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structural transition of VO2F into
disordered rock-salt LixVO2F

Ruiyong Chen,*a Emad Maawad,b Michael Knapp,c Shuhua Ren,d Přemysl Beran,e

Raiker Witterf and Rolf Hempelmanna

We synthesize a new vanadium oxyfluoride VO2F (rhombohedral, R�3c) through a simple one-step ball-

milling route and demonstrate its promising lithium storage properties with a high theoretical capacity of

526 mA h g�1. Similar to V2O5, VO2F transfers into an active disordered rock-salt (Fm�3m) phase after

initial cycling against the lithium anode, as confirmed by diffraction and spectroscopic experiments. The

newly formed nanosized LixVO2F remains its crystal structure over further cycling between 4.1 and 1.3 V.

A high capacity of 350 mA h g�1 at 2.5 V was observed at 25 �C and 50 mA g�1. Furthermore, superior

performance was observed for VO2F in comparison with a commercial crystalline V2O5, in terms of

discharge voltage, voltage hysteresis and reversible capacity.
1. Introduction

High-performance intercalation cathode materials for
rechargeable Li-ion batteries are of technical importance.1–5

Great efforts are devoted to the search of new electrode mate-
rials with extended lithium storage capacity. Vanadium is
abundant in the crust of the earth. Owing to the multiple
oxidation states of vanadium and the varied crystal structure of
vanadium oxides and vanadates, vanadium-based electrodes
have been widely investigated as alternatives with increased
energy densities.6 Among them, orthorhombic V2O5 attracts
tremendous attention as cathode materials for accommodating
guest cations such as Li+ ions as well as Mg2+ and Al3+.6–9 It is
well recognized that V2O5 transforms into several LixV2O5 pha-
ses depending on the content of Li+ intercalated.10,11 The theo-
retical capacities of V2O5 for two and three lithium intercalation
are 294 and 442 mA h g�1, respectively, which are larger than
that for classic cathode materials such as LiFePO4 (170 mA h
g�1) and LiCoO2 (140 mA h g�1). Intercalation of the third
lithium into V2O5 occurs at a voltage below 1.9 V, which leads to
an irreversible phase transition into disordered rock-salt
(u-LixV2O5, Fm�3m).11 Lithiation induced structural transition
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nology, 19086 Tallinn, Estonia
to disordered rock-salt has been observed for other materials,
such as Li2MoO4,12 LiVO3 (ref. 13) and Li1.211Mo0.467Cr0.3O2.14

Disordered rock-salt was also found as intermediate phase
during the lithiation reactions of FeOF,15 Li- and Mn-rich
layered materials16 and spinels.17 Recent progress in surveying
new cathode materials has demonstrated that disordered rock-
salt structure is suitable to access high capacity with superior
Li+ chemical diffusion and rigid host framework.14,18–20

Variation and modication of V2O5 have led to new oppor-
tunities to optimize the electrochemical properties. Interest-
ingly, the characteristic lithiation plateau for crystalline
orthorhombic V2O5 was not observed for amorphous V2O5,21,22

graphene sheets and carbon nanotubes modied V2O5 (ref. 23
and 24) and hydrated V2O5.25,26 Meanwhile, enhanced cycling
stability and reversible capacity have been achieved. A direct
modication of the anion sublattice through uorine
incorporation/substitution in electrode materials has been
proven to be an effective strategy to modify and optimize elec-
trochemical performance.20,27–31 Fluorinated materials are
generally synthesized through solution routes using highly toxic
and corrosive uorine-containing acids,32–34 or by a direct uo-
rination under reactive conditions of F2 gas at high tempera-
ture.35 So far, various coordination polymers containing
vanadium oxyuoride matrix have been synthesized and struc-
turally determined.36,37 However, the existence of inorganic
vanadium oxyuorides is rather rare. VOF3 is the only
commercially available material, which is extremely sensitive to
air and moisture and easy to decompose through hydrolysis. In
an earlier work,38 an orange-yellow powder VO2F was identied
by reaction of VOF3 with Me3SiOSiMe3 in acetonitrile under an
inert atmosphere. However, the structure and applications of
VO2F were unexplored over decades. Recently, VO2F solid
powders have been synthesized under extreme reaction
This journal is © The Royal Society of Chemistry 2016
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conditions of high pressure and high temperature (4 GPa and
800 �C).39 A topotactic intercalation reaction with 0.42 Li+ has
been observed.39 The structural transition mechanisms
remained unclear, regarding to the change in voltage proles
when cycling at a broad voltage range.

Herein, we synthesize rhombohedral VO2F (R�3c) by a more
facile ball-milling process and study the electrochemically
driven structural change as cathode material for lithium
batteries. The theoretical capacity of VO2F is 526 mA h g�1

based on the assumed intercalation reaction:

VO2F + xLi+ + xe� 4 LixVO2F (1)

supposing that x ¼ 2, which is higher than that for 3Li+ inter-
calation of V2O5 (442 mA h g�1). Interestingly, similar to
orthorhombic V2O5, structural phase transitions into disor-
dered rock-salt was observed for VO2F through the above-
mentioned electrochemical lithiation reaction, as conrmed
by synchrotron X-ray diffraction, neutron diffraction and in situ
synchrotron X-ray absorption spectroscopy. Moreover, the
cycled VO2F is isostructural with a previously reported
Li2VO2F.20 A comparative investigation among the VO2F,
a commercial V2O5, and the earlier reported Li2VO2F was then
performed to disclose the difference in the load curves, deliv-
erable capacity, intercalation voltage, voltage hysteresis and
coulombic efficiency.
2. Experimental

VO2F powders were synthesized by a simple ball-milling process
(WC milling jar with volume of 80 mL, and balls with diameter
of 10 mm, 450 rpm for 24 h) using commercial VOF3 (99%,
Sigma-Aldrich) and V2O5 ($99.6%, Sigma-Aldrich) (1 : 1, molar
ratio) as precursors. Precursors were added into the WC jar in
an argon-lled glovebox. Aer ball-milling, the powders were
collected and stored in a glovebox. The as-milled VO2F was used
as electrode materials without further treatment.

Synchrotron X-ray diffraction (SXRD) patterns were collected
at Petra-III beamline P02.1 (l ¼ 0.2076 Å) at DESY in Hamburg,
Germany. Powders were sealed into 0.5 mm glass capillaries in
an argon-lled glovebox. Rietveld structure renements were
performed using FullProf program.40

Powder neutron diffraction (ND) experiments were carried
out at the CANAM (Center of Accelerators and Nuclear Analyt-
ical Methods, LM2011019) infrastructure, Czech Republic. The
powder sample of about 1 g was sealed in cylindrical vanadium
container with a diameter of 6 mm. The primary neutron beam
was monochromatized by a copper mosaic monochromator
(reection 220) providing a neutron beam wavelength of l ¼
1.46 Å. ND patterns were collected in the 2q range from 4 to 144�

with step of 0.08� and with total time for one diffraction pattern
of about 18 h.

Solid-state 19F and 51V magic angle spinning (MAS) nuclear
magnetic resonance (NMR) experiments were carried out at
resonance frequencies of 338.4 and 94.5 MHz, respectively, on
a Bruker Avance spectrometer with a 1.8 mm MAS probe
(40 kHz). Experiments were carried out at room temperature
This journal is © The Royal Society of Chemistry 2016
with 90�/180�-pulses of 0.8/1.6 ms at 190 W for 19F, and pulse
durations of 2.25 ms at 260 W for 51V. 19F and 51V spectra were
referenced to CFCl3 (0 ppm) and V2O5 powder (0 ppm),
respectively.

A slurry consisting of as-milled VO2F (72 wt%), carbon black
(18 wt%) and poly(vinylidene uoride) (10 wt%) in dime-
thylformamide was coated onto a stainless steel current
collector. The electrodes were dried at 100 �C under vacuum.
VO2F/Li Swagelok cells were assembled using Li foil anode, 1 M
LiPF6 in ethylene carbonate/dimethyl carbonate (EC/DMC, 1 : 1
v/v) as electrolyte and two discs of glass ber as separator in an
Ar-lled glovebox. Galvanostatic charge/discharge was carried
out between 4.1 and 1.3 V at 25 �C and 50 mA g�1.

For ex situ structural analysis of the cycled samples, VO2F
and carbon black composite was used as working electrode
without binders. Electrodes were collected and washed using
DMC, and then dried at room temperature in an Ar-lled
glovebox.

The in situ V K-edge X-ray absorption near-edge structure
(XANES) spectra were collected at beamline KMC-2 at Bessy II,
Berlin, in transmission mode. A home-made cell consisting of
two Al plates with rectangular apertures in the center and two
sheets of Kapton windows glued on both sides was used.41 The
slurry containing 70 wt% active material, 20 wt% carbon black,
and 10 wt% poly(vinylidene uoride) in dimethylformamide
was cast onto a carbon-coated Al foil and dried overnight. The
loading of active material on the Al foil was about 5.5 mg cm�2.
Li foil was used as counter electrode. 1 M LiPF6 in EC/DMC
(1 : 1, v/v) was used as electrolyte. A porous Celgard lm was
soaked in the electrolyte and used as separator. The cell was
placed between two ionization chambers and cycled between
4.1 and 1.3 V versus lithium at a current rate of 52 mA g�1, and
then at 113 mA g�1 at room temperature. The spectra were
recorded every 10 to 15 min during one discharge/charge cycle
over about 12 h. All spectra were background corrected and
normalized with the Athena soware package.42
3. Results and discussion
3.1. Synthesis and structure of pristine material

Stoichiometric amounts of commercial V2O5 and VOF3 were
used as a starting mixture to obtain the target compound VO2F
through the following one-step mechanochemical reaction in
a closed milling jar:

V2O5 + VOF3 / 3VO2F (2)

Formation of VO2F product was identied by recording its
SXRD pattern (Fig. 1). Aer the mechanochemical ball-milling
reaction, all V2O5 and VOF3 precursors have converted into
new phase without any further thermal processing. Rietveld
renement of the diffraction pattern was performed using
a starting crystal structure model reported by Pérez-Flores
et al.39 Renement with the space group R�3c (no. 167) gave
a good t to the experimental data. Such phase assumption is
also supported by the characteristic splitting of 104 and 110
peaks and the presence of 113 reection.43 No impurities can be
RSC Adv., 2016, 6, 65112–65118 | 65113
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Fig. 1 SXRD pattern and Rietveld refinement for the pristine VO2F.
Bragg peak positions (blue vertical bars) corresponding to the rhom-
bohedral R�3c cell are given below the pattern. The reliability param-
eters are: Rp¼ 21.8, Rwp¼ 13.6 and Rexp¼ 43.5. Inset shows the linkage
manner of the corner-shared octahedra in R�3c phase.

Fig. 2 (a) 51V and (b) 19F MAS NMR for the as-milled VO2F and starting
precursors V2O5, VOF3. The asterisks denote the spinning sidebands.
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detected for the as-milled powders. Pristine VO2F crystallizes
with a rhombohedral symmetry (VF3-type crystal structure),
consisting of tilted corner-shared V(O/F)6 octahedra, as depic-
ted in the inset of Fig. 1. It has been observed that such struc-
ture with exible corner-connected octahedral network has
large structural tunability through tilting and octahedral rota-
tion.44 The rened cell parameters and average crystallite size of
pristine VO2F are summarized in Table 1. The c/a value of the
ball-milled nanosized VO2F (2.5383) is slightly smaller than that
(2.5512) for a high temperature and high pressure (800 �C and 4
GPa) synthesizedmicrosized VO2Fmaterial (about 1 to 60 mm).39

O and F share the Wyckoff 18e sites with nominal site occu-
pancy of 2/3 and 1/3, respectively. Nevertheless, it cannot be
rened accurately based on the X-ray diffraction data due to the
near identical scattering properties of O and F. The O/F atomic
coordinates are rened to be (0.4212(6), 0, 0.25). The isotropic
thermal displacement parameters (Uiso) for V and O/F sites are
0.037(5) and 0.029(7), respectively. The calculated material
density is 3.408 g cm�3, which is close to that for an iso-
structural VF3 (3.363 g cm�3).45

Fig. 2 shows solid state 51V and 19F MAS NMR spectra for the
as-milled VO2F and the starting precursors. The NMR chemical
shis are sensitive to components of chemical shielding and
quadrupole tensor, as a consequence of a change in crystallo-
graphic structure. A single sharp 51V resonance line at 0 ppm was
Table 1 Lattice parameters of the pristine and cycled VO2F

Samples As-prepared 1st charge 2nd discharge

Space group R�3c Fm�3m Fm�3m
Lattice constant/Å a ¼ 5.1374(4) a ¼ 4.0932(6) a ¼ 4.1110(8)

c ¼ 13.0405(2)
Lattice volume/Å3 298.07 68.58 69.48
Crystallite size/nm 34 3 4

65114 | RSC Adv., 2016, 6, 65112–65118
observed for V2O5 and a single resonance line at �168 ppm was
observed for VOF3. In contrast, VO2F shows a

51V resonance line at
5 ppm (fwhm 83 ppm) with a broad shoulder at �68 ppm (fwhm
230 ppm) (Fig. 2a), indicating the change in the local bonding
environments surrounding vanadium. Such observations are in
agree with the formation of a new phase, as detected by diffrac-
tion experiments. Meanwhile, large difference in the 19F NMRwas
observed for VO2F and VOF3 (Fig. 2b). VOF3 has one single sharp
19F resonance line at �138 ppm, whereas VO2F has multiple 19F
resonance lines with the strongest one at �112 ppm. The 51V
resonance line at 5 ppm and the 19F line at �138 ppm for VO2F
sample may suggest that certain unreacted residuals exist in the
nal product aer ball-milling. These residuals may exist as
amorphous state, which are not detectable by diffraction
methods. The presence of several weak 19F resonance lines at
�98, �119 and �145 ppm may arise from local structure distor-
tion (such as short-range O/F ordering)46 or unidentied species.

Fig. 3 shows the V K-edge XANES spectra for the as-milled
VO2F and the starting materials V2O5 and VOF3. The similarity
in the absorption edges with strong pre-edge peaks at about
5469 eV indicates that V exist mainly as V5+ in the as-milled
VO2F. Owing to the high oxidation state of V and an open
framework crystal structure, the nanosized VO2F is considered
to be able to store more lithium ions without metal–O/F bond
cleavage, as other vanadium-based oxides and vanadates.47–49
3.2. Electrochemical properties

Deep lithiation of VO2F with the attempt to approach the
theoretical capacity, as expected in eqn (1), has never been
This journal is © The Royal Society of Chemistry 2016
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Fig. 3 V K-edge XANES for the as-milled VO2F and starting precursors
V2O5, VOF3.
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studied and understood before. The electrochemical properties
were evaluated using a VO2F/Li Swagelok cell. Fig. 4a shows the
rst three discharge/charge voltage proles measured at 25 �C
and 50 mA g�1. VO2F was rst discharged from its open-circuit
voltage (OCV, 3.7 V) to 1.3 V, which shows a lithiation capacity of
about 460 mA h g�1, corresponding to 1.75 Li+ intercalation per
formula unit. Several plateau-like voltage steps located at 3.5,
2.8 and 1.7 V were observed, suggesting a continuous structural
change upon lithiation, as observed typically for a crystalline
orthorhombic V2O5 (Fig. 4b). These voltage steps were further
highlighted in the dQ/dV curve in Fig. 4c.

Aerwards, the cell was recharged to 4.1 V, which exhibits
a sloping charge prole and a charge capacity of about 370mA h
g�1. This indicates that certain amounts of lithium ions were
trapped aer rst discharge. Li trapping inside crystalline V2O5

has been also observed due to phase transition.21 It is estimated
that the cycled LixVO2F has a composition of about x ¼ 0.34
aer rst discharge/recharge cycle. Further cycling of the
Li0.34VO2F between 1.3 and 4.1 V leads to steady sloping voltage
proles (Fig. 4a) and high coulombic efficiencies (99.3%,
Fig. 4 (a) Galvanostatic discharge/charge voltage profiles (first three
cycles) of VO2F using Li as negative electrode at 25 �C and 50 mA g�1,
(b) comparison of the first discharge curves between VO2F and
a commercial V2O5 (25 �C, 20 mA g�1), (c) dQ/dV curves, and (d)
cycling stability.

This journal is © The Royal Society of Chemistry 2016
Fig. 4d). The sloping cycling curves indicate a single phase solid
solution reaction. The second discharge capacity is about 350
mA h g�1, suggesting a solid solution range between Li0.34VO2F
and Li1.67VO2F, assuming that no side reactions occur. Thus,
the ball-milling synthesized nanosized VO2F shows signicant
gains in the deliverable capacity over cycling between 4.1 and
1.3 V, compared to the microsized particles.39 Aer 50 cycles,
the capacity decays to about 215mA h g�1 (Fig. 4d). The capacity
decay of VO2F over 50 cycles is 0.7% per cycle. This is superior to
that for V2O5 nanoparticles (3.2% decay per cycle over 20
cycles),50 and close to that for V2O5 nanowires supported on
graphene (0.6% decay per cycle over 50 cycles)51 cycled between
4 and 1.5 V.

The rst discharge curve is different from the subsequent
charge/discharge curves, indicating that lithium storage
proceeds through a different mechanism aer the rst
discharge. Similar voltage prole changes upon lithiation have
been previously observed for other materials such as cubic
TiOF2,52 rhombohedral Li2MoO4,12 orthorhombic V2O5 (ref. 10)
and monoclinic LiVO3 (ref. 53) with discharge voltages centered
at 1.2 V (Ti4+/Ti2+), 2.1 V (Mo6+/Mo5+), 2.5 V (V5+/V3.5+) and 2.3 V
(V5+/V4+), respectively. Most of these materials evolve into
a disordered rock-salt phase aer one step lithiation. The same
behavior is thus expected for the lithiation of VO2F.
3.3. Structural transition into disordered rock-salt phase

Aer cycling, clear structural changes were observed from the
SXRD patterns. Several broad diffraction peaks located at 2q of
5.76�, 8.16� and 9.98� for the cycled VO2F were observed (Fig. 5),
revealing that VO2F transfers to a new phase. Moreover, the
diffraction peaks are located at lower d-values for the rst
charge sample, compared to that for the second discharge
sample, which is reasonable due to intercalation of lithium.
This suggests the formation of a stable intercalation phase. All
diffraction peaks can be well indexed to a cubic cell Fm�3m, as
labeled by Miller indices in Fig. 5. The rened lattice constants
are summarized in Table 1. The cubic lattice volume expands
slightly from the rst charge (a ¼ 4.0932 Å) to the second
Fig. 5 SXRD patterns and Rietveld refinement using space group
Fm�3m for the 1st charge and 2nd discharge VO2F samples. Difference
plots are shown in blue below the patterns.

RSC Adv., 2016, 6, 65112–65118 | 65115
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Fig. 7 Voltage load curves at 25 �C from the second cycles for the
rhombohedral VO2F (50 mA g�1), in comparison with that for a previ-
ously reported Li2VO2F (23 mA g�1)20 and a commercial orthorhombic
V2O5 (20 mA g�1). Inset shows the corresponding dQ/dV plots.
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discharge (a ¼ 4.1110 Å). For the rst charged sample, the
diffraction peaks are rather broad and weak. In addition, the
rened crystallite size for the cycled samples decreases to about
3 nm (Table 1).

Fig. 6a shows the d-spacing patterns for the cycled samples
from combined SXRD and ND diffraction. For the second dis-
charged sample, several diffraction peaks with d-spacings of
2.38 Å (111 diffraction peak) and 1.24 Å (311 diffraction peak)
were exclusively observed from the ND diffraction. Other
diffraction peaks (200, 220 and 222) can be well resolved from
both ND and SXRD.20,27 Complementary diffraction data from
XRD and ND conrm that the cycled VO2F (LixVO2F) crystallizes
in a disorder rock-salt structure (Fig. 6b). Such phase transition
occurs during the rst lithiation step. Several intermediate
phases are likely to form with progressive lithiation and need to
be further identied in the future.

It is well-known that deep lithiation of V2O5 (below about
1.9 V) leads to an irreversible structural transition into disor-
dered rock-salt u-Li3V2O5 phase.10 For comparison, Fig. 7 shows
the voltage load curves from the second cycles for VO2F,
a commercial orthorhombic V2O5 and a previously reported
Li2VO2F.20 All three materials show sloping voltage proles from
the second cycles, due to the formation of a similar disordered
rock-salt crystal structure. VO2F with mixed O/F anions show
high onset discharge voltage (4.1 V) compared to V2O5 (3.7 V). It
is reasonable that mixed O/F anionic sublattice favors high
intercalation voltage. The redox reactions of V2O5 occur in
a narrower voltage range between 3.7 and 1.6 V, compared to
that for VO2F and Li2VO2F.20 In addition, V2O5 shows the largest
voltage hysteresis and the lowest coulombic efficiency (89.5%).
Fig. 6 (a) d-Spacing values from SXRD and ND diffraction of the
cycled VO2F. (b) Disordered rock-salt unit cell.

65116 | RSC Adv., 2016, 6, 65112–65118
The load curves for VO2F and Li2VO2F are well overlapped
except for the low voltage regions. VO2F exhibits gentle charge/
discharge slope below about 2.2 V, compared to Li2VO2F.
Accordingly, VO2F shows a slightly higher capacity of about 30
mA h g�1 at the low voltage regions (as also observed in the
dQ/dV plots in the inset of Fig. 7), although cycling at slightly
higher current density (50 mA g�1), compared to that for
Li2VO2F (23 mA g�1). Such difference may arise from the
different crystallite sizes of both materials, which is about
10 nm for Li2VO2F and about 3 nm for newly formed disordered
rock-salt VO2F nanophase. The ultrane nanoparticles have an
enlarged accessible surface area for Li+ ions. It is considered
that the increased capacity at low voltage may arise from an
enhanced intercalation process.20,54 Moreover, based on the
calculated composition of Li1.67VO2F at the end of the second
discharge, it is considered that further lithium intercalation
(with x > 1.67) into disordered rock-salt lattice (with about 16%
cation sites unoccupied) may occur at lower discharge cutoff
voltages (below 1.3 V).
3.4. In situ V K-edge XANES

Changes in electronic structures for VO2F over galvanostatic
cycling were examined by recording the V K-edge XANES spectra
during an in situ discharge/charge experiment for a VO2F/Li cell
(Fig. 8a). On discharge (from stage OCV to stage E), the main
edge shis to lower energy region by about 3 eV (Fig. 8b).
Meanwhile, the intensity of the pre-edge peak decreases and the
peak also shis slightly to lower energy region. This conrms
the reduction of vanadium upon lithiation. Based on the
observed capacity (1.32 Li+ capacity), it is considered that the
pristine V5+ ions are reduced to an average oxidation state of
V3.68+. The spectral evolution from stage E to stage I is largely
reversible upon recharge to 4.1 V. Aer recharge to 4.1 V, the
main edge shis back to higher energy region, together with
increase in the intensity of the pre-edge peak (Fig. 8c). This
This journal is © The Royal Society of Chemistry 2016
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Fig. 8 (a) In situ discharge/recharge of a VO2F/Li cell for collecting V
K-edge XANES spectra at room temperature and 52 mA g�1. Higher
current (113 mA g�1) was applied in the end of recharge due to refilling
of the synchrotron storage ring. Evolution of V K-edge XANES spectra
of VO2F/Li cell during (b) first discharge and (c) recharge.

Paper RSC Advances

Pu
bl

is
he

d 
on

 0
4 

Ju
ly

 2
01

6.
 D

ow
nl

oa
de

d 
by

 A
cc

es
s 

pr
ov

id
ed

 b
y 

H
Z

G
 L

ib
ra

ry
 o

n 
06

/0
7/

20
17

 1
1:

38
:5

7.
 

View Article Online
suggests that recovery of the V oxidation state near V5+.
However, the spectrum aer recharge is not well overlapped
with that of the pristine sample, implying a change in electronic
structure due to phase transition.

4. Conclusions

In summary, VO2F powders have been synthesized through ball-
milling V2O5 and VOF3 and have been explored as new high
capacity/energy density (theoretically 526 mA h g�1 and 1315
W h kg�1) cathode material for rechargeable Li-batteries. First
This journal is © The Royal Society of Chemistry 2016
lithiation down to 1.3 V leads to an irreversible phase transition
from rhombohedral into a new active disordered rock-salt
nanophase, as conrmed by SXRD and ND. Such new phase
contributes a high reversible Li+ intercalation capacity of about
350 mA h g�1 at 2.5 V (i.e., 875 W h kg�1). The voltage/structure
changes of VO2F were compared with that for a commercial
V2O5 and a previously reported Li2VO2F. From the second
charge/discharge cycles, similar sloping voltage proles were
observed for these materials with disordered rock-salt crystal
structure. Compared to V2O5, VO2F shows higher discharge
voltage, lower voltage hysteresis and higher coulombic effi-
ciency. In comparison with Li2VO2F, a slight extension of the
deliverable capacity was observed for VO2F owing to its ultrane
particle size. Such insights into structural mechanisms may
guide the design of other related materials for battery applica-
tions. Further investigations need to be carried out to improve
the cycling stability and rate performance through controlling
the nanoarchitectures, as oen strategically used for V2O5 and
other metal oxides.55,56
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