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Lithiated transition metal phosphates with large theoretical
capacities have emerged as promising cathode materials for
rechargeable lithium-ion batteries. However, the poor kinetic pro-
perties caused by their low intrinsic electronic and ionic conduc-
tivity greatly hinder their practical applications. In this work, we
demonstrate a novel strategy to prepare monoclinic lithium
vanadium phosphate nanoparticles implanted in carbon nanofibers
as the cathodes of Li-ion cells with high capacity, flexibility, long
cycle stability and significantly improved high-rate performance.
The composite nanofibers were obtained by electrospinning using
polyacrylonitrile and LizV,(PO,4)s nanoparticles, followed by
annealing and coating with a thin layer of carbon by plasma
enhanced chemical vapor deposition. The LizV,(PO,4)s nanocrystals
with the monoclinic phase were uniformly distributed in the com-
posite nanofibers. The electrochemical performances of the as-
prepared binder-free fibrous cathodes were characterized by
potentiostatic and galvanostatic tests. At the rate of 0.5 C in the
range of 3.0-4.3 V, the composite displayed an initial discharge
capacity of 128 mA h g~! (96.2% of the theoretical capacity). A dis-
charge capacity of 120 mA h g~ was observed even at a high rate
of 10 C, and a capacity retention of 98.9% was maintained after
500 cycles at 5 C, indicating excellent high-rate capability and
capacity retention. Compared to the control samples without a
carbon outer-layer, the composite nanofibers with carbon coating
demonstrated much better electrochemical performances. It
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LizV,>(PO4)s encapsulated flexible free-standing
nanofabric cathodes for fast charging and long
life-cycle lithium-ion batteries¥

Pingping Sun,*® Xueying Zhao,*< Renpeng Chen,? Tao Chen,? Lianbo Ma,?
Qi Fan,” Hongling Lu,? Yi Hu,? Zuoxiu Tie,*® Zhong Jin,*® Qingyu Xu*® and Jie Liu*®®

indicates that the carbon coating can further protect the structural
integrity of nanofabric electrodes during the charge/discharge
processes without hindering the Li-ion mobility and also can
prevent undesired side reactions with an electrolyte, thus greatly
improving the rate performance and cyclic stability of the cathode.

1. Introduction

Rechargeable lithium-ion batteries (LIBs) are playing an
important role in the field of energy storage, owing to their
light weight, high energy density and long cycle durability
without a memory effect.”” In recent years, LIBs have been
rapidly developed for application in portable electronics and
electric vehicles.*® Vanadium(v)-based materials, such as
A5[(VO),(HPO;),(C,04)J(A = K, Na, Li)77_9 ﬂ-Ag0.33V205,10 and
arLiVOPO,,"", are the widely investigated cathode materials
for LIBs, but these materials usually suffer from defective
electrochemical performances and still cannot fully satisfy the
increasing demands. LizV,(PO,); (LVP), the typical V-based
cathode material, is considered as one of the most promising
candidates of cathode materials for LIBs with high operation
voltage, good capacity and long cycling life.'>'® However, the
poor Kkinetic properties of LVP caused by its intrinsic low
electronic conductivity (2 x 10~ S em ™) and ionic conductivity
(107°-107"° ecm® s7") hinder its commercial usage.'>>" Several
approaches have been developed to relieve this issue, such as
conductive coating to improve the electronic conductivity of
cathodes®*™2® or preparing different nanostructures to reduce
Li-ion diffusion pathways.””** These approaches showed limited
success, but it still remains a great challenge to seek simple and
effective strategies for the fabrication of LVP-based nanostructural
cathodes with high-rate capability and long-life performance.
According to the diffusion formula ¢ = L*/D (where ¢ is the
ion diffusion time, L is the ion diffusion distance, and D is the
ion diffusion coefficient), electrode materials with the mor-
phology of nanoparticles or nanofibers are very beneficial to
improve the rate performance, owing to their short ion
diffusion distance.’*** Compared to the relatively isolated
nanoparticles, nanofibers and nanowires with high conduc-
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Fig. 1 Schematic diagrams of (a) the electrospinning fabrication of LVP/PAN composite nanofibers and (b) the formation of LVP/CNFs by thermal
carbonization and subsequent PECVD carbon-coating. The optical images of as-prepared (c) LVP/CNFs and (d) C-LVP/CNFs were obtained by using

a digital camera.

tivity and a continuous electron transport pathway can result
in even better electrochemical performances. Electrospinning
is a facile and scalable technique to fabricate ultra-fine hier-
archical one-dimensional (1D) carbon nanofibers with control-
lable diameters, aspect ratios, compositions, directions,
constructions and so on.***° The as-prepared materials
usually exhibit 1D and/or porous hierarchical nanostructures,
and have some unique advantages, such as (1) a short Li-ion
diffusion distance,’”*" (2) a continuous electron transport
pathway,** (3) facile strain relaxation,'”** and (4) a signifi-
cantly increased contact area between the electrode and elec-
trolyte.”* Therefore, it is very promising to rationally design
superior electrode materials by fabricating flexible composite
nanofibers implanted with highly-dispersed electroactive
nanofillers. These fibrous composite electrodes with different
components may be utilized for many practical applications,
especially high-rate, high-capacity cathodes and anodes in flex-
ible LIBs for wearable consumer electronics.

Here we present a feasible method based on electrospin-
ning and subsequent annealing to prepare LVP nanoparticle-
encapsulated carbon nanofibers (LVP/CNFs) with high flexi-
bility and evenly-distributed monoclinic LVP nanocrystals with
a uniform diameter (Fig. 1). Polyacrylonitrile (PAN) was chosen
as the carbon precursor for the preparation of LVP/CNFs owing
to its good solubility in many organic solvents and high mech-
anical properties after carbonization. Electrospun PAN nanofi-
bers can be thermally carbonized at high temperatures and
under an inert atmosphere to form free-standing nanofabric

This journal is © The Royal Society of Chemistry 2016

membranes consisting of carbon nanofibers with high flexi-
bility and a large surface area.**”*” The integrity and mecha-
nical robustness of carbon nanofabric membranes can still be
well maintained with a high loading mass of encapsulated LVP
nanoparticles. Furthermore, plasma enhanced chemical vapor
deposition (PECVD) of acetylene (C,H,) was used to add a
smooth thin layer of carbon to further improve the conduc-
tivity of carbon-coated LVP/CNFs (C-LVP/CNFs). The high-
porosity C-LVP/CNFs with an unobstructed electron/ion
pathway are kinetically superior to the rapid transport and
insertion/extraction of Li', resulting in high ionic conductivity.
Moreover, the highly conductive layer of the carbon outer-shell
coated by PECVD can further protect the electrochemically-
active LVP nanoparticles and prevent the structural degra-
dation of nanofabric electrodes during the lithiation/delithia-
tion processes, thus remarkably improving the cyclic stability
and rate performance of the nanofabric electrodes. As a result
of the synergistic contributions of all components in this
fibrous cathode, the novel C-LVP/CNFs showed excellent
electrochemical performances as a flexible cathode material
for fast-charging and long-life LIBs.

2. Experimental
2.1. Synthesis of LVP nanoparticles

LVP nanoparticles were prepared by a modified sol-gel
method. Typically, 15 mmol LiOH-H,O (AR, >99.0%), 10 mmol
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NH,VO; (AR, >99.0%), and 15 mmol NH,H,PO, (AR, >99.0%)
were separately dissolved in 50 mL distilled water to prepare
NH,VO;, LiOH and NH,H,PO, solutions. The above solutions
were sequentially added to 50 mL of 0.20 M citric acid solution
dropwise and then stirred vigorously at room temperature for
12 h. The mixture was heated in a thermostatic water bath at
80 °C with constant stirring for 6 h to evaporate the excess
water until a blue gel was formed. The gel was dried in a
vacuum oven at 80 °C for 12 h, and then annealed at 300 °C
for 6 h under an Ar atmosphere to obtain powdery LVP
nanoparticles.

2.2. Preparation of LVP/CNFs

The as-prepared LVP nanoparticles (0.66 g) were added into an
equal weight of 12 wt% PAN/dimethyl formamide (DMF) solu-
tion and then ultrasonicated (100 W, Hechuang KH-2200 ultra-
sonicator, Kunshan) at room temperature for 12 h. The
mixture was electrospun under a DC voltage of 18 kV applied
between an injector needle (with an inner diameter of 0.7 mm
and a flow rate of 2.0 mL h™" precisely controlled by a Longer
LSP02-1B syringe pump, Baoding) and a rotating cylindrical
aluminum foil collector with a working distance of 12 cm and
a rotation speed of 800 rpm, as shown in Fig. 1a. The inter-
mediate composite nanofibers were peeled off from the collec-
tor and sintered at 800 °C for 4 h in Ar after heating from
room temperature with a heating rate of 2 °C min™" to yield
the LVP/CNFs.

2.3. Preparation of C-LVP/CNFs

The LVP/CNFs were coated with a carbon outer-layer by PECVD
using C,H, as a carbon precursor (Fig. 1b). The LVP/CNFs were
loaded in a ceramic boat and placed into a 1-inch quartz tube
furnace (Boyuntong TL1200, Nanjing) with a 13.56 MHz
plasma source at a working power of 500 W and a bias of
214-218 V. During the coating process, 100 scem of C,H, and
300 sccm of H, were introduced into the quartz tube at 500 °C
under atmospheric pressure for 30 min to obtain C-LVP/CNFs.
After the reaction, the gas flow was changed to 300 sccm of Ar
and the furnace was cooled to room temperature.

2.4. Structural characterization

Powder X-ray diffraction (XRD) was performed on an X-ray
diffractometer (Shimadzu XRD-6000, Cu Ko X-ray source) with
step scanning of 0.02° over a 26 range of 10-60°. The morpho-
logical features of LVP/CNFs and C-LVP/CNFs were character-
ized with a scanning electron microscope (SEM, JEOL
JSM-7600F). The components and chemical states of samples
were studied by X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha, Al Ka X-ray source). Thermo-gravi-
metric analysis (TGA) was carried out on a Mettler-Toledo
SDTA851e analyzer. The samples were firstly heated to 110 °C
for 1 h to remove any remaining water or solvents and then
cooled to room temperature. Subsequently, the samples were
heated to 850 °C at 10 °C min~' under a dry air flow of
40 scem to measure the weight loss.
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2.5. Electrochemical measurements

The free-standing LVP/CNF and C-LVP/CNF thin films were
directly used as working electrodes without adding any binder,
current collector or ancillary materials (Fig. 1c and d). The
assembly of coin cells was performed in an Ar-filled glove box
by using CR2032 coin-type cells. Pure lithium foils were used
as counter electrodes, Celgard-2400 polypropylene membranes
were used as separators, and 1 mol L™ LiPF, in a solution of
ethylene carbonate and dimethyl carbonate (EC and DMC, 1: 1
by volume) served as an electrolyte. Galvanostatic charging/dis-
charging tests were conducted in a voltage cut-off of 3.0-4.3 V
(vs. Li/Li") at different C-rates on a multichannel battery
testing system (LAND CT2001A, Wuhan) at room temperature.
Electrochemical impedance spectroscopy (EIS) measurements
were performed on an electrochemical workstation (Chenhua
CHI-760A, Shanghai) with an AC voltage amplitude of 5 mV on
the cells in the frequency range from 100 KHz to 10 MHz. The
loading mass of LVP active materials was ca. 0.8-1.0 mg, and
the specific capacity of the electrode was calculated based on
the weight of LVP active materials.

3. Results and discussion

The morphologic features of the as-obtained LVP/CNFs and
C-LVP/CNFs are shown in Fig. 2. The LVP/CNFs consist of long
and continuous composite nanofibers with an evenly-distribu-
ted diameter of 220 + 10 nm (Fig. 2a and b). It was observed
that the LVP nanoparticles with an average size of ~50 nm
were embedded in the nanofibers uniformly. During the
PECVD carbon coating procedure, the precursor C,H, is
decomposed and formed as carbon on the surface with the
assistance of plasma. According to the mean diameter change
of carbon nanofibers before and after PECVD, the thickness of
the carbon layer was estimated to be roughly 6-7 nm. The
surface of C-LVP/CNFs (Fig. 2d) is much smoother than the
original LVP/CNFs (Fig. 2c), owing to the formation of carbon
outer-shells. The fibrous morphology of the composite was
well-retained after carbon coating, as evidenced from the SEM
images (Fig. 2d). Only a few LVP nano-granules were still
exposed to the surface of C-LVP/CNFs. TEM and HRTEM were
used to investigate the detailed nanostructure of the C-LVP/
CNFs. The nanoparticles with the size range of 30-80 nm were
embedded and distributed uniformly in the CNFs (Fig. 2e).
Further HRTEM observation (Fig. 2f) revealed a lattice distance
of 0.363 nm, which was attributed to the (211) planes of LVP.
The crystalline features of LVP/CNFs and C-LVP/CNFs were
analyzed by XRD and are presented in Fig. 3a. All the diffrac-
tion peaks of both the composites can be assigned to the
carbon nanofibers with mainly an amorphous structure and
the well-defined monoclinic phase Li;V,(PO,); (JCPDS No.
01-072-7074) with high crystallinity. The relative intensity of
the characteristic peaks of LVP nanoparticles embedded in
C-LVP/CNFs is slightly lower in comparison with those of LVP/
CNFs, which may have resulted from the carbon outer-shells
covered on the LVP nanoparticles. There is no obvious

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 SEM images of (a, b) LVP-CNFs, (c, d) C-LVP/CNFs. (e) TEM and (f) HRTEM image of C-LVP/CNFs. The particles are entirely embedded into
the CNFs. The observed lattice distance of 0.363 nm is attributed to the (211) planes of LVP.

characteristic peak from impurities, suggesting that the com-
positions of the nanofibers were only LVP and CNFs. TGA was
utilized to evaluate the carbon content in the products
(Fig. 3b). The weight loss above 350 °C can be mainly ascribed
to the oxidation of carbon outer-shells and nanofibers in air.
The weight percentage of LVP in the fibrous cathodes can be
estimated to be as high as ~85% and ~80% for LVP/CNFs and
C-LVP/CNFs, respectively. Further Raman characterization
(Fig. S1t) of C-LVP/CNFs and LVP/CNFs revealed the amor-
phous nature of CNFs and carbon layers coated by PECVD,
which is consistent with the results in the literature.*® XPS was
performed to characterize the surface composition of the LVP/
CNFs and C-LVP/CNFs. The XPS survey (Fig. 3c) revealed the
presence of C, N, O, P and V species. In the high-resolution
XPS spectrum of N 1s for LVP/CNFs and C-LVP/CNFs (Fig. 3d),
a “pyridinic” -N= peak at ~398.6 eV and a “graphitic” -N<
peak at ~400.7 eV were observed.*®> The atomic ratio of N: C on
the surface of LVP/CNFs was measured as ~0.11; the high
nitrogen content in the LVP/CNFs was mainly derived from the
nitrile (-C=N) groups in the PAN precursor. After the PECVD
treatment, the atomic ratio of N:C decreased to ~0.026 for
C-LVP/CNFs, owing to the uniform coverage of carbon outer-
shells. The binding energy of O 1s in LVP/CNFs and C-LVP/
CNFs is around 531.5 eV, as shown in Fig. 3e, which is due to

This journal is © The Royal Society of Chemistry 2016

the oxygen predominantly bonded with V or P atoms. A
shoulder peak at 531.0 eV for LVP/CNFs may be attributed to
the C=O groups. While an additional O 1s peak of C-LVP/
CNFs at 533.1 eV should be caused by the surface O-H groups
or adsorbed water, similar to the values reported for O 1s in
LiFePO, (533.2 €V)." The binding energy of the V 2p;/, peak
located at ~517.3 eV for C-LVP/CNFs and LVP/CNFs (Fig. 3f)
can be ascribed to the oxidation state of V(ur) species in LVP
nanoparticles.’®! This result is also well consistent with those
for LiVPO,F (517.1 + 0.2 €V)*® and rGO/[K,(VO),(HPO,),(C,0,)]
(517.3 £ 0.2 eV).>?

Fig. 4a depicts the first charge/discharge profiles of C-LVP/
CNFs at different current rates (1 C = 133 mA h g') in the
voltage range of 3.0-4.3 V at room temperature. When the rate
was set to 0.5 C, the C-LVP/CNFs exhibited three pairs of
charge/discharge plateaus located at around 3.60/3.57, 3.68/
3.65, and 4.10/4.06 V, owing to a series of reversible phase
transitions during electrochemical reactions. However, the
plateaus observed from LVP/CNFs (Fig. 4b) are much more
sloping, indicating a lower reversibility of insertion/extraction
of lithium ions. The specific capacity of coin-type cells with
LVP/CNFs or C-LVP/CNFs as a cathode and lithium foil as an
anode was calculated based on the total weight of the active
material LVP loaded on the free-standing nanofabric cathodes.

Nanoscale, 2016, 8, 7408-7415 | 7411
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Fig. 3 (a) XRD spectra, (b) TGA profiles and (c) survey XPS curves of LVP/CNFs and C-LVP/CNFs, respectively. High-resolution XPS analysis of

(d) N 1s, (e) O 1s, (f) V 2p of LVP/CNFs and C-LVP/CNFs.

The initial discharge capacity of C-LVP/CNFs at the rate of
0.5 C is 128 mA h g~ (close to the theoretical capacity of
133 mA h g* for LVP), which is much higher than that of LVP/
CNFs (107 mA h g™'). The C-LVP/CNF cathodes exhibited a
minimal capacity decrease at higher rates, demonstrating their
excellent high-rate capability. Even at 10 C, a discharge
capacity of 120 mA h g™ (90.5% of the theoretical capacity)
was delivered by the C-LVP/CNFs, almost two times higher
than that of the LVP/CNFs (64 mA h g~'). When the current
rate was increased stepwise from 0.5 C to 10 C, the C-LVP/
CNFs still preserved their stable capacities during the entire
process (Fig. 4c). About 97.6% of the initial capacity (125 mA h
g~ ") for C-LVP/CNFs was recovered after the current rate turned
back to 0.5 C, indicating a very good electrochemical reversi-
bility. In contrast, the LVP/CNFs present a much lower high-
rate performance that can only reach 62 mA h g™ at 10 C. To
further investigate the effect of carbon coating on the electro-
chemical performance of LVP/CNFs, EIS measurements were
performed on C-LVP/CNFs and LVP/CNFs before cycling
(Fig. 4d). The high-to-middle frequency semicircles in the
Nyquist impedance plots correspond to the impedance of Li*
diffusion in the surface layer (Ry), while the middle-to-low fre-
quency regions refer to the charge transfer (R.;) and the inter-
facial capacitance across the electrode/electrolyte interface as a
constant-phase element (CPE). The inclined lines in the low-

7412 | Nanoscale, 2016, 8, 7408-7415

frequency region represent the Warburg impedance (Zy)
related to the diffusive resistance of the electrolyte in the
interior part of the electrode surface.’® The charge transfer
resistance (R.;) of C-LVP/CNFs is 61 Q, much smaller than that
of LVP/CNFs (152 Q). Moreover, the impedance characteristics
of C-LVP/CNFs and LVP/CNFs at various charge states were
also investigated. As shown in Fig. S2,7 in the first charge
process, with the increase of charge voltage (from 3.0 to 4.3 V
vs. Li/Li"), the charge-transfer resistances (R.) of both C-LVP/
CNF and LVP/CNF electrodes increased (from 65 to 316 Q for
C-LVP/CNFs, and from 158 to 489 Q for LVP/CNFs), which may
be attributed to the formation of the SEI film as well as the
electronic resistance increase of the active material and the
ionic resistance increase of the electrolyte filled in the compo-
site electrode.’®>* In contrast, in the 10™ charge process, the
R value decreased (from 148 to 59 Q for C-LVP/CNFs, and
from 268 to 153 Q for LVP/CNFs) along with the increase of
charge voltage. This phenomenon may be associated with the
electrochemical activation of CNFs and carbon layers. It
should be noted that the C-LVP/CNF electrode exhibits a much
smaller R.; than the LVP/CNF electrode under the same con-
ditions, which may be attributed to the existence of carbon
shells on LVP/CNFs. These indicate that the electronic conduc-
tivity of C-LVP/CNFs was further improved by carbon coating,
which was also well reflected in the electrochemical cycling

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Charge/discharge profiles of (a) C-LVP/CNFs, (b) LVP/CNFs at different current rates (1 C = 133 mA h g™%). (c) Rate performance of C-LVP/
CNFs and LVP/CNFs. (d) Nyquist plots of LVP/CNFs and C-LVP/CNFs. The inset shows the equivalent circuits. (e) Long-term cycling performance of

LVP/CNFs and C-LVP/CNFs at 5 C.

performance. The long-term cycling performance of both
C-LVP/CNFs and LVP/CNFs at a high rate of 5 C is shown in
Fig. 4e. The cathodes of C-LVP/CNFs delivered an initial dis-
charge capacity of 122 mA h g~* and still maintained a remark-
able capacity of 121 mA h g™* after 500 cycles, corresponding
to a capacity retention as high as 98.9%. On comparison, the
LVP/CNFs cycled at the same rate retained a discharge capacity
of 85 mA h g7" (92.8% of the initial capacity) after 500 cycles.
In addition, to investigate the influence of the loading mass
on the electrochemical performances of the C-LVP/CNF elec-
trode, the loading mass of the LVP active material in C-LVP/
CNFs was further increased to ca. 5.5 mg. Remarkably, electro-
chemical measurements (Fig. S3t) revealed similar results
(118 mA h g™' after 100 cycles at 5 C), suggesting that the
C-LVP/CNF material can still maintain a high electrochemical
performance when the loading mass is relatively high.

On the basis of the above results, it can be deduced that the
carbon coating by PECVD greatly improved the rate capability
and cycling performance of the nanofabric cathodes. Firstly,

This journal is © The Royal Society of Chemistry 2016

the electronic conductivity has been further increased by the
presence of the carbon outer layer, which is clearly seen from
the electrochemical properties of C-LVP/CNFs at high current
densities. Improvement in conductivity enabled more facile Li"
intercalation/de-intercalation during the charge/discharge
processes, thus remarkably enhancing the rate performance.
Secondly, the homogeneous coating of the carbon shell can
effectively protect the electrochemically-active LVP nano-
particles from side reactions with electrolytes.*” Therefore, the
possible structural degradation of the electrode material
during the lithiation/delithiation processes was prevented and
the cyclic stability was significantly elevated.

4. Conclusion

In summary, we have developed a feasible and effective strat-
egy based on electrospinning, thermal annealing and PECVD
to fabricate flexible composite nanofabric electrodes with

Nanoscale, 2016, 8, 7408-7415 | 7413
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uniformly embedded LVP nanoparticles for LIBs. In compari-
son with bare LVP/CNFs, the cathodes of C-LVP/CNFs obtained
by further applying the PECVD carbon-coating process demon-
strated much better cycling stability, capacity retention and
excellent rate capability. It proves that a conductive carbon
outer-layer of composite cathodes can greatly enhance the rate
capability and long-term cyclability. Moreover, we expect that
the method reported in this work could be extended to the
preparation of other novel free-standing composite electrode
materials with high integrity for application in high-perform-
ance LIBs and other wearable energy storage devices.
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