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Single Nozzle Electrospinning Synthesized MoO,@C
Core Shell Nanofibers with High Capacity and Long-Term

Stability for Lithium-lon Storage

Zhi Chen, Ting Yang, Huimin Shi, Taihong Wang, Ming Zhang,* and Guozhong Cao

MoO,@C core shell nanofibers are synthesized via a simple electrospinning
method with a single nozzle. The formation mechanism of MoO,@C core
shell nanofibers is investigated in detail and it is discovered that the phase-
segregation phenomenon may be the main driving force of thermodynamics
to form MoO,@C core shell nanofibers, and the high temperature as the
dynamic factor can accelerate the formation of these core shell nanofibers.
The carbon shell of the MoO,@C core shell nanofibers acts as both con-
ductive bond to increase electrical conductivity and structural skeleton to
maintain the integrity of MoO, during Li* insertion/extraction to achieve both
high specific capacity and good cyclic stability. So as an anode for lithium-ion
batteries, the MoO,@C core shell nanofiber electrode exhibits high specific
capacity and extraordinary lifetime even at a large current density. Their
reversible capacities are 665 mA h g in the 600th cycle at 0.5 A g™". Even at
a high current density of 1 A g7, a capacity of 537 mA h g7! is obtained after
600 cycles. The present work may provide a facile and broadly applicable way
for the fabrication and utilization of metal oxide/carbon core shell composites

MoO,, which is deemed to be a prom-
ising candidate for rechargeable LIBs,
has been the subject of much research
due to its high electrochemical activity
toward Lit.l1*161  Although bulk-sized
MoO, wusually has a low theoretical
capacity (209 mA h g™, the lithiation
of nanosized MoO, is a conversion-
type reaction with a theoretical capacity
838 mA h g lIV1 As expected, all
sorts of MoO, nanocomposites showed
enhanced Li* storage performance.'8-20]
But their disadvantages are blocking
wider application, such as relatively low
conductivity and huge volume change
during lithiation/delithiation process. To
overcome large volume change and slow
kinetics during the lithiation/delithia-
tion processes, one way was to synthesize

in fields of batteries, catalysts, and fuel cells.

1. Introduction

Although lithium-ion batteries (LIBs) have been becoming
a break-through for energy storage, commercial graphite as
an anode for LIBs has not satisfied the high efficiency energy
demand in electric vehicles or hybrid electric vehicles in
future.' Therefore developing novel and appropriate elec-
trode materials with high energy density, long cycle life, and
low cost is essential to improve the performance of batteries for
electric vehicles.13l
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nanosized MoO, to buffer the change of
volume. Shi et al. have prepared ordered
mesoporous MoO, which just displayed
the capacity of 750 mA h g at C/20
after 30 cycles.l'”] Another more effective way was to prepare
MoO, nanocomposites with different buffer phases of better
cyclic stability, such as graphite and other carbon materials. A
case in point is that Huang et al. have fabricated layer-by-layer
assembled MoO,-graphene thin film and achieved a specific
capacity of 675.9 mA h g! after 100 cycles at 47.8 mA g2l
Yet the block of graphene sheets for ion diffusion cannot
be completely overcome. Wei et al. synthesized MoO,-
ordered mesoporous carbon having a reversible capacity
of 689 mA h g7! in the 50th cycle at the current density of
50 mA g L[ However, the synthesis of ordered mesoporous
carbon was not facile and its reversible capacity at 50 mA g~!
was not satisfactory.

According to the theoretical analysis,??l the resistance
polarization and concentration polarization are main rea-
sons for the reversible capacity loss of electrode, especially
the capacity loss at high current densities. Therefore, pre-
paring MoO,—carbon composites with fast electrons and
ions transfer channels maybe result in the composites with
excellent properties for Li* storage. Recently core shell nano-
structures have been brought more and more attention in
catalysis,?3l energy conversion and storage.?>?*! Core shell
nanostructures can not only possess a short ions diffusion
length, a high electrode/electrolyte interfacial area, and
efficient electronic transport pathways, but also effectively
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buffer the huge volume change of nanoparticles during
the charge/discharge process. A number of different core
shell nanostructures have been reported recently, including
nanofibers,”>=?°l  nanospheres,?*32l and nanorods.l*>-*’!
According to our previous studies of carbon-fiber based
composites**38 and some other researches,>**% nanofibers
and their composites have better electron and Li* transport
rates leading to a high contact area at the interface with the
electrolyte and adapt to strain and volume varieties without
any fracturing or fracking. Jang’s group has developed core
shell nanofibers using dual nozzle electrospinning with a
gravimetric capacity retaining 721 mA h g™! with a 5 min dis-
charging rate capability after 300 cycles.[!] There are many
similar core shell nanofibers obtained by coaxial electrospin-
ning.[*2*3] Although those methods lead to improved electro-
chemical properties, the multinozzle electrospinning needs
complicated equipment and is hard to control the structure
of the composites.

In this work, MoO,@C core shell nanofibers have been pre-
pared by a facile single nozzle electrospinning. The micromech-
anism of forming core shell nanofiber was studied by changing
the annealing temperatures and the concentrations of the pre-
cursor. As a result, the MoO,@C core shell nanofibers can
deliver a high specific capacity of 665 mA h g™t at 0.5 A g! after
600 cycles and coulombic efficiency has been maintained about
98%, even at 1 A g7!, the capacity can possess 537 mA h g!
after 600 cycles.

www.advancedsciencenews.com

2. Results and Discussion

2.1. Formation of the MoO,@C Core Shell Nanofibers

After annealing with a heating rate of 1 °C min™! in flowing
Ar, the morphology of the as-obtained product (MoO,@C-10)
at 650 °C can be clearly observed from the scanning elec-
tron microscopy (SEM) images in Figure 1a,b. And the more
SEM images of MoO,@C core shell nanofibers are showed in
Figure S11 in the Supporting Information. It shows that the
diameter of the nanofibers is about 500 nm and MoO, nano-
particles are coated by carbon layer to form MoO,@C core
shell nanofiber. X-ray diffraction (XRD) was used to examine
MoO,@C-10 in Figure 1lc. Three characteristic peaks centered
at 25.0°, 37.2°, and 53.6° are ascribed to the (011), (200), and
(220) planes of MoO,. The peak in 26° is displayed as graphite,
which is gradually being the result of the graphitization and
indicates that the electrode of MoO,@C-10 is made to have a
good conductivity. As shown in Figure 1d, Raman spectra of
MoO,@C-10, MoO,@C-15 show two strong peaks at 1360 and
1600 cm™, representing the D-band (disordered carbon), the
G-band (graphitic carbon), respectively. The intensity rate of
the D-band and G-band (Ip/Ig) is regarded as a sign of crys-
tallinity.**] The numerical value of Ip/I; is 0.93, 1.187 for the
MoO,@C-10, MoO,@C-15 core shell nanofibers respectively,
which indicates that the MoO,@C-10 core shell nanofibers pos-
sess high degree of graphitization and better conductivity.’!]
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Figure 1. a,b) the SEM images of the MoO,@C-10 core shell nanofibers at 650 °C with a heating rate of 1 °C min™" in Ar. ¢) XRD patterns of the
MoO,@C-10 core shell nanofibers. d) Raman spectra of the MoO,@C-10, MoO,@C-15 core shell nanofibers, respectively.
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The SEM and mappings of the as-electrospun nanofibers
in Figure S1 (Supporting Information) indicate these
elements(C, Mo, O) are uniformly dispersed in the nanofibers
and draw a conclusion that the core shell nanofibers are formed
during the annealing process.

2.2. Formation Mechanism of the MoO,@C
Core Shell Nanofibers

The precursor (a) (Figure S2, Supporting Information) was
thermally analyzed by thermogravimetric analysis (TGA) with
a heating rate of 5 °C min™! in N,. The weight losses (under
350 °C) were ascribed to the removal of adsorbed water, the
polymer degradation,®! and the conversion of ammonium
molybdate (AMM) to Mo0O;.*! When increased to 450 °C,
weight loss reached the maximum, which could mean that
MoO; was gradually reduced to MoO,.I""l After 450 °C, AMM
was completely converted to MoO,. The weight change (b) in
Figure S2 in the Supporting Information with a heating rate
of 5 °C min™! in air was due to both the oxidation of MoO,
and the decomposition of carbon layer. The theoretical value
of the weight increases from MoO, to MoO; is 12.5 wt%. So
the content of carbon in the MoO,@C-10 core shell nanofibers
was calculated to be about 37 wt%. The content of carbon in
the MoO,@C-15 core shell nanofibers was estimated to be
about 23.89 wt%, as shown in Figure S2 in the Supporting
Information.

In order to explain the mechanism of formating MoO,@C
core shell nanofibers, we characterize the distribution of MoO,
nanoparticles at the cross section of the nanofibers obtained
at different temperatures by SEM. The nanofibers were
treated by ammonia to remove the MoO, nanoparticles and
the resulted nanofibers were also observed. Figure S3a in the
Supporting Information shows that the solid nanofibers are
obtained under 300 °C and a hollow structure could be seen
after ammonia water treatment, as shown in Figure S3b in the
Supporting Information, which confirmed that MoO, nanopar-
ticles was dispersed in the center of the nanofibers. When the
heating temperature was increased to 400 °C, an obvious core
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shell nanofiber was formed in Figure S3c in the Supporting
Information. Figure S3d in the Supporting Information showed
that MoO, nanoparticles in the center were corroded, remaining
a hollow carbon nanofiber. When increased to 500 °C, the
diameter of MoO, nanoparticles enlarged and the carbon layer
became relatively thinner in Figure S3e in the Supporting
Information, which was likely that MoO; was further reduced
to MoO,. Hollow carbon nanotubes appeared after ammonia
treatment in Figure S3f in the Supporting Information. From
the above SEM images, it can be concluded that temperature
is not the main factor to formate core shell nanofibers, but the
high temperature is conducive to formate core shell nanofibers
and can decrease the thickness of the carbon shell.

The effect of the concentrations of AMM on the structure
of nanofibers was investigated in the formation mechanism
of MoO,@C core shell nanofibers, as shown in Figure 2.
When the concentration of AMM was adjusted to 1%, solid
nanofibers without nanoparticles were obtained. Although
treated by ammonia water, there was no hollow structure in
the nanofibers, indicating that MoO, nanoparticle was the
homogenous distribution of the MoO, nanoparticles. When the
concentration of AMM was increased to 5%, the center of the
nanofibers showed some nanoparticles in. Then some small
holes were in the nanofibers after the MoO, nanoparticles
were dissolved in ammonia water. After the concentration of
AMM was up to 10%, the core shell nanofiber was obvious and
hollow carbon nanotube was achieved after removing the MoO,
nanoparticles. When the concentration of AMM was increased
to 15% further, the core shell nanostructure of MoO,@C-15
nanofibers appeared more clearly in Figure S4 in the Sup-
porting Information. As the concentrations increased, it could
be concluded that MoO, nanoparticles formed priority in the
center of the nanofibers and a relatively high concentration of
AMM was the necessary condition to form the MoO,@C core
shell nanofibers using a single nozzle electrospinning.

To further explore the structure of the MoO,@C core shell
nanofibers, TEM was carried out. Figure 3a,b shows low mag-
nification TEM images for the core shell nanofibers. It is clearly
observed that MoO, nanoparticles are coated by carbon and
relatively large nanoparticles are concentrated in the center
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Figure 2. Schematic illustration of changes of MoO,@C core shell nanofibers at different concentrations (1%, 5%, 10%), and after soaking in nitric

acid, respectively.
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Figure 3. a,b) TEM image, c) HRTEM image, d) SAED pattern, e) dark field TEM, and corre-
sponding element mappings for C, Mo, O of MoO,@C core shell nanofibers.

of the nanofibers. And more TEM images of the MoO,@C
nanofibers are shown in Figure S12 in the Supporting Informa-
tion. There may be the possibility of small particles combined
into large particles during the annealing treatment. Besides,
there is a tendency that nanoparticles aggregate into the core
of the nanofibers. The lattice fringe (3.40 A) is attributed to the
(011) plane of MoO, (Figure 3c). The selected area electron dif-
fraction (SAED) rings reveal the MoO, nanoparticles are poly-
crystalline (Figure 3d). The elemental mappings (Figure 3e)
indicate that Mo and O are mainly distributed in the center of
the nanofiber and most of C is at the edge of the nanofiber, con-
firming the core shell nanostructure of MoO,@C composites
from another angle.

A series of optical tests were reformed to explore the for-
mation mechanism of MoO,@C core shell nanofibers. First,
polyvinyl alcohol (PVA) and AMM were mixed to get a uni-
form and transparent solution in Figure S5a in the Supporting

wileyonlinelibrary.com
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Information, showing the macroscopic
homogeneity. Figure S5b in the Supporting
Information is optical image of pure PVA
solution (after drying) by optical microscope
indicating the uniformity of PVA. When the
concentration of AMM is 1%, the optical
image in Figure S5c in the Supporting Infor-
mation suggests that AMM is uniformly
dispersed in PVA solution. When the con-
centration of AMM is added to 10% (dry at
60 °C), clear spots appear in Figure S5d in
the Supporting Information, showing that
AMM with a concentration of 10 wt% cannot
be dissolved completely in PVA. Compared
to the optical images of AMM/PVA with dif-
ferent ratios, it can be found that there is the
phase segregation phenomenon when the
weight ratio of AMM was 10%. When the
precursor solution (AMM in 10%) is respec-
tively annealed at 120 and 240 °C, the optical
images indicate that the particles aggregate
and become larger in Figure S6 in the Sup-
porting Information. It is the aggregation of
particles that are affected by thermodynamics.

Therefore the formation of MoO,@C
core shell nanofibers can be ascribed to the
phase-segregation in the PVA/AMM mix-
ture with the increase ratio of AMM. The
mappings of the as-electrospun nanofibers
in Figure S1 in the Supporting Informa-
tion show that C, Mo, O are uniformly dis-
persed in the nanofibers and the core shell
nanofibers are formed during the annealing
process. A small amount of AMM (1 wt%)
can be dissolved absolutely in PVA to form
a homogenous solution and cannot result in
core shell nanostructure in MoO,@carbon
composites. As the increase of the AMM
ratio in the mixture, only a part of AMM can
be dissolved and other AMM form nanopar-
ticles in the PVA matrix. Because the PVA
was the primary component, AMM nanopar-
ticles were embedded in the center of PVA nanofibers. During
the annealing treatment, MoO; from AMM were reduced by
surrounding PVA and corresponding carbon, resulting in the
removal of carbon layers among MoO, nanoparticles in the
center and the aggregation of MoO, nanoparticles in the center
of nanofibers.

2.3. Electrochemical Performances of the MoO,@C
Core Shell Nanofibers

The electrochemical properties of the MoO,@C core shell
nanofibers were investigated. The cyclic voltammetry (CV)
curves of MoO,@C at a sweep rate of 0.5 mV s7! between 0 and
3.0 V are shown in Figure 4a. During the first cycle, there was
no obvious reduction peak, which is insertion-type reaction,?!!
irreversible reduction of the electrolyte, and the formation
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Figure 4. a) CV curves of MoO,@C-10 core shell nanofibers between 0 and 3.0 V at the sweep speed of 0.5 mV s™'. b) Charge-discharge curves of
MoO,@C-10 core shell nanofibers at a current density of 500 mAg ~'. c) Rate performance of MoO,@C-10 core shell nanofibers at a current density of
0.1,0.2,0.4,0.5,0.8,1,and 2 A g7!, respectively. d) Cycling performances of MoO,@C-10 core shell nanofibers at a current density of 0.5 and 1 A g7,

respectively.

of the passivating surface film.’* From the second cycle
onward, the area of the CV profiles is increasing, which indi-
cates the high reversibility during Li* insertion/extraction. Two
pronounced redox peaks (1.52/1.75 V and 1.23/1.50 V) are asso-
ciated with the reversible phase transitions of Li,M00,.1*>>%
Over 1.0 V, Li* is inserted into the lattice of MoO,, which for-
mates Li,MoO,. When the potential is discharged below 1.0 V,
Li,MoO, would slowly convert to Mo and Li,O. With the charge
discharge, the oxidation peaks form graphite of less than 0.3 V,
which is more obvious and shows that MoO,@C-10 possesses
good electrochemical performance in the process of charge
discharge.!

Figure 4b shows the galvanostatic charge discharge curves
for MoO,@C-10 electrode at 0.5 A g™! between 0 and 3.0 V. It
can be drawn that the coulombic efficiency of the first cycle is
86.78%. The capacity loss (13.22%) of the first cycle is ascribed
to the irreversible reasons, including the decomposition of the
electrolyte, the formation of solid electrolyte interface (SEI),
and the trapping of Li into the lattice of M0O,.[*8 From the
10th cycle, the capacity of the electrode increases gradually.

The rate capacity of MoO,@C core shell nanofiber electrode
is used to investigate the rate capacity. Figure 4c shows the rate
capacity of MoO,@C core shell nanofiber electrode tested at
0.1,0.2, 0.4, 0.5, 0.8, 1, 2 A g'L. The initial capacity of 0.1 A g!
possesses 863 mA h g1, even at the current density of 2 A g7,
the electrode still remains 312 mA h g'. When the current
density is back to 0.1 A g7, the capacity gradually increased to
753 mA h g7}, due to infiltration of electrolyte and activation of
materials,['®7 which is the maximum capacity.

The cycling performances of the MoO,@C core shell
nanofibers at a current density of 0.5, 1 A g! are shown in

Adv. Mater. Interfaces 2017, 4, 1600816
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Figure 4d. Within the subsequent cycles, the discharge capacity
of the core shell nanofibers gradually increases, respectively.
This result is ascribed to the activation of the electrodes, which
is consistent with the CV measurement.’” In the 600th cycle,
the discharge capacity still maintained 665 mA h g~!. The core
shell nanofibers also show a good coulombic efficiency, which
is close to 100% in the cycles shown in Figure 4c,d. Even after
600 cycles at 1 A g7}, it still has a capacity of 537 mA h gL
Compared with other MoO, based materials (Table S1, Sup-
porting Information), the MoO,@C core shell nanofibers
by single nozzle electrospinning also show excellent cycling
performance and high capacity in the process of the charge
discharge. As a comparison, hollow carbon electrode displays
a good stability cycle in Figure S7 in the Supporting Informa-
tion. Although the capacity discharge of MoO,@C-15 can be
reached to 500 mA h g™!, which may be due to permeation of
electrolyte and activation of materials,' decay rate is too bad.
From Figure S2 in the Supporting Information, the content
of MoO, in MoO,@C-15 is higher than that in MoO,@C-10.
It could be a very important factor causing the rupture of the
MoO,@C-15 core shell nanofibers, as shown in Figure S9b
in the Supporting Information. In Figure S9a in the Sup-
porting Information, the complete nanowires still existed in
MoO,@C-10 electrodes. It is also shown that the MoO,@C-10
core shell nanofibers have a good stability. The excellent cycling
properties of MoO,@C nanofibers were closely related to such
reasons. First, the unique core shell nanofibers effectively not
only maintain the integrity of the structure but also suppress
the volume expansion of MoO,. Second, the graphitized carbon
in the nanofibers can improve the conductivity of the electrode.
Third, diffusion time of the Li* diffusion in electrode materials
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can be effectively shortened by nanosize MoO,@C.’? Fourth,
the core shell nanofibers may significantly minimize ohmic
and concentration/activation polarization to improve electronic
and ionic transport rates.’") MoO,@C-10 core shell nanofibers
are tried to use as sodium negative electrode and investigated
the discharge capacity (Figure S10, Supporting Information).
However, the performance is poor, the possible reason is that
sodium ion radius is greater than Li* and the intercalation/
deintercalation is difficult.

3. Conclusion

MoO,@C core shell nanofibers were obtained by electro-
spinning with a single nozzle. Through a series of electron
microscopic images, the formation principle of the core shell
structure is well explained. The MoO,@C core shell nanofibers
can accommodate the huge volume variation of nanoparticles
and possess a short ion solid diffusion length, a high electrode/
electrolyte interfacial area, which demonstrated excellent elec-
trochemical properties. For example, the product exhibited high
specific capacity of 655 mA h g! for 600 cycles at a current
density of 0.5 A g! and good rate capability and reversibility.
Even when the current density was up to 1 A g%, the capacity
still has 537 mA h g! after 600 cycles. In this paper, a more
simple method for the synthesis of core shell nanostructure
is introduced to research other metal oxide/carbon core shell
nanostructures.

4. Experimental Section

Preparation of Materials: All chemicals were of analytical grade and
used without further purification. MoO,@C core shell nanofibers were
obtained by a facile single nozzle electrospinning with a subsequent
annealing. A typical process is as follows: AMM tetrahydrate
((NH4)6Mo0;0,4-4H,0, 99%) was dissolved in deionized water (10 g),
then PVA (M,, = 80 000, 1 g) was mixed in water at 60 °C for & h, lastly
a transparent solution of PVA/AMM was acquired. The above precursor
solution was put into a syringe. At the constant speed of 0.4 mL h™,
the voltage of 17 kV was applied between the electrospinning jet and
the collector (16 cm), then the precursor solution was electrospun
into nanofibers. The as-electrospun nanofibers were dried at 60 °C for
overnight in vacuum drying box, then annealed at 650 °C for 4 h with
a heating rate of 1 °C min™' in Ar. The products of AMM in 10%, 15%
were named MoO,@C-10, MoO,@C-15, respectively. Another contrast,
hollow carbon was obtained by MoO,@C-10 soaked in ammonia water
(25%) for 12 h after drying.

Characterization: The sample was characterized using XRD, a SEM
(Hitachi S4-800), a transmission electron microscope (TEM, JEOL-
2010), TGA, and Raman spectroscopy (laser wavelength of 512 nm).

Electrochemical Measurements: The electrochemical measurements
were done using CR2025-type coin cells. In order to obtain a
homogeneous mucus, active materials (MoO,@C-10, 80 wt%),
conductivity agent carbon black (10 wt%), binder carbonxymethyl
cellulose (CMC) (10 wt%) were mixed in distilled water, then stirred for
8 h. Then the mixed gel was applied onto a copper foil and dried at 60 °C
in a vacuum oven overnight. The electrolyte contained a solution of 1 m
LiPFg in ethylene carbonate, diethyl carbonate, and dimethyl carbonate
(1:1:1, w/w). These cells were assembled in the glovebox filled with
highly pure argon gas (O, and H,O levels less than 0.05 ppm). CV was
obtained on a Chen Hua CHI 660E electrochemical workstation. The
charge/discharge measurements were carried out on an Arbin BT2000

wileyonlinelibrary.com
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system with the potential window of 0-3 V. As a contrast, the cycling
performances of MoO,@C-15 and CTBs electrodes were tested under
the same environment.
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Supporting Information is available from the Wiley Online Library or
from the author.
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