocrystals
diffused to the surface of the nanofibers, which was mainly ascribed
to the increase of the annealing temperature. During electrospin-
ning, the surface tension of the polymer was larger than metal salt
[39], so the metallic compound nanoparticles were mainly dis-
tributed in the center of the nanofibers at a low temperature. With
the temperature increasing, the thermal vibration was enhanced and
the particles could easily overcome the binding energy and diffuse to
adjacent regions. In other words, high temperature could supply
sufficient energy for the diffusion of nanoparticles.

HRTEM was used to further clarify the microstructure of these
nanocrystals. Through careful examination of more than 100 nano-
particles, only the MoO, phase was found in the M-P 580. Fig. 3b
showed a representative HRTEM image of M-P 580 with MoO, na-
nocrystals that embedded in a CNF, in which the three particles were
labeled as I, II and III, respectively. The outer part of particle I was

amorphous, demonstrating that it was not fully crystallized at
580 °C. Particle Il showed a fully-crystallized structure with evident
crystal lattices. The measured lattice spacing of 2.17 A corresponded
to the (210) plane of monoclinic MoO, (labeled by two red lines). The
different crystallization state of these two nanoparticles indicated
that the temperature increasing was conducive to the crystallization
of the particles. The atomic plane bending (labeled by red lines) of
MoO;, in particle III taked place in some regions. The lattice bending
might be caused by strain during the crystallization process.

Fig. 3d displayed a representative HRTEM image of the M-P 600.
The lattice spacings of the two crystal planes with an angle of 90°
were measured to be 2.15 A and 2.16 A, corresponding to the (212)
and (121) planes of MoO,, respectively. In addition to MoO,, another
crystalline phase was observed in the region marked by green dotted
lines in Fig. 3d. The lattice spacing of 2.10 A was in good agreement
with the (200) plane of Mo,N (labeled by two green lines), which
proved that part of MoO, transforms into Mo,N when the annealing
temperature reached to 600 °C. Different from the traditional pro-
cess to prepare Mo,N by calcinating MoOy in NH5 or H,/N, atmo-
sphere [41,42], the elemental N in our case originated from the
decomposition of PAN fibers during the calcination process. Fig. S5b
showed a representative HRTEM image of M-P 700, which consisted
of two different kinds of nanoparticles, the upper one being Mo,C
and the lower one being Mo,N. The lattice spacing of 2.13 A corre-
sponded to the (112) plane of Mo,C. The lattice fringes with inter-
planar spacing of 2.00A corresponded to the (004) plane of
orthorhombic Mo,N. This value was in good agreement with the
XRD results in Fig. 2d, which indicated that Mo,N and Mo,C co-
existed in M-P 700.

Fig. 3f showed a representative HRTEM image of M-P 800. Similar
to Fig. S5b, both Mo,C (labeled by yellow lines) and Mo;N (labeled
by green lines) nanoparticles existed in the nanofibers. The lattice
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Fig. 2. XRD patterns of the composite membranes annealed at different temperatures.

spacings of the two planes with an angle of 54° were measured to be
2.02A and 2.13 A, corresponding to the (211) and (112) planes of
Mo,C, respectively. In addition, the lattice spacing of 2.38 A
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corresponded to the (112) plane of Mo,N. Compared to M-P 700,
more Mo,N nanoparticles transformed into Mo,C when the an-
nealing temperature increased to 800 °C. Fig. 3h showed a re-
presentative HRTEM image of the M-P 900. The lattice spacings of
the two planes with an angle of 83° were measured to be 2.28 A and
2.13 A, corresponding to the (121) and (112) planes of Mo,C, re-
spectively. In addition, the lattice spacing of 2.36 A corresponded to
the (200) plane of Mo,C. Extensive HRTEM imaging showed that
only Mo,C nanoparticles were found, indicating that all the Mo,N
were carbonized and transformed into Mo,C, which was consistent
with the XRD result of the M-P 900 (Fig. 2f).

3.3. Phase evolution process

XPS technique was acquired to analyze the change of composi-
tion and chemical bonding of Mo cations during the annealing
process. All the Mo 3d spectra could be fitted using three pairs of Mo
3d (3dsp, and 3d3);) with different valence states (Fig. 4). The green
peaks located at 232.5 + 0.2 and 235.6 + 0.2 eV were attributed to
the Mo (VI) 3ds;; and Mo (VI) 3ds),, respectively. The pink peaks
located at 230.3 + 0.6 and 233.7 = 0.6 eV were assigned to the Mo
(IV) 3ds;> and Mo (IV) 3dsj,, respectively. The double peaks at
228.8 + 0.5eV and 232.2 + 0.5 eV were attributed to the Mo (II) 3ds,
2 and Mo (II) 3ds,, respectively. Since the Mo-based CNFs were ea-
sily susceptible to surface oxidation when exposed to air, it was
difficult to determine whether Mo (VI), Mo (IV), and Mo (II) origi-
nated from the nanofiber itself or from surface oxidation.

The EDS mapping were combined with the Ar’-etching-XPS to
identify the origin of different valence states of Mo. Fig. 4a-d showed
that the peak at ~228.8 eV was very weak, indicating that there was
a small amount of Mo (II). The high-resolution XPS spectra of C 1s
(Fig. S6) showed that for the M-P 500, M-P 580, and M-P 600, the C
1s peak could be fitted by C-C, C-0, C=0, and m-i * bonds, while the
Mo-C bonds began to appear when the annealing temperature
reached to 700 °C. We suggested that the Mo (II) 3d peaks for M-P
500, M-P 580, and M-P 600 originated from the surface oxidation of
Mo-based compounds, while for M-P 700, the Mo (II) 3d peaks de-
rived from surface oxidation, Mo,C, and MoyN, indicating the for-
mation of Mo,C and Mo,N at higher annealing temperature, which

Fig. 3. Representative BF TEM and HRTEM images of the nanofibers annealed at different temperatures. (a,b) M-P 580, (c,d) M-P 600, (e,f) M-P 800, and (g,h) M-P 900.
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Fig. 4. High-resolution XPS spectra of Mo 3d for the nanofibers annealed at different temperatures: (a) 500, (b) 580, (c) 600, (d) 700, (e) 800, and (f) 900 °C.

was consistent with the XRD pattern (Fig. 2d). When the tempera-
ture was further increased to 800 and 900 °C, the peak profile at
~228.8 eV was obviously enhanced, indicating that the amount of
Mo,C increases significantly. In addition, the high-resolution XPS
spectra of C 1s confirmed the formation of Mo-C bonds in the
composites annealed at higher temperatures (Fig. S6). The peaks
from MoO, were observed in the XRD patterns of the nanofibers
annealed at temperatures of 580 °C (Fig. 2b), indicating that the Mo
(IV) 3d peaks derived from both the nanofiber itself and surface
oxidation, and the Mo (VI) 3d peaks originated from surface oxida-
tion. However, when the temperature was increased to 700, 800, and
900 °C, no diffraction peaks of MoOy could be observed in the XRD
patterns, indicating that the appearance of amorphous MoO, on the

nanofiber surface resulted in the Mo (VI) 3d peaks, since XPS had
limited depth resolution (less than 10 nm in depth).

The amorphous nature of MoOy could be identified by the Ar*-
etching XPS. Taking the M-P 800 as an example, with the increase of
etching time (from Os to 60s), the profile intensity of Mo (VI) 3d
peaks decreased, while the profile intensity of Mo (II) 3d peaks in-
creased (Fig. S7 and Table S1), indicating that the surface oxidation
leaded to the formation of Mo (VI) 3d peaks. The surface oxidation
phenomenon could be further probed by EDS mapping, as shown in
Fig. S8. The element of Mo, O and C were uniformly distributed
within the nanofibers. Moreover, the elemental O was more sparsely
distributed in the nanofiber than the other elements (Mo and C),
which confirmed the presence of oxygen on the surface of the
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Fig. 5. TGA curves of MoO5(acac), (M), nanofibers (M-P) and PAN membrane (P) pre-
oxidized at 230 °C for 2 h in air and then annealed at different temperatures in N,.

nanofibers. According to the above analysis, it could be concluded
that with increasing temperature, except for surface oxidation, the
valence states of Mo in the nanofibers changed from Mo (VI) to Mo
(IV), and Mo (II), corresponding to the evolution of Mo-based com-
pounds from raw material, MoO(acac),, to MoO, and Mo-,C.

Fig. 5 showed the TGA curves of the MoO,(acac),, nanofibers and
PAN in the 40-900 °C temperature range, labeled as M, M-P, and P,
respectively. For the thermal treatment process, the temperature
was first increased to 230°C in air and maintained for 2 h, then
raised to 900 °C in N, atmosphere with a heating rate of 10 °C/min.
Fig. S9 showed a representative TGA curve of MoO,(acac), (named as
M/A) heated to 900 °C in air. The TGA curve of M was presented in
both Fig. S9 and Fig. 5 for comparison. The TGA curve of M/A in Fig.
S9 showed that a severe weight loss of 33.5% occurred in the
136-225°C temperature range (a' to b’), which indicated that
Mo0O,(acac), thermally decomposes in air. This decomposition was
confirmed by FT-IR and NMR measurements, as shown in Fig. S10-14.

Fig. S10 showed representative FT-IR spectra of MoOy(acac),
before and after pyrolysis at 225°C in air. Compared with pure
MoO,(acac),, the FT-IR spectrum showed slight changes at wave-
numbers of 972cm™ and 720cm™! after pyrolysis, which corre-
sponded to the -Mo=0 bond and -C=C- m bond, respectively. The
generation of the -Mo=0 and -C=C-  bonds was accompanied by
the changes of acac ligands in MoO;(acac),. Certain hydrogen atoms
of the =C-H moieties in acac ligands were lost from the Mo complex
to form a new -C=C- n bond, while oxygen atoms of the carboxyl
group (-C=0) in acac ligands were coordinated with Mo to create a
new -Mo=O0 bond. NMR spectra (Fig. S11-14) of MoO,(acac),
showed that in the thermal decomposition process, the number of
organic -CHs, -CH moieties in acac ligands decreased due to the
pyrolysis of acac ligands, and the amount of the -C=0 moieties in
acac ligands slightly decreased due to the tight complexation be-
tween the -C=0 moiety and -MoOy,. Most probably, in this tem-
perature range, the -CHs; and -CH groups were reduced and
dehydrogenated, meanwhile the Mo-O was crosslinked to form
MoOx(OCHy), [43,44].

The TGA curves of M in Fig. 5 and Fig. S9 were consistent with the
curve of M/A in Fig. S9 before 447 °C (point c), except for the weight
loss differences at 230 °C, indicating that the pyrolysis reactions of M
and M/A were similar before 447 °C. When the temperature in-
creased to 500 °C, MoO,(acac), converted to MoOs in air, as inferred
from the XRD pattern displayed in Fig. S15. The TGA curve of M in N,
atmosphere didn’t show accelerated weight loss at the temperatures
from 447° to 500°C, due to the absence of oxygen in the N, atmo-
sphere. The decomposition/cross-linking products of MoOy(OCHy),
couldn’t be rapidly and fully oxidized to form MoOs at this tem-
perature. When further increasing the temperature, Mo,N and Mo,C
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were gradually formed in N, atmosphere, as revealed by the XRD
patterns shown in Fig. S16. When the annealing temperature in-
creased to 700 °C in N5, the XRD pattern showed the co-existence of
Mo,N and Mo,C (Fig. S16). When further increasing the temperature,
Mo,N gradually disappeared and the content of Mo,C increased,
which was accompanied by a further weight loss in the TGA curve of
M (from point d to e in Fig. 5 and Fig. S9). The rapid weight loss was
attributed to the transformation from Mo,N to Mo,C at 780-815 °C.

The TGA curve of P (PAN) shown in Fig. 5 was similar to pre-
viously reported observations [36,41,42]. Briefly, the PAN fibers
started to lose weight at 93 °C (point A), and a small weight loss was
found before 230 °C due to the dehydrogenation and transformation
of the PAN polymer chain into a ladder polymer by converting the
C=N to C=N bonds. The NMR spectra of PAN treated at 225 °C (Fig.
S17) showed that the amount of -CHs and -CN functional groups in
the PAN chains decreased, further confirming dehydrogenation and
transformation of C=N bonds. Further weight loss in PAN was
mainly caused by volatile by-products, such as methane (CHy), hy-
drogen (Hs), hydrogen cyanide (HCN), water (H,0), and CO, [36].

The TGA curve of the M-P displayed in Fig. 5 simulated the an-
nealing process of the carbon flexible film loaded with molybdenum
compound nanocrystals. Compared with the curves of M and P, the
curve of M-P started to lose weight from 93° to 117°C (point A to B)
due to the decomposition of PAN. Subsequently, a rapid weight loss
from 117 to 230 °C in the curve of M-P indicated the thermal de-
composition of MoO,(acac),. When the temperature increased to
360 °C, the curve of M-P decreased more slowly than that of P, which
was mainly due to the formation of the complex between MoOy
(OCHy), and PAN. From 669 to 685 °C (point E to F), the curve of M-P
showed a rapid weight loss, corresponding to the formation of Mo,C.
This was further confirmed by the XRD patterns acquired at 700 °C
(Fig. 2d). With further temperature increasing, the curve of M-P
gradually became parallel to that of P, and the weight loss was
mainly caused by the PAN carbonization and the transformation
from Mo,N to Mo,C. When the temperature increased to 900 °C, all
of the Mo,N transformed into Mo,C, as confirmed by the XRD pat-
terns of Fig. 2f.

Based on the above results, we proposed a formation mechanism
of the composite nanofibers. As shown in Fig. 6, the compound
MoOy(acac), began to decompose at 117 °C. It underwent dehy-
drogenation, Mo-O crosslinking and other decomposition reactions
from 117 to 500 °C, yet no crystalline nanostructures were observed
within this temperature range. When the temperature exceeded
500 °C, crystalline MoO, nanostructures began to form. Once the
temperature was higher than 580 °C, the formed MoO, could react
with N atoms in the surrounding PAN to form Mo;N due to the larger
electronegativity of atomic N compared to atomic C [40]. Usually,
Mo,N was produced by the calcination of MoOy in a reducing at-
mosphere of NH; or H,/N, [41,42]. However, in our case, the nitrogen
content of PAN was about 26.4% [40], which could provide a suffi-
cient source of nitrogen. The MoO, nanocrystals exhibited a high
surface area and high activity due to their small sizes, which fa-
cilitated the reaction with the surrounding nitrogen sources in the
PAN. Therefore, MoO, nanocrystals could be transformed into Mo, N
at a high temperature even without a reducing atmosphere. Further
increasing the temperature leaded to the formation of Mo,C. Similar
to Mo,N, MoO, was usually carbonized to produce Mo,C by a re-
ductive carbon-containing gas stream (e.g. CH4/H, or CO/H,) [45,46].
In addition, the Mo,C could also be obtained by carbonization of
Mo,N under CO atmosphere [41]. In this case, when the annealing
temperature was 700-800 °C, no MoOy but Mo,N was found; how-
ever, when the temperature was maintained at 900 °C for 2 h, all the
Mo,N nanocrystals were transformed into Mo,C due to the reaction
between Mo,N and C in CNFs. We therefore confirmed that Mo,C
was formed by the conversion of Mo,N.
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Fig. 6. Schematic diagram for the evolution of Mo-based nanostructures at different temperatures.

3.4. Electrochemical properties

To explore the electrochemical properties of the Mo-based
composite CNFs, we assembled LIBs using the CNF-based mem-
branes as anode and studied the Li-ion storage properties. For the M-
P 400 and M-P 500, the annealing of MoO,(acac), in the fibers did
not yield crystalline Mo compound particles, and the electrodes
made of the M-P 400 and M-P 500 did not work properly due to the
low conductivity and specific capacity. Therefore, we only in-
vestigated the electrochemical properties employing the M-P 580,
M-P 600, M-P 700, M-P 800, and M-P 900 as electrodes, respectively.

Fig. S18 and Fig. 7a showed the first three and the third cycle CV
curves of these five electrodes at a scan rate of 0.3 mVs! in the
0.01-3.00V potential range, respectively. For the M-P 580 electrode,
the peak located at around 0.4V was observed in the first cycle,
which was attributed to the solid electrolyte interphase (SEI) film
formed by electrolyte decomposition (Fig. S18a). The CV curve din
not overlap in the subsequent cycles, suggesting the formation of the
SEI film and the irreversible insertion of Li* ions into the nanofibers,
which usually caused a loss in capacity in the first discharge-charge
process. Similarly, the CV curves of the M-P 600, M-P 700, M-P 800,
and M-P 900 electrodes also indicated the formation of the SEI film
and the irreversible insertion of Li* ions (Fig. S18b-e). The CV curves
of the M-P 580 and M-P 600 shown in Fig. 7a indicated that two
redox couples were located at 0.95/1.50V and 1.00/1.55V, respec-
tively. The two reduction peaks could be ascribed to a phase tran-
sition from the orthorhombic to the monoclinic phase due to the Li
insertion. The two oxidation peaks could be assigned to the phase
transitions from the monoclinic to the orthorhombic phase and from
the orthorhombic to the monoclinic phases in the Li extraction
process, respectively [47-49]. No obvious redox peaks were found

for Mo,C or MoyN in the CV curve of M-P 700, which was attributed
to the low content of Mo,C or Mo,N that forms at 700 °C. However,
the electric conductivity of the M-P 700 electrode was enhanced,
thanks to the introduction of Mo,;N and Mo-,C [50]. In addition, a pair
of redox peaks was located at around 1.02/1.20V in the CV curve of
M-P 800, which might correspond to the conversion or alloying re-
action of Li* in the Mo,C electrode [51]. The redox peaks of Mo,N
were not clearly visible in the CV curve. This might be due to the
peak broadening or the low content of Mo,N in the electrode. Si-
milarly, a pair of redox peaks at around 1.06/1.12 V was found in the
CV curve of the M-P 900, which was related to conversion or alloying
reaction of Li* in Mo,C.

Fig. 7b showed the charge-discharge curves of the M-P 580, M-P
600, M-P 700, M-P 800, and M-P 900 electrodes at a current density
of 100mA g’'. The initial discharge capacities of the five electrodes
were 699, 1057, 685, 488, and 442 mAh ¢!, and the initial charge
capacities were 447, 832, 515, 299, and 229 mAh g°', respectively.
Thus, the initial Coulombic efficiencies of the M-P 580, M-P 600, M-P
700, M-P 800, and M-P 900 electrodes were estimated as 63.9%,
78.7%, 75.2%, 61.3%, and 51.8%, respectively. The initial capacity loss
might result from the incomplete conversion reaction as well as the
formation of the SEI layer. Fig. S19 showed that from the second
cycle, the discharge curves of M-P 600, M-P 700, M-P 800 and M-P
900 electrodes remained almost unchanged, indicating high rever-
sibility of the lithiation/delithiation process and good stability of the
four electrodes. However, for the M-P 580 electrode, the discharge
curve still changed, which might be due to the low crystallinity of
the nanoparticles in the nanofibers at low annealing temperatures.

To evaluate the rate performance of the five different samples,
we measured the rate capacity of the molybdenum-based nanofiber
electrodes at different current densities, as shown in Fig. 7c. The
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100mA g™ (d) and 1000mAg™' (e), respectively.

electrode made of the M-P 580 exhibited an average discharge ca-
pacity of 518 mAh g! at a low current density of 100mA g™!, and it
restored to 427 mAh ¢! when the current density bounced to
100mA g™ after 50 cycles at different current densities. However,
the capacity remained only 27 mAh g™! at a high current density of
2000mA g! due to the low crystallinity. The specific capacity of the
M-P 600 was the highest in a current density range of
100-1000 mA ¢!, which was attributed to the dominant MoO, in the
electrode, possessing a high theoretical specific capacity of 837 mAh
¢!, and the MoN in the electrode, enhancing the conductivity of the
electrode. The average discharge capacity of M-P 600 was 747 mAh
¢! at a current density of 100mA g™!, which still maintained 349
mAh g at 2000 mA g!. When the current density was restored to

100mA g, the capacity reached 650 mAh g’!, the highest value
among the five samples. The electrode made of M-P 700 exhibited an
average discharge capacity of 504 mAh g™! at a low current density of
100mA g, and it restored to 484 mAh ¢! when the current density
rebounded to 100 mA g™!. The capacity remained 344 mAh g! at a
high current density of 2000 mA g™

Compared to the M-P 580 and M-P 600 electrodes, the M-P 700
electrode displayed a more stable rate capability with slighter ca-
pacity decay between various current densities. For the M-P 800 and
M-P 900 electrodes, the discharge capacities were 262 and 237 mAh
¢! at a current density of 100 mA g7}, respectively, and they retained
128 and 121 mAh g' when the current density increased to
2000 mA g"!. When the current density was recovered to 100mA g™,
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Table 1

Comparison of specific capacities of the Mo-based compounds/carbon electrodes prepared by electrospinning.
Materials Current density (mA g™') Cycle number Specific capacity (mAh g') Refs.
Mo0s/coal-based CNFs 500 200 801.1 [28]
M00,.5/CNFs 200 250 876.9 [29]
Mo00,/CNFs 100 100 811 [30]
MoO,@C nanofibers 500 600 665 [31]
Mo00,/Mo,C/CNFs 100 70 1103.6 [18]
Mo,C/N-doped CNFs 100 50 658 [32]
MoO,/CNFs 100 100 636 This work
MoO,/Mo,N/CNFs 100 100 685 This work
Mo,N/Mo,C/ CNFs 100 100 491 This work
Mo,C/CNFs 100 100 189 This work

the two electrodes still exhibited reversible capacity values of 257 Table 2

and 225 mAh g}, respectively, indicating that they also possessed
stable rate performances. From above, it could be seen that the
different electrodes showed a drastic change in the charge/discharge
capacities, which resulted from the crystallinity and the content of
different phase nanocrystals. When the annealing temperature was
lower, the crystallinity of the anode materials was lower and their
conductivity was worse. With the temperature increasing, the con-
tent of MoO, in the anode materials decreased, and the contents of
Mo,N and Mo,C increased. Since the theoretical capacity of MoO,
(837 mAh g7!) [52] was larger than that of Mo,C (524 mAh g™!) [33]
and Mo,N (390 mAh g!) [53], thus, the capacity of the M-P 700-900
electrode was lower than that of the M-P 600 electrode.

Fig. 7d presented the cycling performance of five electrodes
made of the M-P 580, M-P 600, M-P 700, M-P 800, and M-P 900,
respectively. The results showed that the discharge capacities of M-P
580, M-P 600, M-P 700, M-P 800 and M-P 900 were 636, 685, 491,
247, and 189 mAh g! after 100 cycles at a current density of
100mA g, respectively (Table 1). The capacities of M-P 580, M-P
600, M-P 700 and M-P 800 were higher than that of commercial
carbon (372 mAh g!). In addition, all the five electrodes exhibited
excellent cycling stability due to the structure of molybdenum-based
compound nanoparticles/amorphous carbon nanofibers, in which
the carbon nanofiber backbone played an important role in main-
taining structural integrity during cycling [54].

To further evaluate the cycling performance of the electrodes at a
high current density, we carried out endurance tests of five elec-
trodes at 1000 mA g . As illustrated in Fig. 7e, the five electrodes all
exhibited excellent cycling stability. For the M-P 580 and M-P 600
electrodes, after initial decrease, the specific capacity first increased
up to 300 cycles and then decreased after 300 cycles, while for the
electrodes of the M-P 700, M-P 800 and M-P 900, the specific ca-
pacity remained fairly stable. The increase of specific capacity for the
M-P 580 and M-P 600 electrodes might be caused by the activation
process of the electrode materials [47,55,56], which was a common
phenomenon when metal oxides were used as electrode materials.
After 300 cycles, the specific capacity gradually decreased, yet still
maintaining 350 and 300 mAh g! after 1000 cycles at 1000mA g},
which was 50.3% and 68.1% of the capacity value for the second
cycle. The electrodes made of M-P 700, M-P 800 and M-P 900
showed excellent cycling stability, and their discharge capacity re-
tained values of 318, 126 and 142 mAh g™! after 1000 cycles at
1000mA g™! with a capacity retention of 82.5%, 61.7% and 80.1%,
respectively (Table 2).

Compared with the electrode materials before cycling, the
morphologies of the five electrodes materials exhibited no obvious
changes after 1000 cycles at 1000 mA g™! (Fig. S20), demonstrating
that the five electrodes had good stability. The excellent cycling
stability of the five electrodes was mainly attributed to the compo-
site of Mo-based nanocrystals encapsulated in the amorphous CNFs.
The small nanocrystals in CNFs could provide additional electro-
active sites. The amorphous carbon nanofibers could buffer the

10

Capacity retention of five electrodes made of the M-P 580, M-P 600, M-P 700, M-P
800, and M-P 900 at a current density of 1000mAg™".

Electrodes Capacity of second Capacity after 1000 Capacity
cycle (mAh g™!) cycles (mAh g™) retention (%)

M-P 580 695.6 350.0 50.3

M-P 600 440.4 300.1 68.1

M-P 700 385.8 3184 825

M-P 800 204.4 126.1 61.7

M-P 900 177.5 142.2 80.1

drastic volume change of Mo-based nanocrystals during the inser-
tion and extraction process of Li* ions and also acted as a conducting
framework for efficient electron transport. In addition, the carbon
layer could effectively suppress the aggregation and dissolution of
Mo-based compounds during the Li* storage process. Thus, the Mo-
based compounds nanocrystals/CNFs exhibited long cycling stability
and excellent rate performance.

To further investigate the charge transport kinetics of the LIBs,
EIS spectra were collected before cycling. Fig. 8a showed the Nyquist
plots of M-P 580, M-P 600, M-P 700, M-P 800 and M-P 900 elec-
trodes. The EIS spectra consisted of a semicircle in the high fre-
quency region and an inclined line in the low frequency region.
Fig. 8b exhibited the equivalent circuit model of the EIS spectra. Ry,
Rsgr and R, represented the electrolyte resistance, transfer re-
sistance of Li* through the SEI film and transfer resistance of Li*
through the interface between electrolyte and electrode, CPE re-
presented the double-layer capacitance and W represented the
Warburg impedance associated with lithium diffusion. From Fig. 8a,
it could be found that in the high frequency region, the semicircle
diameter of the M-P 580 electrode was larger than those of the other
four electrodes. This was mainly attributed to the poor conductivity
caused by some partially-amorphous MoO, nanoparticles embedded
in the amorphous carbon nanofibers in the M-P 580 electrode, as
shown in Fig. 3(b). The semicircle diameters of the M-P 580, M-P
600, M-P 700, M-P 800, and M-P 900 gradually decreased, indicating
that their contact and charge transfer impedance reduced with the
annealing temperature increasing. This was attributed to the pre-
sence of Mo,C and Mo,N in the electrode produced at higher an-
nealing temperatures which could increase the electric conductivity
of the electrodes. The higher electric conductivity indicated that the
rate performance was better for the electrode materials annealed at
higher temperature. In addition, when increasing the annealing
temperature from 580 to 900°C, the diameter of the nanofibers
gradually decreased from ~200 to ~150 nm, which shortened the
diffusion length of Li* ions and thus the slopes of the inclined lines in
the low frequency region increased with the annealing temperature
increasing. The slope of the M-P 600-900 electrode was larger than
that of the M-P 580 electrode, indicating that Li*-ion diffusion was
facilitated for electrode materials annealed at higher temperatures,
which could enhance the long-term cycling stability. The EIS results
showed that the higher the annealing temperature, the lower the
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Fig. 8. EIS spectra and equivalent: (a) EIS spectra of M-P 580, M-P 600, M-P 700, M-P 800 and M-P 900 electrodes. (b) Equivalent circuit model of the EIS spectra.

contact and charge transfer impedance of the as-prepared elec-
trodes, indicating that electrodes obtained at higher annealing
temperatures could facilitate Li* ions transport into the electrode
surface, and enhance the long-term recycling stability and rate
performance.

4. Conclusions

In summary, a series of flexible CNF-based nanocomposite
membranes embedded with various different types of Mo-based
compound nanocrystals were fabricated with electrospinning tech-
nique and subsequent thermal annealing process. The Mo-based
compound nanocrystals in the CNFs evolved from MoO,(acac), to
Mo0O,, Mo;N and Mo,C with the temperature increasing. In the Ar
atmosphere, only MoO,(acac), complexation and decomposition
processes occurred in the nanofibers when the annealing tempera-
ture was lower than 500 °C, and no crystalline structure was formed.
A single-phase of MoO, was generated when the temperature in-
creased to 580 °C. With the temperature increasing, Mo,N started to
form with the reaction of MoO, and N atoms in the CNFs, and further
converted into Mo,C. When the temperature increased to 900 °C, all
the Mo,N nanocrystals were transformed into Mo,C, and a single-
phase of Mo,C was generated. All the LIBs employing Mo-based
nanocrystals/CNFs as anodes exhibited excellent recycling stability,
due to the buffer effect of the amorphous CNFs during the lithiation/
de-lithiation process. The Mo-based nanocrystals/CNFs anodes that
annealed at 600 °C showed the highest specific capacity. Our work
provides a facile and broadly-applicable strategy for the exact
synthesis of Mo compound-based CNF composite materials with
adjustable performances. The method for preparing various Mo-
based compounds via tailoring the phase state of Mo compounds can
be widely extended to the fabrication of other metal-based com-
pounds for LIBs and other electrochemical devices.
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