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This study reports an approach to achieving stable 2 and 3 Li* insertion, respectively, into vanadium
pentoxide (V,05) as lithium-ion battery (LIB) cathode materials using a core-shell structure based on a
self-standing carbon nanofiber (CNF) membrane fabricated by an electrospinning process. Uniform co-
axial V,05 shells are coated onto continuous CNF cores via a pulsed electrodeposition. The materials
analyses confirm that the V,05 shell after 4 h of thermal annealing at 300 °C forms a partially hydrated
amorphous structure. SEM and TEM images indicate that the uniform 30—50 nm thick V05 shell forms
an intimate interface with the CNF core. Lithium insertion capacities up to 291 and 429 mAh g~! are
achieved in the voltage ranges of 4.0-2.0V and 4.0—1.5V, respectively, which are in good agreement
with the theoretical values of 294 mAh g~ ! for 2 Li*/V,0s5 insertion and 441 mAh g~ ! for 3 Li*/V,05
insertion into crystalline V,05 materials. Moreover, after 100 cycles, remarkable retention rates of 97%
and 70% are obtained for 2 Li*/V,05 and 3 Li*/V,0s insertion, respectively. These results reveal that it is
potentially feasible to fabricate the core-shell structure with electrospinning and electrodeposition
processes to break the intrinsic limits of V,05 and enabling this high-capacity cathode materials for
future LIBs.
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1. Introduction

Electrical energy storage (EES) technologies play a major role in
todays' society owing to the advances in hybrid and electric cars [1],
the ever-growing demand for portable electronic devices [2], and
grid-leveling for energy generated by intermittent renewable
sources [3]. Lithium ion batteries (LIBs) have dominated the EES
market for the past several decades [4,5]. However, there are
growing demands to improve LIBs for higher energy and power
densities. These critically depend on electrode materials and ar-
chitectures. Particularly, the low specific capacity of cathode
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materials is currently the bottleneck limiting the energy storage
capability of LIBs [6]. Most commercial LIBs can achieve a near
theoretical specific capacity of 372 mAh g~! with a graphite anode
and even higher values with emerging anode materials such as Si
[7—9], while only ~140—170 mAh g~ ! can be achieved with the
cathode (such as LiCoO,, LiFePQy, etc) [6]. Hence, developing novel
cathode materials with higher charge storage capacity is one of the
top priorities in LIB research [10,11].

Vanadium pentoxide (V,05) had been studied as a candidate for
a high-capacity cathode material owing to its low cost, low toxicity,
high delithiated electrode potential (up to 4.0V), and easily
accessible layered structure for Li* ion insertion [12]. Crystalline
V405 can achieve a reversible specific capacity of 294 mAh g~! for a
two LiT/V,0s5 insertion process. However, three Li*/V,0s insertion
was found to be highly irreversible even though a high insertion
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capacity of 441 mAh g~! was observed in the first cycle [13—15]. It is
well known that the Li* intercalation process in crystalline V,0s is
accompanied by multiple phase transitions [13,14]. Trace amounts
of Li* intercalation results in a-LixV,05 (X < 0.01) structure, which
is transformed into e-LixV,05 (0.35 < X < 0.7) after further lithiation.
Insertion of one Li™ leads to the formation of 3-phase LiyV,0s
(x=1). Further lithiation converts the d-phase to v-LixV,0s5
(1 <x<2). At more than two Li" insertions, an irreversible trans-
formation to rock-salt-type w-LixV,05 phase (2 <x<3) occurs
[13,14]. Even below 2 Li*/V,0s insertion, such phase transition
processes induce large strains in the particles, causing irreversible
structural damage and quick capacity fading [13,14]. Insertion up to
3 Lit/V,05 makes such structural changes even more severe. As a
result, practical applications of crystalline V,05 cathodes have been
hindered [13,14]. In recent years, V205 gained renewed interests
due to the evidence that the lattice strains and structural collapse
can be largely circumvented with nanostructured morphology
[14,16,17]. Particularly, the traditionally neglected amorphous V,05
has shown potential for better stability and higher Li* insertion
capacity than crystalline V,0s, even possible to exceed 3 Li*/V,05
insertion [18,19].

Besides the complicated phase transitions, lithium insertion/
extraction in V,05 cathodes has also been limited by the intrinsic
properties of V,0s. Crystalline V,0s5 materials have small Li* ion
diffusion coefficients (~107> — 1072 cm?s~") and low electrical
conductivities (~10~> — 1073 S cm~1) [20,21]. Amorphous V,05 may
provide a higher Li* diffusion coefficient, but at the price of sacri-
ficing the electrical conductivity and mechanical strength. Two
strategies have so far been employed to overcome the intrinsic
limits of V505, mostly with crystalline materials. The first one is to
mitigate the low Lit ion diffusion coefficients by using low-
dimensional nanostructures [14,20,22—26]. This strategy in-
creases the overall specific surface area (SSA) and provides shorter
diffusion pathways for Li* ions. In addition, low-dimensional
nanostructures can also partially relieve the large lattice strain
during the phase transitions and significantly extend the battery
life. However, the electrical contact between V,05 nanoparticles
may degrade and become a dominant factor. The second strategy
(often combined with the first one) is to incorporate low dimen-
sional conductive carbon materials such as multiwall carbon
nanotubes (MWCNTs) [27—31], graphene [20,32], and reduced
graphene oxide (rGO) [33—38] to form nanocomposite materials.
The addition of these conductive additives prevents aggregation
and enhances the effective electrical conductivity throughout the
electrode material. However, the poor electrical contact at the
interface of the V,05 nanoparticles and carbon additives and the
lack of a continuous carbon framework still limit these materials
from reaching high capacity at higher power rates.

Recently continuous core-shell structures have been investi-
gated by depositing V,05 thin shells using atomic layer deposition
(ALD) [39] or ion sputtering [40] onto preformed three-
dimensional (3D) nanostructured carbon templates. In such
binder-less 3D core-shell structures, the highly conductive carbon
framework has been retained as a continuous electrical pathway to
effectively collect electrons from the active materials in the thin
shells. The robust carbon core also improves the mechanical sta-
bility of the electrode. Here we extend this concept into a poten-
tially scalable process based on electrodeposition of V,0s5 shells
onto a self-supported carbon nanofiber (CNF) membrane fabricated
by electrospinning. The pulsed electrodeposition process enables
formation of a uniform coaxial V505 shell of 30—50 nm in thickness
on the CNF surface throughout the entire mesoporous membrane.
With proper thermal treatment, the V,05 shell was converted into a
partially hydrated amorphous structure. The core-shell structure
was found to be effective in overcoming the poor mechanical

stability and low electrical conductivity of the disordered V,05
shell. The lithium storage capability of such core-shell materials
was found to be superior to traditional crystalline V,05 materials.
The half-cell characterization in the potential range of 4.0—2.0V
(vs. LijLi*) showed a capacity up to 291 mAh g~!, matching the
theoretical value for 2 Lit/V,0s5 insertion/extraction with a
remarkable capacity retention rate of 97% after 100 cycles. When
extending the lower potential limit to 1.5V (vs. Li/Lit), reversible 3
Li*/V,0s insertion/extraction up to 429 mAh g~! was achieved,
with 70% of the capacity retained after 100 cycles. These results
demonstrate that the core-shell structure may enable the tradi-
tionally unfavored amorphous V,05 material to surpass crystalline
V,0s5 for future high-capacity LIB cathodes.

2. Experimental
2.1. CNF formation and pulsed electrodeposition of V,05

CNFs were prepared using a simple electrospinning method
followed by post thermal annealing as reported before [41,42].
Briefly, 0.8 g of polyacrylonitrile (PAN) was dissolved in 8.0 g of N,
N-dimethylformamide (DMF) at 120 °C under vigorous stirring for
1 h. The resulting solution was cooled to room temperature and
loaded into a syringe and electrospun into polymer fibers on a
Spraybase® system (Profector Life Sciences, Cambridge, MA). After
continuous electrospinning for 5 h at a flow rate of 1 mL/h and an
applied electric field strength of 1 kV/cm (with 18 kV voltage bias at
a nuzzle-collector distance of 18 cm), a letter paper sized mem-
brane is collected on an aluminum foil wrapped on the rotating
drum. The resulting polymer membrane was stabilized in air at
280°C for 2 h followed by carbonization at 1000 °C for 1 h under
nitrogen, forming a continuous CNF membrane. The CNF mem-
brane was then used as a working electrode during pulsed elec-
trodeposition in a three-electrode electrochemical cell, where a Pt
foil and a Ag/AgCl (4 M KCl) were used as the counter and reference
electrodes, respectively, under control by a Parstat 2273 Analyzer
(Princeton Applied Research Corporation, Oak Ridge, TN). The
composition of the V505 sol electrolyte was modified from a pre-
vious report [43], with 0.91 g of V,05 powder dissolved in 50 mL of
deionized (DI) water and 4.5mL of 30% hydrogen peroxide by
vigorous stirring at room temperature for 1 h. To achieve uniform
V05 shells across the entire 60 pm thick CNF membrane, a novel
pulsed electrodeposition was implemented. The electrode potential
was first set at 0V for 20 s to establish electrolyte equilibrium and
then followed by —2.0V for 10 s for electrophoretic deposition of
V;,0s. This sequence was repeated for 60 cycles. The resulting
CNF—V,05 core-shell membrane was dried in air for 1 h at 70°C
followed by thermal annealing at 300°C for 4h in air. Several
samples were further annealed for an additional 20 h in air at
300 °C to burn out the carbon and leave only the hollow crystalline
V5,05 shell for the purpose of materials characterization.

2.2. Materials characterization

The surface morphology of the bare CNFs and the thin V,05
shells was examined with a Helios NanoLab 660 (FEI, Hillsborro,
OR) field emission scanning electron microscope (FESEM) which
was equipped with a focused ion beam apparatus to create cross
sections of the sample. High resolution transmission electron mi-
croscopy (HRTEM) and scanning transmission electron microscopy
(STEM) with high-angle annular dark-field (HAADF) images were
obtained using a FEI Tecnai Osiris (S)TEM system (FEI, Hillsborro
OR) to further evaluate the crystal structure of the outer V,05 shell.
Elemental analysis and mapping were carried out using energy-
dispersive X-ray spectroscopy (EDS) in the TEM to show
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uniformity of the V,05 shell along the CNF. Raman spectra were
obtained using a Renishaw inVia confocal Raman microscope
(Gloucestershire, UK) with a laser wavelength of 532 nm. The
crystallinity was evaluated using a Rigaku SmartLab (The Wood-
lands, TX) X-ray diffractometer. Diffraction analysis was conducted
from 10° to 60° using a Cu Ko source with a wavelength of 1.541 A.
Brunauer—Emmett—Teller (BET) measurements were carried out
with a ASAP 2460 Surface Area and Porosity Analyzer (Norcross,
GA) to determine the specific surface area (SSA) and porosity.
Thermal gravimetric analyses (TGA) were carried out using a TA
Instrument Q50 (New Castle, DE) from room temperature to 800 °C
in air at a rate of 5 °C/min.

2.3. Electrochemical characterization

To evaluate the electrochemical performance of the CNF—V,05
cathode, half-cells were assembled into stainless steel coin cells
(CR2016, MTI Corporation, Richmond, CA). The CNF—V,05 core-
shell porous membrane was used as a self-supported binder-less
cathode against a 16-mm dia. lithium disk anode electrode which
were separated by a 0.65 mm thick glass fiber separator (EI-Cell,
Hamburg, Germany). The cell was assembled in an argon filled M-
Braun LabStar50 stainless steel glovebox (Garching, Germany) with
water and oxygen contents less than 0.5 ppm. The CNF—V,05 core-
shell membrane (2.4 mg) was adhered to an aluminum current
collector using a thin layer of inert “glue” made of ~0.1 mg Super P
and ~0.1 mg polyacrylic acid (PAA) in ~0.5 mL solution of N-Methyl-
2-pyrrolidone (NMP). The mass of the applied “glue” was only
2—5% of the CNF—V,05 core-shell membrane and serve only for the
purpose to retain the membrane in place during cell assembly. The
adhered CNF—V,05 core-shell membrane was then dried for 1 h at
70 °C under vacuum prior to cell assembly. The contribution of the
inert glue to the overall capacity is negligible. The electrolyte
consisted of 1.0 M lithium hexaflourophosphate (LiPFg) in a mixture
of 1:1:1 vol ratio ethylene carbonate (EC), ethyl methyl carbonate
(EMC), and dimethyl carbonate (DMC) with a 2% vinylene carbonate
additive (Novolyte, Ohio). Galvanostatic charge-discharge cycles
were performed using a MTI 8 channel battery analyzer (MTI Cor-
poration, Richmond CA). All gravimetric capacities were calculated
relative to the mass of V,05 that was determined by TGA. Cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) measurements were performed using a CHI760D potentiostat
(CH Instruments, Austin, TX).

3. Results and discussion

3.1. SEM/TEM characterization of the CNF—V,05 core-shell
structure

A low-magnification SEM image of the bare CNF membrane is
shown in Fig. 1a. Clearly, CNFs form an entangled network with
random stacking and large inter-CNF pores (varying from ~1 to
3 um). Two high-magnification SEM images of the side and cross-
sectional views of bare CNFs are shown in Figs. S1a and Sib,
respectively. From these images, the majority of the bare CNFs have
the diameter spreading between ~100 nm and ~400 nm with the
average value at ~250 nm. The thickness of the CNF membrane was
estimated to be 50—60 um as shown in the SEM images in Fig. S1c
and d. A high-magnification SEM image of the cross-section of a
single CNF deposited with a V,0s5 shell is shown in Fig. 1b. It is clear
that the V,05 (illustrated by the white arrow) forms an intimate
interface with the CNF core, showing no visible boundaries at the
cross section. A SEM image at a low accelerating voltage (3 kV) in
Fig. 1c shows that the V,05 shell is a continuous porous layer with
slightly larger outer surface roughness than the original CNF cores.

Additional SEM images in Fig. S2 further illustrate the uniform
coaxial deposition of V,05 shells throughout the CNF membrane.
Furthermore, the SEM image at a higher accelerating voltage
(10kV) in Fig. 1d shows better contrast between the outer V,05
layer and the CNF cores. Particularly, the area inside the red circle
where fiber 1 crosses atop fiber 2 clearly shows about 30—50 nm
thin conformal V,05 coating on the CNF cores.

To further evaluate the V,05 shell, the sample was annealed at
300°Cin air for a prolonged time of 24 h. SEM images in Fig. 1e and
f confirm that the CNF cores were burnt out, leaving only the
crystalized V,05 shells as hollow tubes. The polycrystalline V505
tube is apparently rougher than the 4-h annealed sample in which
V505 shells retain the as-deposited morphology. The digital pho-
tographs show that the membrane changes from a black color
similar to that of the bare CNFs (Fig. 1g) to the bright yellow color
reminiscent of orthorhombic crystalline V505 (Fig. 1h).

A HRTEM image of the 4-h annealed CNF—V,0s5 core-shell
structure is shown in Fig. 2a. The outer V,05 layer is visible along
the CNF core as highlighted by the white brackets. Additional
HRTEM images are shown in Fig. S3 with white dash lines added in
Fig. S3b as visual guides to differentiate the inner CNF core and the
outer V505 shell. ATEM image of the hollow V,05 shell after carbon
burnout is shown in Fig. 2b. A high-angle annular dark-field
(HAADF) STEM image of the 4-h annealed CNF—V,05 core-shell
structure is shown in Fig. 2c. The lack of sharp diffraction spots in
the selective area electron diffraction (SAED) pattern in the inset of
Fig. 2¢ confirms that both CNF and V,05 are amorphous or highly
disordered. In contrast, the SAED of the hollow V,0s5 shell after
prolonged annealing in inset of Fig. 2d shows sharp diffraction
spots, which indicates the formation of a crystalline V,05 structure.
Due to the large V,05 tube diameter and shell thickness, the HRTEM
image (Fig. 2d) only shows the texture of the crystalline V,05 but
not the atomic lattices. The EDS spectrum in Fig. S4 shows that the
CNF—V;05 core-shell material is dominated by C, O, N, and V ele-
ments. The N atoms are likely residue from the starting PAN pre-
cursors in electrospinning. Elemental mapping in Fig. 2e—g and the
line profiles in Fig. S5 confirm the uniform distribution of C, O and V
elements in the core-shell nanofibers.

It is noteworthy that the observed uniform coaxial V,05 coating
on each CNFs throughout the membrane is highly desired for
effective current collection. Due to the high density and heavy
entanglement of the CNF membrane (as shown in Fig. S1c and d),
V;,05 deposition is limited by mass transport. Materials opt to de-
posit much faster at the outer surface of the membrane in normal
continuous electrodeposition at a constant potential or current,
leading to capping the outer surface and insufficient deposition
inside the CNF membrane. Such uneven deposition was avoided in
this study by adopting a unique pulse electrodeposition method
similar to our previous studies [44,45]. Fig. S6a and b show the
experimental setup and a CV curve of the CNF membrane in the
V,05 sol solution. During electrodeposition, the electrode potential
was first set at —2.0V for 10s (the “on” time) to deposit a sub-
nanometer thick V505 layer throughout the CNF network. A
longer “off” time of 20 s then followed, with the electrode potential
at 0V, which stopped V,05 deposition and allowed fresh electrolyte
to diffuse into the membrane and re-establish the concentration
equilibrium. These two steps alternatively repeated 60 times to
obtain the desired V,05 quantity. The current profiles in Fig. S6¢
and d indicate that the pulsed electrodeposition process is highly
reproducible except the first few cycles. The quantity of V,0s
deposition can be controlled by varying the number of cycles. The
schematic diagram in Fig. S7 illustrates the effects on the deposition
uniformity across the CNF membrane by the common constant
voltage vs. the pulsed electrodeposition.
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Fig. 1. Low-magnification SEM images of a) a bare CNF membrane and b) the cross-section of a single CNF—V,05 core-shell nanofiber. SEM images at accelerating voltages of c) 3 kV
and d) 10kV showing the thin coating of V,0s at the surface of CNFs. e) Low- and f) high-magnification SEM images of hollow V,0s shells after burning out CNF cores by the
prolonged thermal annealing. Digital photograph images of g) a bare CNF membrane and h) a hollow V505 shell membrane.
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Fig. 2. TEM images of a) a CNF—V,0s5 core-shell structure and b) a hollow V,0s5 shell after burning out the CNF core. c) A HAADF STEM image of a CNF—V,05 core-shell structure. d)
A HRTEM image of a hollow V,0s5 shell. EDS mapping of the single CNF—V,05 nanofiber in panel (c) showing the presence of e) carbon, f) oxygen, and g) vanadium. The scale bars in
panel (e) to (g) are 300 nm. The insets in panels (c) and (d) are selected area electron diffraction patterns.

3.2. Materials characterization of the CNF—V505 core-shell
structure

The Raman spectra of the CNF—V,05 core-shell structure in
Fig. 3a shows the characteristic peaks of V,05 (at 140, 282, 403, 513,
696, and 993 cm~!) which match well with pure ¢-V,05 nano-
powders [46]. The peak at 990 cm™! corresponds to the stretching
mode of the vanadyl V=0 double bond, which does not exist in the
lower oxidation states of vanadium oxides. The stretching mode of
V—0—V corresponds to the peak at 696 cm ™. The peaks located at
513 and 403 cm™! are assigned to the bending vibration of V,—0
and the V=0 bonds of «-V,0s, respectively. The well-defined peak
at 282 cm™~! corresponds to the bending vibration of V=0 bonds of

0-V50s. The peak at 143cm~! corresponds to the long range
external mode a-V,0s5, suggesting pockets of long range order in
the mostly disordered structure. These results suggest that the 4-h
annealed samples are dominated by the chemical bonds of V,05
[47,48], even though the crystal structure was highly disordered (or
amorphous). The peaks at 1351 and 1614 cm™~! correspond to the D
and G bands of the CNF core. Clearly, both disordered sp® and
graphitic sp® carbon present in the CNFs.

The XRD analysis of the 4-h annealed CNF—V;0s5 core-shell
structure (blue) and 24-h annealed hollow V,0s5 shells (red) in
Fig. 3b show the dramatic effects of annealing time on the crystal
structure. The CNF—V;,05 core-shell structure shows a very broad
asymmetric peak which can be de-convoluted into a small peak at
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Fig. 3. a) Raman spectrum of the CNF—V205 core-shell structure. b) XRD patterns of the CNF—V,05 core-shell structure (blue) and hollow V,0s shells (red). ¢) BET measurements of
bare CNFs. d) TGA measurements of bare CNFs and the CNF—V,05 core-shell material. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

17.15° and a large peak at 20.77°, respectively. The d-spacing values
are 5.17 and 4.27 A, respectively, corresponding to the interlayer
distance of the V,05 shell and the disordered graphitic carbon core.
The d-spacing of 5.17 A is larger than the 4.37 A inter-layer spacing
of orthorhombic 2-V,05 crystals, which is likely due to the presence
of a certain degree of hydration in V,05 [49]. The coherent length
calculated from the de-convoluted XRD peak width is 1.96 nm
(about a stack of only 5 V505 atomic layers), consistent with
amorphous properties observed with SAED of TEM. It's worth
noting that the d-spacing of CNF (4.27 A) is significantly larger than
that of graphite (3.43 A), and in conjunction with a coherent length
of only 1.16 nm (about a stack of ~4 carbon layers). The high degree
of disorder is consistent with the Raman spectroscopy. A zoom-in
plot of the deconvoluted XRD peak of the CNF—V,05 core-shell
structure is presented in Fig. S8. The weak peak at 20 of 43.3° can
be attributed to the (002) peak of graphitic layers. In contrast, the
hollow V05 shells after prolonged annealing show sharp diffrac-
tion peaks that can be attributed to the highly crystalline ortho-
rhombic phase of 2-V,0s, which is consistent with the pattern of
JCPDS: 411426 database. It should be noted that a weak peak at
24.74° was observed after the prolong annealing, which is attrib-
uted to residual graphitized carbon with a smaller d-spacing of
3.60 A.

The N, adsorption/desorption isotherm for the bare CNFs is
shown in Fig. 3¢, indicating a mesoporous structure. The BET sur-

face area was determined to be 38.5 m? g~ 1. After V,05 deposition,

the BET isotherm showed similar features with an increased surface
area of 42 m? g, but the pore radius distribution shifted from the
range of 2—8 nm to 6—12 nm (see Fig. S9). The small increase in
surface area after V,05 deposition is attributed to the porosity of
the disordered V505 and outer surface roughness. The composition
and thermal stability of the samples were investigated with TGA
shown in Fig. 3d, at a rate of 5 °C/min. For both bare CNFs and the
CNF—V,05 core-shell structure, a loss of 5% and 10%, respectively,
was observed below 100 °C, due to desorption of physisorbed gas
molecules (mostly water due to the high humidity in the envi-
ronment). Such water sorption in the porous materials is un-
avoidable since the samples were stored and transported in the air
prior to TG measurements. Bare CNFs started burning out at ~400 °C
and were completely gone at ~560 °C. In contrast, the CNF—V,05
core-shell structure started to lose the carbon materials near
~300°C and the mass rapidly dropped to ~12% at ~450°C and
remained stable at this value up to ~800 °C. As indicated by the SEM
and TEM images in Figs. 1 and 2, the main CNF core was retained for
thermal annealing at ~300 °C for 4 h while the quality of both CNF
core and V,05 shell is improved. The mass above 450°C can be
attributed entirely to crystalline V,05_The shift in the initial carbon
burning temperature can be attributed to the proximity of the ox-
ygen source from metal oxides which are in direct contact with
carbon as well as possible catalysis by vanadium, which deserve
further study in the future. The V,05 percentage varied from ~10%
to 30% in samples prepared in different days which were mainly
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due to slow drift of the reference electrode potential (by about
20—40mV). Thus, all specific capacities in later LIB tests were
calculated using the actual V,05 mass determined by the TGA an-
alyses of each sample.

3.3. Assessment of 2 Lit/V,0s insertion/extraction between 4.0 and
2.0V (vs. Li/Li*)

The Li-ion storage properties of the above described CNF—V,05
core-shell structure was systematically characterized in the half-
cell configuration using CR2016 coin cells. An 18-mm diameter
disk was punched out from the CNF—V;05 membrane and glued
onto an Al disk of the same diameter and used as the cathode (see
Fig. S10). The as-assembled cell is in the charged state with a cell
voltage in the range of 2.3—3.3 V. A galvanostatic discharge process
was carried out first and followed by alternating charge/discharge
measurements at different current rates at fixed potential win-
dows. Columbic efficiency was calculated as the percentage ratio of
the discharge (Li* insertion) capacity to the charge (Li* extraction)
capacity in the prior step. Typically, C rates (rather than current
densities) are used in literature for battery characterization. To
avoid confusion, in this paper, all referred C rates are based on the
actual time to complete a full charge or discharge process at the
specific current density, with a rate of C/n corresponding to the
condition to complete a charge or discharge in n hours. Forn < 1, an
alternative notation (1/n)C is used for simplicity. To better assess
the materials properties and compare them with the theoretical
values, only the mass of V,05 is used for calculating the gravimetric
capacity in this study. The contribution of the CNF network to Li
storage is negligible in the studied potential range.

The CNF—V,05 core-shell structure was first investigated for 2
LiT insertion per V,,05 formula with galvanostatic charge-discharge
measurements in the voltage range of 4.0—-2.0V (vs. Li/Li") as
shown in Fig. 4a. Cells were discharge/charged for 25 cycles each at
5 different current densities (100, 250, 500, 750, and 1000 mA g~ ")
before returning to the initial current rate (100 mA g~ ') at cycle 26.
The first five cycles at 100 mA g~ ! (~C/3 rate) were unstable with an
insertion capacity of 291 mAh g~' and a coulombic efficiency of 94%
at cycle 5. The insertion (discharge) capacity at this low rate
matches well with the theoretical capacity of 2904 mAh g~ for 2 Li*/
V,0s5 insertion process [14]. When the rate was increased to
250 mA g’1 (~1C rate), the cell was stabilized with an insertion
capacity of 242 mAh g~! and a higher coulombic efficiency to 97%.
High insertion capacities of 217, 207, and 198 mAh g~ were ob-
tained at rates of 500 (2.3C), 750 (3.6C), and a 1000 (5.1C) mA g,
respectively. Interestingly, as the rate was increased to
1000 mA g, the coulombic efficiency increased to ~99%. Generally,
the coulombic efficiency decreases at higher current rates in liter-
ature. Here the coulombic efficiency increases with increasing
current rates which can be attributed to the better current col-
lecting capability and faster reaction kinetics with the core-shell
structure. It is also likely that a high pseudocapacitance contribu-
tion aids in the high coulombic efficiency at the high rates. When
the current was reduced back to 100mAg~! in cycles 26—30, a
stable insertion capacity of 290 mAh g~! was achieved, resulting in
a capacity retention of ~99% comparing to cycle #5. Insertion ca-
pacities of 240, 215, 203, and 194 mAh g~ ! were obtained at current
rates of 250, 500, 750, and 1000 mA g, respectively, in cycles
31-50. These values are all comparable to those in cycles 6—25 of
the first set of rate-performance tests, demonstrating the high
stability of the CNF—V,05 core-shell structure. It is notable that the
capacity only dropped by ~32% as the charge-discharge current was
increased 10 times from 100 to 1000 mA g~ .

A representative Nyquist plot of electrochemical impedance
spectroscopy (EIS) measurements at the charged state (~4.0 V) was

obtained after 5 cyclic voltammetry cycles (1 mV/s) as shown in
Fig. S11. An equivalent series resistance of 53.33 Ohm (R;) and a
charge transfer resistance of 170.8 Ohm (R3) was derived from the
fitted circuit, which are a little bit high and expected for amorphous
V,05 materials. The capacitance value of the constant phase
element (CPE, represented by Q,) corresponding to the CNF—V,05
electrode was derived to be only 4.6 pF, indicating a low EDLC
contribution from the CNF framework. The R3 value of 80.18 Ohm
and the capacitance value 8.8 puF in the first CPE (Q1) likely origi-
nated from the Li counter electrode. The cell performance likely can
be further improved in the future by optimizing the electrical
contact in the core-shell nanofiber membrane.

The galvanostatic charge-discharge curves of the last cycle at
current rates of 100 (black), 250 (red), 500 (blue), 750 (magenta),
and 1000 (green) mA g~ ! in the rate-performance tests are pre-
sented in Fig. 4b. All profiles show nearly linear curves without
clear flat plateaus that are commonly seen for Li* insertion/
extraction in crystalline V,0s, indicating that the system behaved
like a pseudocapacitor. These properties explain the high stability
and high coulombic efficiency at the high applied current rates. The
high degree of pseudocapacitance contribution is also seen in the
CV curves in Fig. 4c. Only a small reduction peak was observed
between 3.2 and 3.0V corresponding to the crystalline phase
transformation from a-V,05 to e-LixV20s5 (0.35<x<0.7) and d-
LiV,0s. The two reduction peaks commonly observed in crystalline
V,05 [14] were superimposed in this study owing to the amorphous
nature of V,0s. A larger reduction peak was observed at 2.3V at a
scan rate of 0.1 mVs~! corresponding to the phase transformation
from 3-LiV,0s5 to y-Li;V,0s. During the extraction process, only a
single oxidation peak was observed at 3.0V corresponding to the
phase transformation of y-Li;V,05 back to 3-LiV,05. Two small
oxidation peaks followed at ~3.4 and 3.6 V corresponding to the
phase transformation from 3-LiV,05 to e-LixV20s5 (0.35 <x<0.7)
and a-V;0s, respectively. Compared with the CVs of crystalline
V,05 materials, the CNF—V,05 core-shell structure present a large
baseline separation between the charge and discharge currents,
reflecting the dominant pseudocapacitive properties associated
with the amorphous V,05 shells. Fig. 4d further demonstrates the
remarkable stability of the CNF—V,05 core-shell structure in 100
charge/discharge cycles at 100 mA g~ (~C/3 rate). A stable capacity
of 292mAh g ! was obtained at cycle 10 which only slightly
decreased to 282 mAh g~ in cycle 100, resulting in a high capacity
retention of 97%.

It is noteworthy that current LIBs are mainly focused on ordered
crystalline materials due to ordered Li* ion pathways and well-
defined redox reactions. Even though enhanced capacity was ob-
tained with disordered oxide materials [50] (including hydrated
V,05[16,51,52]), these materials are limited by the poor mechanical
stability, low electrical conductivity and tortuous ion pathways.
Using core-shell hybrid structures in which thin V5,05 shells coated
on stable nanostructured carbon cores has been demonstrated as
an effective approach to overcoming these issues [39]. Particularly,
we have previously demonstrated that partially hydrated amor-
phous V,0s shells deposited on vertically aligned carbon nanofiber
(VACNF) arrays provided over 30% higher capacity than crystalline
V05 shells in highly stable 2 Lit/V,05 processes [40]. The results of
the electrospun CNF—V,05 core-shell structure in this study further
validate the effectiveness of the core-shell hybrid approach.
Furthermore, electrospinning is a potentially scalable technique
which can be adapted for future LIB production.

3.4. Assessment of 3 Lit/V,0s insertion/extraction between 4.0 and
1.5V (vs. Li/Li*)

To explore the potential for even higher capacity, we further
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investigated the 3 Lit/V,0s insertion/extraction properties by
lowering the low voltage limit to 1.5V (vs. Li/Li*). Similar to the
earlier study, cells were discharged/charged for 5 cycles each at 5
different current densities (100, 250, 500, 750, and 1000mAg~!)
before returning to the initial current rate (100 mA g~') at cycle 26
to repeat the sequence. The galvanostatic charge-discharge rate
performance is summarized in Fig. 5a. Similar to the 2 Lit/V,05
insertion/extraction performance, the first five cycles at
100 mA g~ ' (C/4.3) were somewhat unstable with an insertion ca-
pacity of 429 mAh g~ ! and a coulombic efficiency of 103% in cycle 5.
The capacity is close to the theoretical capacity of 441 mAh g~! for 3
Lit/V,0s5 insertion/extraction in crystalline V,0s. When the rate
was increased to 250 mA g~ (C/1.4), the cell was stabilized with an
insertion capacity of 338 mAh g~! and a coulombic efficiency of
100%. High insertion capacities of 280, 250, and 236 mAh g~! were
obtained at rates of 500 (1.8C), 750 (3.0C), and a 1000 (4.2C) mA g,
respectively, with coulombic efficiencies of ~100%. When the cur-
rent was returned to 100mAg~! in cycle 26—30, an insertion ca-
pacity of 405 mAh g~ was achieved. Comparing to cycle #5, the
capacity retention was ~94%. Insertion capacities of 330, 273, 244,
and 233 mAh g~ ! were obtained at current rates of 250, 500, 750,
and 1000 mA g, respectively, in cycles 31-50, retaining ~98% of
the corresponding capacities in cycle 6—25.

Charge-discharge curves at current rates of 100 (black), 250
(red), 500 (blue), 750 (magenta), and 1000 (green) mA g~ ! are
presented in Fig. 5b. All profiles retain the nearly linear feature as
those in the 2 Li*/V,0s insertion/extraction processes. The shape of
the charge-discharge curves is consistent with those of rGO/

V,05—LiBO, glass composite materials in the same potential range
[18]. The stabilized CV curves in Fig. 5¢ show nearly ideal pseudo-
capacitive features with flat baselines and a large separation be-
tween the forward and backward scans. In addition, the first
negative scan in Fig. S12 showed similar CV features as Fig. 4c, with
a large reduction peak at ~2.3 V corresponding to the phase trans-
formation from a-LiV,05 to y-Li;V205 with the intermediate phase
superimposed. A further downward dip was observed at 1.5V
corresponding to the phase transformation from y- Li;V,05 to rock-
salt-type w-LixV205 (2 < X < 3). However, the oxidation peaks in the
reversed positive scan overlapped into a broad wave spreading
from 2.0 to 3.5V. Both the large reduction peak at 2.3V and the
broad oxidation wave disappeared in the 2nd cycle (red), showing
only the smooth capacitive features. This behavior is consistent
with literature [14], showing that the transformation into the rock-
salt structure by 3 Lit/V,0s5 insertion irreversibly damages the
crystal structure and converts it into a fully amorphous structure.
Notably, the CV curves after the 1st cycle became stabilized. Both
Fig. 5b and c indicate that Li storage is dominated by the large
pseudocapacitance. Fig. 5d demonstrates that a decent stability can
be obtained with this mechanism in long cycling at 100 mA g~ .. The
capacity slowly dropped from 442 mAh g~ ! in cycle 3 to 310 mAh
g~ ! in cycle 100, retaining 70% of the original value. The results in
Fig. 5¢ are a great leap from the extensive studies seeking using
crystalline V,05 materials for 3 Lit/V,0s processes [14]. It is
attributed to the novel properties of the CNF—V,05 core-shell
hybrid structure. The scalable capability of electrospinning and
electrodeposition may provide a viable method to push the core-
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shell concept involving amorphous V,05 materials [39,40] closer to
LIB applications.

3.5. Discussion on the novel properties of amorphous V,05 cathodes

Table S1 and Table S2 compare the performance of the
CNF—V,0s5 core-shell structure in 2 Lit/V,0s and 3 Lit/V,0s
insertion/extraction, respectively, with an extensive list of studies
in literature. For 2 Li"/V,0s insertion/extraction, the CNF—V,0s
core-shell structure is among the top judging by both the specific
capacity and current density (or C rates). For 3 Li*/V,05 insertion/
extraction, the advantages of CNF—V,05 core-shell structure in
terms of specific capacity and current density (or C rates) are even
more evident. In addition, the improved stability and the potential
for scalable production of the CNF—V,05 core-shell structure by
electrospinning and pulsed electrodeposition make it attractive for
future LIB developments.

So far extensive efforts are being made to attain the high ca-
pacity at high power rates by improving ion diffusion using nano-
structured V05 materials, particularly 2D nanosheets [17].
Interestingly, the rate-performance curves of the 2 Li*/V,0s process
(Fig. 4a) and 3 Li"/V,05 process (Fig. 5a) in this study show a
common phenomenon, i.e. a high specific capacity was retained at a
relatively high current density of 1000mAg~!, which is not
obtainable with traditional micron-sized V,0s materials. As
demonstrated in a study by Rui et al. [53], the rate-performance
curve of few-layer V,05 nanosheets (2.1-3.8 nm thick) shift up-
ward by ~100 mAh g~! comparing to that of bulk V,0s crystals
(1—4 um in size). Here we have obtained a stable high capacity of

198 mAh g~ ! at a high rate of 1000mA g~ (~5C) for 2 Li*/V,0s
process, comparable to the reports with few-layer V,05 nanosheets
[53] and V205 nanoparticles anchored on CNTs [54]. More impor-
tantly, we were able to obtain a relatively high stable capacity of
236 mAh g~ ! at the high rate of 1000mAg~"' (~4C) for the 3 Li*/
V,05 process, which have not been obtained with nanostructured
V,05 alone. In our previous study using the hybrid structure of V,05
shells on vertically aligned carbon nanofiber cores [40], we have
observed that the rate-performance curve of the amorphous V,05
shells shift up by ~60mAh g~ ! in 2 Li*/V,05 process and by
~150mAh g~ ! in 3 Li*/V,05 process comparing to the crystalline
V,05 shells. Those observations are consistent with the results in
this study, which demonstrate that the core-shell hybrid structure
is effective to facilitate the high-capacity and high-power capability
of amorphous V,05 materials. It is particularly attractive for future
batteries involving larger ions such as Na* or polyvalent ions such
as Mg>*, which may benefit from the more open structure of
amorphous V,05 materials.

4. Conclusion

In summary, self-sustained CNF membranes fabricated by
carbonizing electrospun PAN nanofibers were used as 3D porous
LIB electrodes. A thin V,05 layer was coated onto the CNFs using a
pulsed electrodeposition from a V,05 sol solution. SEM, HRTEM and
XRD analysis confirmed that the CNF—V,0s5 core-shell structure
consisted of a uniform coaxial V,05 layer (30—50 nm in thickness)
on the continuous CNF core throughout the whole membrane. After
4 h of thermal annealing at 300 °C in the air, the V505 shell presents
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a partially hydrated amorphous material. Electrochemical charac-
terization in the potential range of 4.0—2.0V (vs Li/Li") revealed
that the V,05 shell in this core-shell structure present reversible 2
Lit/V,05 insertion/extraction with a near theoretical capacity of
291 mAh g~! and excellent stability even at high rates. There was
nearly no capacity fading after 100 cycles. Moreover, when the
potential range was extended to 4.0—1.5V (vs Li/Li*), a high ca-
pacity of 429 mAh g~ was obtained corresponding to reversible 3
Li*/V,0s5 insertion/extraction. A relatively high capacity retention
of 70% was obtained after 100 cycles. These results demonstrated
that the CNF—V;,05 core-shell structure is an effective approach to
breaking the intrinsic limits of crystalline V,05 and enabling
amorphous V,05 materials to be used as a promising scalable high-
capacity LIB cathode.
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