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Facile and Low-Cost Synthesis of Large-Area Pure V,0,
Nanosheets for High-Capacity and High-Rate Lithium
Storage over a Wide Temperature Range

Zhong-li Wang, Dan Xu, Li-min Wang, and Xin-bo Zhang*"

One of the great challenges in the development of next-gener-
ation lithium ion batteries is to simultaneously achieve high
power and large energy capacity. Herein, large-area pure V,O;
nanosheets are successfully synthesized by a novel and facile
dissolution—splitting method using low-cost raw materials. The
as-prepared product exhibits enhanced lithium storage proper-
ties including high reversible capacity (290 mAhg™"), good

Introduction

The rapid development in next-generation portable electronic
devices and the ever-increasing interest in plug-in hybrid elec-
tric vehicles (PHEVs) urgently demand a further increase in the
energy and power capabilities of lithium ion batteries (LIBs).
However, even after decades of intensive efforts, the low ca-
pacity of the current electrode materials, especially at the cath-
ode side, still limits improvement of power and energy density
of LIBs. For use as a versatile power source, it is still a chal-
lenge to simultaneously achieve high capacity and high rate
performance of the cathode materials.

Enhancements in capacity necessarily require transformation
from the present Li insertion/deinsertion compounds limited
by 1e™ per formula unit into novel and advanced compounds
based on multielectron reaction materials. However, the pres-
ent multielectron systems such as metal vanadates and metal
fluorides suffer from bad cycling stability and low rate perfor-
mance. On the other hand, in achieving a high power densi-
ty, rapid ionic and electronic diffusion in electrode materials
are necessary. Recently, many strategies, such as decreasing
the electrode materials to the nanoscale size, coating or
mixing with more conductive materials, and doping of elec-
trode materials with foreign atoms, have been developed to
improve the power density*® In particular, an ultrafast dis-
charge rate as high as 400 C was achieved by Kang and
Ceder™ Although much progress has been made, there are
still some problems such as poor cycling stability and the re-
quirement of a high percentage of carbon black. Therefore,
there is an impending need to improve the performance of
LIBs to simultaneously hold high power and large energy ca-
pacity.

Vanadium pentoxide is important among a family of func-
tional inorganic materials, and has numerous applications in
the field of catalysis,”’ chemical sensors,® and electric field-
effect transistors® as well as multielectron battery materials.
Since the reversible multielectron electrochemical lithium ion
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cycling and rate performance (144 mAhg™' at 10C and
95 mAhg' at 20C), which can deliver a high power density of
15.6 kWkg™' while the energy density remains as high as
260 Whkg™'. At low temperatures of 0 and —20°C, the V,Os
nanosheets can still deliver high capacities of 184 and
158 mAhg™' at 1C, respectively, and also exhibit excellent cy-
cling stability.

intercalation in V,0; was first reported in 1976 by Whitting-
ham,"” intense interest has been focus on applying vanadium
pentoxide as a cathode material for rechargeable LIBs because
of its high theoretical capacity, low cost, and abundance."~*”
Unfortunately, so far its practical application in rechargeable
LIBs is still seriously hindered by the poor cycle stability, low
electronic and ionic conductivity, and sluggish electrochemical
kinetics." Two-dimensional (2D) structure of nanosheets (NSs)
have received increased interest for their application in
energy-harvesting devices.?*? 2D material-based LIBs could
offer significant improvements in power and energy density
over bulk electrodes stemming from the following advantages:
1) the facile strain relaxation of the large-area 2D structure can
greatly improve the structural stability against volume expan-
sion and thus would theoretically benefit the cycling stability.
2) The large surface to volume ratio of the 2D geometry offers
a sufficient contact interface with the electrolyte and the thin
structure shortens the ion and electron transport length, which
would effectively maximize electron and Li* ion diffusion and
thus could allow ultrafast lithium storage. In this context, 2D
nanosheets of metal oxides such as TiO, and SnO, have been
shown to exhibit superior lithium storage properties.”"*? How-
ever, the synthesis and lithium storage properties of large-area
thin V,05 NSs enabling stable and fast multielectron reaction
have not been investigated.

Layered materials represent a diverse and largely untapped
source of 2D systems and provide wide selections of nano-
sheet crystallites. Inspired by the great success in exfoliation of
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layered graphite to graphene, metal oxide NSs might also be
synthesized by disintegrating a layered compound into the
constituent single or few layers. Up to now, transition-metal
oxide NSs such as Ca,Nb;0,, NbO,; Ti,_sO0, and MnO, have
been prepared by exfoliation from their layered bulk counter-
parts.>? The traditional synthesis of metal oxide NSs often
requires multistep processing, which involves a high-tempera-
ture solid-state reaction, protonation of interlayer alkali metal
ions, and an acid-base reaction with an aqueous solution of
quaternary ammonium cations.””” However, when such a
method was applied to synthesize V,05 NSs, it was found that
V,0; was easily dissolved by the swelling agent (e.g. terabuty-
lammonium hydroxide) because V,O; is amphoteric. Therefore,
it remains challenging and highly desirable to develop a facile
and effective strategy to synthesis large-area pure V,0; NSs to
achieve excellent lithium storage, cycling, and rate perfor-
mance.

Herein, we demonstrate a novel and facile dissolution—split-
ting method to prepare V,0; NSs from its layered crystal,
wherein (NH,),V40,¢ intercalated compound NSs are first ob-
tained as an intermediate phase and then decomposed into
V,0; by calcination. Interestingly, in sharp contrast to its parent
bulk crystal, the as-prepared V,05 NSs exhibit greatly enhanced
lithium storage properties, including high reversible capacity
as well as good cyclic capacity retention and rate performance
over a wide temperature range. Furthermore, the low-cost raw
materials, commercial V,0; powder and ammonium persulfate
(APS), and the facile nature of the experimental procedures fa-
vorably enable the proposed method suitable for large-scale
fabrication.

Results and Discussion

Figure 1 schematically illustrates the synthetic procedure for
the preparation of V,0, NSs. In APS solution, the NH,* ions are
first intercalated into the interspace between the layers of bulk
V,0; to form intercalated compound (NH,),V;O;,. Meanwhile,

(NH4); V5O nanosheets

‘V zz 05: layered !c rystal

Dissolution-splitting

=)

V105 nanosheets

Figure 1. Schematic illustration of the steps for preparation of V,05 nano-
sheets.
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part interlayers of the crystal are dissolved because of the acid
environment provided by S,0,>~, which leads to the peeling of
NSs from the parent bulk crystal, that is to say, the splitting
process is the dissolving of interlayers. After the dissolution-
splitting process occurs, the volume of NSs expands greatly
(see Figure S1 in the Supporting Information). The obtained
(NH,),Vs0;6 NSs are dried and then calcinated in air to give
V,05 NSs.

The morphology and structure of the prepared samples is
compared by scanning electron (SEM) and transmission elec-
tron microscopy (TEM). It can be clearly seen that the as-pre-
pared (NH,),VsO;¢ intercalated compound has a large-area 2D
structure (Figure 2A), which is transparent to electrons be-
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Figure 2. A) SEM image and B) TEM image of (NH,),V;O,s nanosheets. C) SEM
image and D) TEM image of V,05 nanosheets. E) XRD patterns of (NH,),VsO;4
and V,0; nanosheets.

cause the carbon grid is clearly seen below the nanosheets
(Figure 2B). This strongly suggests very thin nanosheets, espe-
cially considering the high atomic number of V. The thin
nature of the nanosheets was then examined by atomic force
microscopy (Figure S2) and shows that such NSs are 10-20 nm
in thickness and several micrometers in lateral width, thus indi-
cating that the micrometer-sized 3D layered V,0; crystal (Fig-
ure S1A) has been successfully split into thin 2D NSs. Further-
more, our detailed investigation reveals that the reaction time
and the concentration of APS play important roles in the for-
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mation of such large-area thin sheet structures. The etching of
interlayers can be clearly observed even at short reaction times
(Figure S3A and S3B), thus demonstrating the dissolution-split-
ting process. However, if the reaction time is less than
24 hours, bulk crystal or thick sheets can also be observed,
thus illustrating that the splitting process is slow and gradual.
Interestingly, when the reaction time is further prolonged (Fig-
ure S3E and S3F), the thickness of the sheets is not obviously
changed but the lateral size be-
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We subsequently investigated the electrochemical properties
of these unique V,0; NSs as a cathode material for LIBs. Fig-
ure 3 A shows the cyclic voltammograms (CVs) of V,05 NSs and
bulk V,0; for lithiation/delithiation in the voltage range of 2-
4 V. As clearly shown in Figure 3A, each sample exhibits two
stages during the electrochemical reaction, one of which is be-
tween 4 and 3 V and the other is between 2.7 and 2V, and cor-
respond to insertion and extraction of the first and second lith-

comes smaller, thus implying
that layered splitting might turn
into lateral splitting. On the
other hand, the concentration of
APS also affects the degree of
splitting (Figure S4) and the
characteristics of the sheets
(with respect to the concentra-
tion of APS) are similar to those
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V,0;.

The chemical compositions of
the samples were studied by X-
ray diffraction (XRD). As shown
in Figure 2E, the diffraction
peaks for the intermediate phase at 26 of 11.3° 22.7°, and
25.1° can be indexed to the (100), (200), and (210) planes of
(NH,),Vs0,6 (JCPDS card no. 22-1046), respectively, thus show-
ing that the intercalated compound has been formed. Ther-
mogravimetric analysis was then employed to determine the
temperature of (NH,),V0,s decomposition (Figure S6). It was
found that a significant weight loss takes place at 340 °C, and
the weight fraction of intercalated molecules is measured to
be about 9.3%. After heat treatment at 350 °C for 1 hour, the
XRD profile changed significantly and the diffraction peaks at
26 of 20.3°, 21.7°, 26.3°, and 31.1° can be indexed to the (001),
(101), (110), and (301) planes of the Shcherbinaite phase V,O;
(JCPDS card no. 65-0131), thus indicating that the intermediate
phase was completely transformed into crystalline V,0;. The
product shows a well-defined crystalline structure and strong
(001) diffraction peaks, which suggests that the crystal of NSs
is oriented along the (001) direction—this is in good agree-
ment with the above TEM results (Figure S5).

of 2-4 V.
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Figure 3. A) CV curves of V,05; nanosheets and bulk crystal in a voltage range of 2-4 V at a scan rate of 0.1 mVs™".
B) Discharge/charge voltage profiles of V,05 nanosheets and bulk crystal at a current density of 100 mAg~".

C) Comparative cycling performance of the two samples at a current density of 300 mAg~'. D) Rate performance
at different current densities from 0.1 Ag™' to 6 Ag~". All measurements were conducted with a voltage window
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ium ions, respectively.”®?* Because of the irreversible structure
changes of the Li,V,05; when polarized to 2V, the reaction pro-
cess is characterized by four to five sets of CV peaks, part of
which may appear as shoulders.®>*" In comparing the two
curves, the distinguish feature is that the peak current density
of V,05 NSs is much larger than that of the bulk V,O. It has
been reported that if the charge transfer at the interface is fast
enough and the rate-limiting step is the lithium diffusion in
the electrode, then the peak current is proportional to the con-
tact area between the electrode and electrolyte.'”*? The nano-
sheet structure of V,Os intrinsically holds higher contact sur-
face area between electrode material and electrolyte and thus
certainly increase the peak current density, which would also
benefit their rate performance (see below). Furthermore, the
nanosheet structure significantly promotes the electrochemical
reactions of V,0; and maintains the crystalline Li,V,05; phases
in contrast to the bulk counterpart,®® and is clearly reflected in

ChemPlusChem 2012, 77, 124-128
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the CV curves (two more redox peaks are observed in the
nanosheet compared to in the bulk).

Figure 3B shows the first cycles for the V,05 NSs and bulk
crystal between 2 and 4 V. It can be seen that the discharge/
charge plateaus are in good agreement with the CV results. It
is clearly observed that the V,05 nanosheet structure exhibits
obvious advantage of capacity in comparison with that of the
parent bulk crystal. The first specific discharged capacity of NSs
is as high as 290 mAhg™' (nearly equal to its theoretic capacity
of V,0s with two Li* insertion: 294 mAhg™") at the current
density of 100 mAg™" (~0.3 C), which is much higher than
that of the parent bulk crystal (178 mAhg™"). Besides the high
capacity, V,05 NSs also exhibit superior cycle stability over the
bulk crystal (Figure 3C). After 50 cycles, the discharge capacity
of V,05 NSs can still reach 180 mAhg™' at the current of densi-
ty of 300 mAg~' (=1 C), meanwhile the bulk crystal only gives
138 mAg~' under the same conditions. Figure 3D demon-
strates the rate capability of V,0; NSs and V,0; bulk crystal
from current densities of 0.1-6 Ag™" for six cycles at each cur-
rent density. Interestingly, the specific discharge capacities can
still remain at 144 and 95 mAhg™' for the V,0, NSs even at
the high current density of 3Ag™ (=10C) and 6 Ag™" (
~20 (), respectively, thus illustrating the outstanding high
power and high energy performance of NSs (15.6 kWkg™ and
260 Whkg™" in Figure S7). This rate capability is much better
compared to the results reported in the literature.”*>% Interest-
ingly, the NSs show excellent cycling stability at the high cur-
rent density (Figure S8). We can perhaps attribute these greatly
enhanced lithium storage properties to the fine nanosheet
structure which provides a high interfacial contact area be-
tween electrode and electrolyte and a shortened lithium ions
diffusion and electron transportation distance, thus leading to
the high capacity and high rate performances.

As a battery delivering high power, the Joule effect must be
considered because a large amount of heat would be generat-
ed during the charge/discharge processes at high power.®
Meanwhile, the low-temperature performance is also a very im-
portant aspect form the view point of practical applications.
Therefore, it is of great importance to investigate the tempera-
ture-dependent performance of V,05 NSs. Measurements were
carried out at —20, 0, 25, and 55 °C. The results are shown in
Figure 4 and Figure S8 in the Supporting Information. Interest-
ingly, the rate capabilities are very close at 0, 25, and 55 °C
(Figure 4 A), thus indicating that the rate performance is not af-
fected by temperature in the range of 0-55 °C. Notably, V,O;
NSs also exhibit excellent low-temperature performance in-
cluding the rate capability, high capacity, and cycling stability.
As shown in Figure 4B and Figure S9, at low temperatures of 0
and —20°C, it could still deliver high capacities of 184 and
158 mAhg™' at a current density of 300 mAg™' (=~1C) and
also exhibit excellent cycling stability.”®3*” Such results are
much higher than those reported in the literature (102 and
77.5 mAhg~").B%3 This is a very beneficial feature and expands
the range of applications of lithium-ion batteries.
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Figure 4. The performance comparisons of V,05 nanosheets at 0, 25, and
55°C: A) Rate capability and B) cycling at a current density of 300 mAg™".

Conclusion

In summary, we have developed a facile, low-cost, and effec-
tive dissolution-splitting method for the scalable synthesis of
large-area pure V,0; nanosheets from their parent bulk crystal.
Interestingly, in contrast to the bulk counterpart, the as-pre-
pared V,0; NSs exhibit greatly enhanced lithium storage prop-
erties over a wide temperature range. It can deliver a high
power density of 15.6 kWkg™' while the energy density re-
mains as high as 260 Whkg™', which would bridge the perfor-
mance gap between batteries and supercapacitors. At low
temperatures of 0 and —20°C, it can still deliver high capacities
of 184 and 158 mAhg™" at 1 C and also exhibit good cycling
stability, thus highlighting the effectiveness and value of our
proposed protocol. The obtained excellent performance opens
up new opportunities in the development of high performance
next-generation LIBs used for alternative energy and electric
transportation. The proposed synthetic strategy may be easily
extended to other layered materials which can be used in
broad fields including catalysis and sensors.

Experimental Section

Typical synthesis of (NH,),V¢0,¢, nanosheets: Commercial V,Os
power (0.36 mg) and APS (4.4 g, 20 mmol) were added to H,O
(36 mL). After the mixture had been stirred for 48 h at 50 °C, the
golden-yellow precipitate was collected by centrifugation, washed
thoroughly with H,O, and freeze-dried. The as-prepared (NH,),V¢O,¢
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NSs were further treated at 350 °C in air for 1 h with a heating rate
of 2°Cmin' to obtain V,0; NSs. To optimize the experimental con-
ditions, different reaction time and concentration of APS were in-
vestigated.
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