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� A new mesoporous V2O5 nanosheet cathode has been developed for Li-ion batteries.
� This V2O5 nanosheet cathode shows excellent rate capability and cyclic stability.
� The large surface area accelerates electrolyte penetration and Li-ion diffusion.
� Mixed-valence V4þ/V5þ results in a high electrical conductivity of V2O5 nanosheets.
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a b s t r a c t

A facile synthesis of mesoporous V2O5 nanosheets has been developed by a simple hydrothermal method
and subsequent instantaneous heating and calcination. These V2O5 nanosheets exhibit ultrastable ca-
pacity retention at different current density, and also show excellent rate capability, maintaining a
reversible capacity of 118 mA h g�1 at 6000 mA g�1 after 1000 cycles. The remarkable performance
results from their unique mesoporous nanosheet structure as well as the presence of noticeable amount
of tetravalent vanadium ions and the attendant oxygen vacancies in V2O5, which have substantially
improved electronic-ionic transport and mitigated the internal mechanical stress induced by the volume
variation of the material upon cycling. These results demonstrate the significant potential of mesoporous
V2O5 nanosheets for high power and long life batteries. Moreover, the simple and general synthesis
method is suitable for the preparation of a variety of electrode material with unique mesoporous
nanostructure containing oxygen vacancies for electrochemical batteries and supercapacitors.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Lithium ion batteries (LIBs) are always considered as the most
promising andwidely used rechargeable batteries, because they are
efficient in energy conversion and storage and have the advantages
of light weight, high working voltage and capacity, long cycling life
and environmentally benign [1e5]. However, the energy density
and power density of LIBs lag far behind the rapidly increasing
demands of ever advancing electronic devices. The increase of en-
ergy density for LIBs requires the development of cathodematerials
noenergy and Nanosystems,

Song), gzcao@u.washington.
with larger capacities and/or higher working voltages [6]. A further
increase in capacity of the cathode will generally require multi-Li
ion insertion and extraction reaction. However, the current stud-
ied cathode materials can only reversibly accept one Li ion and
therefore deliver capacities lower than 200 mA h g�1 [7e11]. Va-
nadium pentoxide (V2O5), a typical intercalation compound, can
accept multi-Li ion reversibly due to its special layer structure and
the weak van der Waals forces that hold the layers together [12].
The different degree of Li intercalation (x) corresponds to the
various phase transitions, for example a, ε, d, g, and u phase cor-
responding to x < 0.01, 0.35 < x < 0.7, 0.7 < x < 1, 1 < x < 2, and
2 < x < 3 in LixV2O5 [12,13]. The theoretical capacity of V2O5 with
two Li insertion/extraction is about 294 mA h g�1, which is more
than twice the commercial cathode materials, such as LiCoO2
(140mA h g�1) and LiMn2O4 (148mA h g�1) [14e16]. Even only one
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Li insertion/extraction, the theoretical capacity of V2O5
(147mA h g�1) is also comparable to the common cathodematerial.
However, V2O5 as cathode of LIBs still suffers low Li ion diffusion
coefficient (10�12e10�13 cm2 s�1), poor structure stability, and
relatively low electronic conductivity (10�7e10�6 S cm�1) [17e21],
which results in limited rate capability and long-term cycling sta-
bility. Many efforts have been made to overcome the limitations
[13,22,23]. A major strategy is to fabricate the nanostructured V2O5
to mitigate against the slow electrochemical kinetics by intro-
ducing large surface area and short ion diffusion paths. For
example, Leaf-like V2O5 nanosheets with a large Bru-
nauereEmmetteTeller (BET) specific surface area of 28 m2 g�1

show very high rate capacity of 303 and 104 mA h g�1 at current
density of 50 and 5000 mA g�1 between the voltage range of
2.0e4.0 V [23]. Mesoporous single-crystalline V2O5 nanorods
assembled into hollow microspheres delivered a very high revers-
ible capacity of 145.8 mA h g�1 at 0.5 C with much improved
capability retention even at a rate of 50 C (101.6 mA h g�1) at
2.5e4.0 V [24]. Various nanostructures reported with different
performances indicate that the morphology and structure are
critically important for the electrochemical performance of V2O5

cathode. And different V2O5 nanostructrues, such as one-
dimensional nanotubes/wires/rods, two-dimensional (2 D) nano-
sheets and three-dimensional nanospheres, can effectively improve
the electrochemical kinetics, shorten Li-ion diffusion distance and
buffer the volume change, thus lead to higher capacity and chem-
ical stability over many discharge/charge cycles as compared with
non-nanostructured V2O5 [25e29]. Recently a series of V2O5 ul-
trathin nanosheets have been extensively reported with high spe-
cific capacities as cathode for LIBs [23,27,30]. However, it is worth
noting that some nanosheets suffer from the poor cycling stability
due to the decrease of intrinsic electronic conductivity or crystal
structural fracture during the discharge/charge process. As is well
known, mesoporous nanomaterial with large specific surface area
exhibit great advantages such as good contact with the electrolyte,
facile Li ion transport and improved binding between the nano-
structures, which can reduce the structure stress during the Li
insertion/extraction processes and decrease the polarization
[24,31e34]. Thus, constructing the mesoporous V2O5 nanosheet
with large specific surface area and improved electronic conduc-
tivity has been considered to be a valid way to improve Li ion
transport and cycling stability of V2O5 cathode.

Herein, we demonstrate a novel and generic green method to
prepare mesoporous V2O5 nanosheets as illustrated in Fig. 1.
NH3VO3 was reacted with oxalic acid dihydrate by hydrothermal
reaction at 180 �C to synthesize ultrathin NH4V4O10 nanosheets.
Then the NH4V4O10 nanosheets were instantaneously heated and
calcined at 400 �C in air to obtain mesoporous V2O5 nanosheets.
This process is simple and can be scaled up to yield large quantities
of mesoporous nanosheets. Used as cathode material for LIBs, these
mesoporous V2O5 nanosheets exhibit excellent reversible Li storage
properties, as lithium insertion in them is mainly surface Li storage
with extremely short lithium diffusion lengths, thus can meet the
Fig. 1. Schematic illustration of the synthesis route
requirement of the exceeding fast and stable lithium insertion/
extraction processes.

2. Experimental section

2.1. Material preparation

All the starting materials were of analytically pure grade and
used directly without any purification. mesoporous V2O5 nano-
sheets were prepared in two steps. First, 1.7 g ammonium meta-
vanadate (NH4VO3, �99.0%, Sinopharm Chemical Reagent Co., Ltd.)
and 1.82 g oxalic acid dihydrate (C2H2O4_2H2O, �99.5%, Sinopharm
Chemical Reagent Co., Ltd.) were dissolved in 65 ml distilled water
in sequence under room temperature with constant stirring for
12 h and dark red solution was obtained. Afterward, the solution,
exhibiting a PH of ~2.5, was transferred into 100 ml Teflon lined
autoclave and kept at 180 �C for 24 h NH4V4O10 nanosheets were
finally collected by centrifugation and washed three times with
distilled water. After dried at 80 �C overnight, the collected powder
was then immediately put into a 400 �C muffle furnace and
maintain for 1 h and the mesoporous V2O5 nanosheets were ob-
tained. To understand the formation mechanism of NH4V4O10
nanosheets, time-dependent and oxalic acid-dependent experi-
ments were carried out. The intermediates with reaction time of 0,
0.5, 2, 10 and 48 h and with oxalic acid of 0.92, 1.22, 1.52, 2.12 and
2.52 g were prepared with a similar approach, respectively. For
comparison, V2O5 nanoparticle aggregates were also prepared by
calcining NH4VO3 at 400 �C for 1 h using the same heating process.

2.2. Material characterization

XRD was performed on a Bruker powder diffraction system
(model D8 Advanced) with a Cu Ka radiation source. Different 2q
angular regions were investigated at a scan rate of 6� min�1 with a
step of 0.02�. XPS analysis was conducted on a K-Alpha 1063 in-
strument withmonochromated Al-Ka as the X-ray source. Charging
effects were corrected by adjusting the binding energy of C 1s to
284.6 eV in the XPS spectra. A non-linear, least-squares algorithm
was employed to determine the best fit to each of the V 2P core
level spectra with two GaussianeLorentzian curves corresponding
to two oxidation states (V4þ and V5þ). The relative atomic ratio of
V4þ and V5þ was determined from the respective area ratios of
these fits. The elemental composition of mesoporous V2O5 nano-
sheets was determined using an energy dispersive X-ray spec-
trometer (EDS OXFORD INCA 300).

The morphologies of the as-prepared composite materials were
detected by field emission scanning electron microscope (FE-SEM,
SU 8020) at 10 kV. TEM investigations were performed using a JEOL
JEM-2010 instrument with an accelerating voltage of 200 kV. The
thickness and width of nanosheets were determined by atom force
microscopy (AFM, MFP-3D-SA-DV). N2 adsorptionedesorption
analysis was carried out using a Micromeritics ASAP 2020 HD88.
The typical sample weight used was about 200 mg. The outgas
of V2O5 mesoporous nanosheets in this work.
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condition was set to 240 min at 250 �C under vacuum, and all
adsorptionedesorption measurements were carried out at liquid
nitrogen temperature.

2.3. Electrochemical measurements

The working electrode was prepared by mixing the active ma-
terial, polyvinylidene fluoride, and Super P conductive carbon in
theweight ratio of 70: 10: 20. N-methylpyrrolidonewas used as the
solvent. The resultant slurry was then uniformly spread onto Al foil
current collector and dried overnight at 80 �C. After solvent evap-
oration and heating at 120 �C in a vacuum oven for 12 h, the
electrodes were cut into disks and assembled into CR2025 coin type
cells in a glove box filled with pure argon. Celgard polypropylene
was used as the separator. The electrolyte was 1.0 M LiPF6 in a
mixture of ethylene carbonate and dimethyl carbonate (1:1). Li
metal was used as the counter electrode and reference electrode.
The mass density of the active material in each electrode disk is
2.5e3.5 mg cm�2. The electrochemical performances of the pre-
pared electrodes were characterized with a Land CT2001A tester
system at room temperature. The cells were galvanostatically dis-
charged and charged at different current density within the range
of 2.5e4.0 V (vs. Li/Liþ). Cyclic voltammetry (CV) tests were carried
out using Solartron electrochemical workstation at room temper-
ature at a scan rate of 0.2 mV s�1 in the voltage range of 2.5e4.0 V
(vs. Li/Liþ). The specific capacity and the current density were
calculated based on the mass of active material. Electrochemical
impedance spectroscopy (EIS) experiments were performed using
the Solartron 1287A in conjunction with a Solartron 1260A
impedance analyzer over the frequency range from 100 kHz to
0.01 Hz and the AC amplitude was 10.0 mV. Before the EIS test, the
cells were charged fully and then kept for a period of time to reach a
stable state. The electrical conductivities of the prepared samples
were measured by the direct current (DC) four-probe technique, as
described elsewhere [35,36]. The samplewasmade into a pellet at a
pressure of 100MPa, and then the pellet was gold coated, dried and
sandwiched between stainless steel blocking electrodes for elec-
trical conductivity measurements.

3. Results and discussion

The crystal phase of NH4V4O10 nanosheet is first confirmed by
its X-ray diffraction pattern, as shown in Fig. 2a, which demon-
strates that all the reflections of the samples are in good agreement
with the standard pattern of the pure monoclinic NH4V4O10 phase
(JCPDS No. 31e0075). No other impurities are detected in the pat-
terns. The morphologies of the sample are then studied by field-
emission scanning electron microscopy (FESEM) and transmission
electron microscopy (TEM). As shown in Fig. 2b, the as prepared
NH4V4O10 precursor consists of discrete and uniform nanosheets
with the width of around 250 nm. The magnified FESEM images
(Fig. 2c) further reveal that the samples are composed of nano-
sheets with a thickness of about 20 nm, which is in agreement with
the atom force microscopy (AFM) result and the corresponding
height profiles in Fig. S2a. The TEM image in Fig. 2d shows the
stacking layer structure of NH4V4O10 nanosheet and the corre-
sponding selected area electron diffraction (SAED) shows that the
nanosheet crystal is a single crystal and the diffraction spot can be
indexed to monoclinic NH4V4O10 structure, which is consistent
with the XRD result. The high resolution (HR)TEM image (Fig. 2e)
taken from the edge of the nanosheet presents the clear lattice
fringes with spacings of 0.35 nm and 0.32 nmwhich can be indexed
to the (110) and (111) planes of monoclinic NH4V4O10, respectively.
The mechanism for the formation of this 2D NH4V4O10 nanosheet
can be described as follows based on the hydrothermal reaction:
8NH4VO3þH2C2O4 �!180�C2NH4V4O10þ2CO2[þ4H2Oþ6NH3[

(1)

During the process, NH4V4O10$nH2O firstly form in the reaction
solution due to the reduction of oxalic acid, so the phase of amor-
phous NH4V4O10 can be observed in the XRD pattern of the in-
termediates before hydrothermal reaction (Fig. S3, 0 h). The crystal
structure of NH4V4O10$nH2O has been proved to be similar to that
of V2O5$nH2O in literature [37e40], which is composed of double
layers of V2O5 stacked along the c-axis of a monoclinic unit cell and
separated by water molecules and ammonium ions. Therefore, the
NH4V4O10$nH2O consist of anisotropic ribbon-like nanofibers
(60 nmwide and some mm in length) in Fig. 3b as hydrous V2O5 did
in literature [23,41e43], when the hydrothermal reaction was car-
ried out for 0.5 h. However, as reported by Trikalitis et al. [37], when
the vanadium atoms centering the octahedral unit become reduced
(from V5þ to V4þ) their radius increases and the V]O bond
lengthens, leading to a less distorted VO6 octahedron. The length-
ening of the V]O bonds is mainly due to the d orbital of V5þ is
predominantly antibonding in character and tend to reduce the
bond order when populatedwith electrons to form V4þ. Theweaker
bonds within the intercalated [V2O5]X� framework, coupled with
the increased disorder and decreased coherence length, result in
the bigger mechanical brittleness of the redox intercalated V2O5
material. Therefore, some shorter nanorods (broken nanoribbons)
were seen besides the nanoribbons in Fig. 3b. Moreover, although
there is no vanadium-water coordination in NH4V4O10 xerogel, it
still could occur at the edges of the nanoribbons, which leads to the
observed more dispersed nanoribbons [44]. Then the nanorods or
nanoribbons in solution grow together along specific crystal facets
to form single crystal NH4V4O10 nanosheets (Fig. 3c) through Ost-
wald ripening [45]. The small nanosheets agglomerate and grow up
and the large nanosheets are torn and broken in the condition of
hydrothermal reaction (Fig. 3d). With the reaction going on, all the
nanorods or nanoribbons are transformed into well-developed
uniform intermediate nanosheets. Then several nanosheets stack
homoepitaxially over one another to minimize the system energy,
leading to NH4V4O10 superstructure formation while preventing
fusion between individual nanosheets in Fig. 3e. It is also worthy
noted that there are significant effects of oxalic acid concentration
on the final structure. A lower or higher concentration of oxalic acid
in the starting solution could lead to diminishment of the well
dispersed nanosheet structure. As shown in Fig. S4, as the amount
of oxalic acid added gradually increases from 0.92 g to 1.82 g, the
morphology of the product evolves from microrods to the mixture
of microrods and nanosheets, and eventually to well disperse
nanosheets. XRD patterns in Fig. S4g indicate that monoclinic
NH4V4O10 phase gradually formed with the decrease of triclinic
(NH4)6V10O28 (JCPDS No. 82e0481) phase. Further increase of
oxalic acid from 1.82 g to 2.52 g, the formed nanosheets grew up,
and then gathered into large blocks. XRD results show that
NH4V4O10 gradually decreased and formed the mixture of VO2

(JCPDS No. 81e2392) and V3O7 (JCPDS No. 27e0940) phase. The
formation of the nanosheet structure at the concentration of oxalic
acid between 1.52 g and 1.82 g might be due to the appropriate
electrical attraction and hydrogen bonding interaction between the
nanosheets which lead to their self-assembly to minimize the total
surface energy [39]. Ultimately, the NH4V4O10 nanosheets were
decomposed and oxidized into unique mesoporous V2O5 nano-
sheets by the calcination process, corresponding to the following
equation.

4NH4V4O10 þ O2 ��!400�C8V2O5 þ 4NH3[þ 2H2O (2)



Fig. 2. Characterization of NH4V4O10 nanosheets. (a) XRD patterns. (b and c) Typical FESEM images with different magnifications. (d) TEM image and the corresponding SAED
pattern (inset). (e) HRTEM image.

Fig. 3. FE-SEM images of the intermediate compounds after different reaction time (a: 0 h; b: 0.5 h; c: 2 h; d: 10 h; e: 24 h; f: 48 h).
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During the conversion from NH4V4O10 to its corresponding ox-
ides, the internally born ammonia (NH3) release, and the vanadium
oxide layers firstly block the gas release and then are broken by the
ammonia sealed inside, at the same time, small void/pores are
formed. Numerous such processes concurrently/continuously take
place from the outer to inner part of the nanosheets until NH4V4O10
is completely converted to mesoporous V2O5 nanosheets [28,46].

The XRD pattern of the calcined product is shown in Fig. 4a,
which can be perfectly indexed as the orthorhombic phase V2O5
with excellent crystallinity (JCPDS No. 41e1426，space group:
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Pmmn (59), a ¼ 1.1516 nm, b ¼ 0.3566 nm, c ¼ 0.4372 nm)
[44,47,48]. The morphology and microstructure of the as-prepared
mesoporous V2O5 nanosheets are shown in Fig. 4bed. The FESEM
images in Fig. 4b and c presents that the uniform nanosheet
structure is essentially preserved during the calcination and solid-
phase conversion process and the thickness of the nanosheet has
increased to 50e70 nm from about 20 nm for its precursor nano-
sheet, which agrees well with the AFM image and the corre-
sponding height profiles in Figure S2b, 66.81 nm for the testing
sample. The representative TEM image (Fig. 4d) demonstrates that
the prepared V2O5 nanosheets are composed of porous and layered
structure. The HRTEM image taken from the edge of the nanosheet
is shown in the lower right inset in Fig. 4d. A lattice fringe of
0.34 nm can be ascribed to the (110) plane of V2O5. The SAED (the
upper left inset in Fig. 4d) reveals the single-crystalline nature of
the V2O5 nanosheets. The pores on the surface of V2O5 nanosheets
have greatly increased the specific surface area though the sizes of
the pores are not uniform (from a few nanometers to tens of
nanometers), which can be verified by testing the Bru-
nauereEmmetteTeller (BET) surface area. As shown in Fig. 4e, the
prepared V2O5 with a nanoscale subunit-assembled nanosheet hi-
erarchical structure gives rise to a BET surface area of 68 m2 g�1 and
a relatively high pore volume of 0.31 cm3 g�1, the latter mainly
being contributed from the mesoporous in V2O5 nanosheets. This
surface area is much higher than that of its precursor nanosheets
(NH4V4O10, 23 m2 g�1) and bulk V2O5 (3.5 m2 g�1). The bulk
NH4VO3 was also calcined at 400 �C, whose BET surface area
(12.4 m2 g�1) and pore volume (0.09 cm3 g�1) are also lower than
the as-prepared V2O5 nanosheets. The BarretteJoynereHalenda
(BJH) desorption results show that the prepared sample contains
mesopores with a size peak of 45.0 nm, which is bigger than that of
its precursor (29.5 nm). The confirmation of the oxidation state of
vanadium in the prepared V2O5 nanosheets was carried out by X-
ray photoelectron spectroscopy (XPS) analysis. The high resolution
XPS of V 2p after fitting is shown in Fig. 4f. The peaks at 517.53 and
Fig. 4. (a) XRD pattern, (b and c) FESEM images, (d) TEM, HRTEM (the lower right inset in
desorption isotherm and the corresponding BJH pore-size distribution curves (inset) and (f
525.05 eV, which are attributed to the spineorbit splitting of the
components, correspond to V5þ 2p3/2 and V5þ2p 1/2 [49]. It is
noteworthy that the V4þ peaks are also found at 516.36 eV (V4þ

2p3/2) and 523.80 eV (V4þ 2p1/2) [50], indicating that the forma-
tion of low valence state vanadium. The relative atomic ratio of V5þ

and V4þ is 9:1 calculated based on the peak areas. In order to
compensate the charge, the oxygen vacancies must be created in
the lattice of V2O5 [51] and the formula of the vanadium oxide can
be determined to be V2O4.9ðV ::

OÞ0:1, which is agreement with the
elemental composition results by energy dispersive spectroscopy
(EDS) measurement.

To demonstrate the possible structural advantages, the as-
obtained mesoporous V2O5 nanosheets were evaluated according
to their lithium storage performance as a cathode material for LIBs.
Fig. 5a shows the first five consecutive cyclic voltammograms (CV)
of the novel V2O5 mesoporous nanosheets at a scan rate of
0.2 mV s�1 in the potential range from 2.5 to 4.0 V. The two main
cathodic peaks appear at 3.34 and 3.14 V, suggesting that the two
step interaction of the first lithium ion into V2O5 and the phase
transformations from a-V2O5 to ε-Li0.5V2O5 and d-LiV2O5. These
processes can be expressed in equations (3) and (4), respectively.

V2O5 þ 0:5 Liþ þ 0:5e� ¼ ε� Li0:5V2O5 (3)

ε� Li0:5V2O5 þ 0:5 Liþ þ 0:5e� ¼ d� LiV2O5 (4)

The two anodic peaks appear at 3.32 and 3.48 V corresponding to
the lithium de-intercalation and the opposite phase transformation
to the cathodic reaction. Besides these peaks, one obvious peak at
3.27 V is observed in the anodic scan, which can be largely attributed
to the novel mesoporous-nanosheet-structures. As shown in Fig. 4d,
the mesoporous in nanosheets and the space between nanosheets
are clearly observed, which facilitate the electrolyte penetration and
reduce the energy barrier for Liþ intercalation/de-intercalation.
Therefore, the phase change can happen rapidly. The CV curves
d) images and the corresponding SAED (the upper left inset in d), (e) N2 adsorption/
) XPS spectra of V 2p of the prepared mesoporous V2O5 nanosheets.



Fig. 5. (a) The first five consecutive CVs of the mesoporous V2O5 nanosheets at a scan rate of 0.2 mV s�1. (b) Discharge-charge voltage profiles of the mesoporous V2O5 nanosheets at
a current density of 50 mA g�1. (c) Cycling performance and Coulombic efficiency of the mesoporous V2O5 nanosheets at 100 mA g�1. (d) Rate capability of mesoporous V2O5

nanosheets and V2O5 nanoparticle aggregates at various current rates. (e) Cycling performance and Coulombic efficiency of the mesoporous V2O5 nanosheets and V2O5 nanoparticle
aggregates at 6000 mA g�1. (f) Comparable Nyquist plots at fully charged stage. Inset: A simplified equivalent circuit. Rs: ohmic resistance of solution and electrodes; Rct: charge
transfer resistance; Q: double layer capacitance; Zw: Warburg impedance.
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become almost identical after two cycles, which means a good
reversibility of the lithium insertion/extraction process. Fig. 5b
shows representative discharge-charge voltage profiles of meso-
porous V2O5 nanosheet electrode at a current density of 50 mA g�1.
Two plateaus are clearly observed at 3.34, 3.14 V on the discharge
curves and three plateaus are seen at 3.27, 3.32 and 3.48 V on the
charge curves, respectively. It is worthy noted that the discharge-
charge curves overlapped well upon cycling, indicating the good
reversibility of the electrochemical processes. These discharge/
charge profiles are quite consistent with the CV results. The cycling
performance of mesoporous V2O5 nanosheet electrode is presented
in Fig. 5c. At 100 mA g�1, the discharge capacity of mesoporous V2O5
nanosheet electrode is 147 mA h g�1 at the 2nd cycle, equal to the
theoretical capacity for the formation of d-LiV2O5, and still retains a
remarkable reversible capacity of 144 mA h g�1 at the end of the
100th cycle, corresponding to 98% of the initial capacity (the 2nd
cycle). The Coulombic efficiency maintains at more than 99% over all
the 100 cycles. Such high Coulombic efficiencies indicate a good
reversibility between the discharge and charge processes. The rate
capability ofmesoporous V2O5 nanosheet electrodewas evaluated at
various current densities, ranging from 100 to 6000mA g�1, within a
potential window of 2.5e4.0 V. For comparison, the rate capability of
V2O5 nanoparticle aggregates obtained from calcining NH4VO3 at
400 �C is also tested under the same conditions. Obviously, the V2O5
nanosheets exhibit a high 2nd cycle capacity of 147 mA h g�1 at a
current density of 100 mA g�1 and slightly reduce to 145, 142, 139,
136, 134, and 130 mA h g�1 at 300, 600, 1000, 2000, 5000, and
6000mA g�1. However, the V2O5 nanoparticle aggregate electrode is
only able to show a discharge capacity of 60 mA h g�1 at
6000 mA g�1 though its first two cycle discharge capacities at
100 mA g�1 are almost the same as V2O5 nanosheets does. After the
high rate measurement, a capacity of 146 mA h g�1 can be obtained
for the V2O5 nanosheet electrode when the current density returns
to 100mA g�1 at the 71st cycle. In addition, the cycling performances
of V2O5 nanosheet and V2O5 nanoparticle aggregate cathodes at high
rate of 6000 mA g�1 are shown in Fig. 5e. The discharge capacity is
129 mA h g�1 at the 2nd cycle for V2O5 nanosheet electrode and no
obvious capacity fading can be observed in the following cycles. It is
noted that even after 1000 cycles, the novel V2O5 nanosheet elec-
trode still deliver a high capacity of above 118 mA h g�1, corre-
sponding to 91% of the initial capacity. At the same time, a nearly 99%
Coulombic efficiency can be achieved throughout the overall cycling
test. While for V2O5 nanoparticle aggregate cathode, the 2nd cycle
discharge capacity is 38 mA h g�1 and the capacity at the 1000th
cycle is only 72 mA h g�1 though the discharge capacity has some
increases in the subsequent cycles. The Coulombic efficiency change
range (the change of Coulombic efficiency between minimum value
and maximum value) of V2O5 nanoparticle aggregate cathode is
larger than that of V2O5 nanosheet electrode, suggesting the poor
high rate reversibility during discharge/charge processes for V2O5
nanoparticle aggregate cathode. All of these results indicate that the
V2O5 nanosheet electrode possesses excellent Liþ storage perfor-
mance, superior cyclability and good reversibility at high power rate.
A comparison of the electrochemical performance of our meso-
porous V2O5 nanosheet with some representative reported V2O5
nanostructure materials is given in Table S2. To our knowledge, such
outstanding cycling stability at 6000 mA g�1 in the voltage range of
2.5e4.0 V is the best report up to date [22,28,47,52,53], which can be
mainly ascribed to the uniquemesoporous V2O5 nanosheet structure
and the introduced tetravalent vanadium ions and the attendant
oxygen vacancies. The influence of this novel structure on the rate
capabilities is further verified by the comparison of electrochemical
impedance spectra (EIS) results of the prepared mesoporous V2O5
nanosheet and V2O5 nanoparticle aggregate cathode. The Nyquist
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plots in Fig. 5f show that the charge transfer resistance (Rct) of V2O5
nanosheet electrode is 96.1U, which ismuch lower than that of V2O5
nanoparticle aggregate electrode (302.5 U). The remarkably reduced
Rct at the electrode/electrolyte interface results from the unique
mesoporous nanosheet structure with larger surface area, which
increases the contact area between the active sites and electrolytes,
and shortens the Liþ ion diffusion length, thus leads to rapid ion
diffusion and an efficient charge transfer. The porous structure of
nanosheet is also favorable for accommodating the volume change
during discharge/charge processes. Moreover, the oxygen vacancies
appeared during the formation process of mesoporous V2O5 nano-
sheets may serve as possible nucleation centers to accelerate phase
transformation during Liþ ion insertion and extraction processes
[13,54]. The electrical conductivities ofmesoporous V2O5 nanosheets
and V2O5 nanoparticle aggregates were measured by the direct
current four-probe technique, which are 2.31 � 10�5 S cm�1 and
4.23 � 10�6 S cm�1, respectively. This result suggests an improved
electrical conductivity of V2O5 nanosheet electrode probably due to
the presence of mixed valence state of V5þ/V4þ [55,56]. The high
electrical conductivity plays an important role in the enhancement
of the cycling stability and rate capability of the electrode during Liþ

ion insertion/extraction processes.

4. Conclusions

Mesoporous V2O5 nanosheets have been successfully synthe-
sized on a large scale by a hydrothermal method followed by
instantaneous heating and calcination in air. The as-prepared V2O5
nanosheets are composed of several well-defined porous nano-
sheets that assemble themselves together and form a highly mes-
oporous nanosheet structure. Such mesoporous nanosheets give
rise to high surface area and rich oxygen vacancies, which
improved the abilities to buffer the volume variation and transport
electron/ion. When applied as a LIB cathode material, the meso-
porous V2O5 nanosheets display a very high specific capacity of
147 mA h g�1 at a current density of 100 mA g�1 within the voltage
range of 2.5e4.0 V and with relatively stable capacity retention.
More importantly, they show an ultra high rate capacity retention
capability, with a reversible capacity of 118 mA h g�1 after 1000
cycles at 6000 mA g�1. These excellent electrochemical perfor-
mances suggest that this unique mesoporous V2O5 nanosheet is an
attractive cathode material for fast charging and high-power LIBs
for electric vehicle application.
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