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Ultrathin V,0s nanosheets were successfully prepared through supercritical solvothermal reaction followed
by annealing treatment. The formation of ultrathin nanosheets is owing to Ostwald ripening and the
effect of supercritical fluids. As cathode material for lithium batteries, the ultrathin V,05 nanosheets
exhibit a capacity of 108 mA h g~' at a high rate of up to 10 C at 2.4-4 V and excellent cyclability
with little capacity loss after 200 cycles. The enhanced rate performance is attributed to the shortened
diffusion distance and the increased electrode-electrolyte contact area of the ultrathin nanosheet struc-
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Introduction

Rechargeable lithium batteries (LBs) are attracting great interest
for application in powering electric vehicles (EVs) and hybrid
electric vehicles (HEVs) owing to their high energy density and
long lifespan.'™ Rate capability, cyclability, and power density
are considered as the three important factors that need to be
further improved before their widespread use.”” Designing
electrode materials within the nanoscale has become one of
the most effective methods to shorten the Li-ion diffusion
distance during the charge-discharge process and increase the
interfacial contact area between the electrode and the electrolyte,
leading to significantly enhanced specific power density and energy
density compared with bulk materials.*'* Two-dimensional (2D)
nanomaterials have been receiving great attention owing to their
unique mechanical, electrical, and chemical properties.'*"> Espe-
cially, ultrathin 2D nanosheets (NSs) with atomic-scale thickness
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synthesize ultrathin nanomaterials for lithium batteries.

have structural advantages in the reversible Li storage process,
such as graphene,'® FeS,"” Sn0,,"® and Li,MSiO, (M = Fe, Mn).*’
The development of layered structure metal oxide ultrathin NSs
is pursued intensively on the basis of fundamental scientific
interest coupled with their widespread application in LBs.

As a cathode material for rechargeable LBs, V,05 delivers a
high theoretical capacity of 440 mA h g~ " based on the inter-
calation of three Li ions.>*>' However, the development of V,Oj
electrodes was limited by their poor structural stability,”* low
electronic conductivity*® and poor electrochemical kinetics.>*
Nanostructured vanadium oxides have been widely explored to
enhance the electrochemical kinetics. Recently, nanoparticles,>
nanorods,?® nanowires,?” nanotubes,® nanobelts,?° and nano-
composites®® have been successfully synthesized by a variety of
methods and their rate capabilities were improved. Nevertheless,
it still remains a big challenge to obtain long-term cycling
stability during subsequent rapid lithium insertion-extraction
processes. Furthermore, it is important to improve the reversible
capacity at high potentials (above 3 V), which is related to high
energy density.

As a new kind of reaction medium, supercritical fluids
(SCFs) possess unique properties including gas-like diffusivity,
low viscosity, and a density closer to that of liquid than gas.***
The surface tension of SCFs completely vanishes above the
critical point of the fluids, which is of particular utility in
controlling the surface and interface chemistry of materials.
Compared with common chemical vapor deposition (CVD) and
ultrasonic exfoliation methods, the features of SCFs make the
SCF-based solvothermal method as another important approach to
synthesize layered crystals with high yield. Recently, Rangappa and
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his co-workers successfully employed this process for the pre-
paration of exfoliated graphene nanosheets and for the synthesis
of ultrathin Li,MSiO, (M = Fe, Mn) nanosheets with excellent
electrochemical performance for LBs.'® However, the use of
SCF-based solvothermal methods to design and synthesize
layered V,0s and other nanomaterials is greatly unexplored.
In the present work, based on the Ostwald ripening and
SCFs exfoliation mechanism, we described a facile and mass-
produced route to synthesize ultrathin V,05 NSs with excellent
high-rate and long-life performance to serve as the cathode
material in rechargeable LBs.

Experimental section
Sample preparation

The preparation of the ultrathin V,05 NSs included two steps.
The first step was the preparation of the V,05 gel. V,05 powder
(0.51 g) was slowly dissolved in hydrogen peroxide solution
(50 mL, 30%) under stirring at room temperature until clear
orange solution formed. After stirring for another 15 min and
aging for 2 days at room temperature, the solution gradually
turned into a dark red V,Os gel. The resulting gel was transferred
into a funnel and washed with ethanol five times. Then it was
immersed in ethanol for 7 days and a jelly-like precursor finally
formed. In the second step, the precursor was transferred into a
Teflon-lined autoclave, filled with ethanol up to 80% of the total
volume. The autoclave with a stainless steel shell was kept at 250 °C
for 12 h and cooled to room temperature naturally. The final
product was washed with ethanol three times and then dried at
80 °C for 12 h. Finally the as-obtained products were thermally
treated at 400 °C for 2 h in air to form the ultrathin V,0O5
nanosheets. The atomic force microscopic (AFM) observation was
achieved using Bruker MultiMode 8 Atomic Force Microscope.

Material characterization

X-ray diffraction (XRD) measurements were performed to obtain
the crystallographic information using a D8 Advance X-ray
diffractometer with a non-monochromated Cu Ko X-ray source.
Field emission scanning electron microscopic (FESEM) images
were collected using a JEOL JSM-7100F. Transmission electron
microscopic (TEM) and high-resolution TEM (HRTEM) images
were recorded using a JEOL JEM-2100F STEM/EDS microscope.

Electrochemical measurements

The electrochemical measurements were carried out by assem-
bly of 2025 coin cells in a glove box filled with pure argon gas,
using lithium discs as both the counter electrode and the
reference electrode, and 1 M LiPF, in a mixture of ethylene
carbon/dimethyl carbonate (1:1 w/w) as electrolyte. Cathodes
were obtained with 70% active material, 20% acetylene black and
10% poly(tetrafluoroethylene). Galvanostatic charge-discharge
tests were performed using a multichannel battery testing system
(LAND CT2001A). Cyclic voltammetry (CV) and electrochemical
impedance spectra (EIS) were recorded on an electrochemical
workstation (Autolab PGSTAT 302).
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Results and discussion

Time-dependent experiments were carried out to understand
the formation process of the ultrathin nanosheets under super-
critical solvothermal treatment at 250 °C. Fig. 1 shows the FESEM
images of the as-synthesized products obtained at different
reaction durations. At the early stage of the reaction (1.5 h),
some thick NSs were formed and aggregated to form irregular
nanoflowers (Fig. 1a). Upon increasing the reaction time to 3 h, more
NSs self-assembled to form uniform nanoflowers of ~200 nm
in size (Fig. 1b). Interestingly, with the duration increasing to
4.5 h, NSs grew large along with their thickness decreasing, and
some NSs separated from the nanoflowers (Fig. 1c). After
increasing the time to 6 h, they self-assembled to uniform
microflowers of 1-2 pm (Fig. 1d). After 10 h reaction time
(Fig. S1, ESIf), it was clearly found that the microflowers
became irregular with fewer nanosheets than before, and large
nanosheets were scattered around the large microflowers.
Finally, with the rapid growth of NSs to larger and larger ones,
they were exfoliated from the microflowers after 12 h (Fig. 1e),
which exhibited a width of ~1 um and smooth surfaces. The
high-magnification SEM image (Fig. 1e, inset) shows that the
thickness of NSs is below 10 nm. After annealing the ultrathin
NSs at 400 °C in air (Fig. 1f), their morphology remained the
same, but with rough surfaces (Fig. 1f, inset). As a control
experiment, after annealing the solvothermally prepared micro-
flowers (duration 6 h, Fig. 1d), agglomerated V,05 microspheres
are obtained (Fig. S2, ESIT). The crystal structure of the ultrathin

Fig. 1 SEM images of the products synthesized under different solvothermal
times: (@) 1.5 h, (b) 3 h, (c) 45 h, (d) 6 h, and (e) 12 h. (f) Ultrathin V505
nanosheets obtained by annealing solvothermally prepared ultrathin nanosheets
(e) in air at 400 °C.
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Fig. 2 X-ray diffraction patterns of ultrathin vanadium oxide nanosheets before
and after annealing.

NSs before and after annealing was determined by XRD (Fig. 2).
Before annealing, there are no obvious peaks assigned to
crystalline vanadium oxides, which indicates that the ultrathin
vanadium oxide NSs obtained by the solvothermal process are
amorphous. After annealing, the ultrathin NSs were well crystallized.
All the diffraction peaks are indexed and assigned to the ortho-
rhombic V,05 phase (JCPDS card no. 00-041-1426, space group:
Pmmm (59), a = 11.516 A, b = 3.566 A, ¢ = 3.777 A).

Representative TEM images and HRTEM images show that
the solvothermally synthesized ultrathin NSs (Fig. 3a and b)
have smooth surfaces and are amorphous. TEM images of the
ultrathin NSs (Fig. 3c) show that the large V,05 NSs contain
many smaller nanosheets with different sizes. The high-resolution
transmission electron microscopic (HRTEM) images (Fig. 3d)
were taken from the centre of nanosheets. The lattice fringes
are clearly visible with spacings of 3.40 and 2.61 A, corre-
sponding to the d-spacings of the (110) and (310) planes of
orthorhombic V,0s, respectively. This indicates that the V,05
crystal structural layers were stacked along [00l], which is
consistent with the XRD results (Fig. 2). The FFT analysis
pattern (inset of Fig. 3d) reveals the single-crystalline nature
of the V,05 nanosheets. Atomic force microscopy (AFM) was
used to determine the thickness of the ultrathin V,05; NSs
(Fig. 4). Multiple cross-sectional views of the sample laid on a
Si substrate were recorded, and a number of step heights were
measured across the sample. The step height profiles show that
the thickness of ultrathin V,05 NSs is ~6 nm, which indicates
that the individual NSs are a few layers thick.

A plausible schematic illustration for the formation mechanism
of the ultrathin V,05 NSs is proposed in Fig. 4. Firstly, V,05 gels
prepared by the sol-gel method are employed as the precursor.
V,0s5 gels have typical layered structure and could serve as versatile
hosts for ionic and organic molecular species to intercalate.*
Water molecules are intercalated between the layers of the gels
during their formation. After being washed with ethanol and
soaked in ethanol for aging for one week, the water molecules
are gradually replaced by ethanol to form V,05 ethanol-gels,
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Fig. 3 TEM and HRTEM images of the ultrathin nanosheets: (a, b) before and
(c, d) after annealing, respectively; inset of (d) FFT patterns of the ultrathin V,0s
nanosheets. (€) AFM images and height profiles of ultrathin V,0s5 NSs.
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Fig. 4 Schematic illustration of the procedure for fabricating the ultrathin
vanadium oxide nanosheets.

which consists of reticular layers (Fig. S3, ESIT). The reticular
layered V,0s5 ethanol-gels are flaked by supercritical medium,
and self-assemble to form flower-like spheres. As the reaction
progressed, the sizes of flower-like spheres rapidly increase
(Fig. 1b-d), which is the result of Ostwald ripening.***° This
indicates the solution growth of larger crystals from those of
smaller size. To lower the total energy of the SCF system, the
molecules of small nanoflowers diffuse and recrystallize on the
surfaces of larger nanoflowers. Thus, the larger nanoflowers
grow to microflowers and smaller ones are totally consumed. At
last, the grown ultrathin NSs are exfoliated from the microflowers.
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This exfoliation process is owing to the unique features of the
SCFs, e.g. low interfacial tension, excellent wetting of surfaces and
high diffusion coefficients.'>**3* These features allow supercriti-
cal solvents to rapidly penetrate all the interior of microflower and
vanadium oxide layers with high diffusivity, and then to exfoliate
the vanadium oxide NSs down to a few layers. Energy dispersive
X-ray spectrometry (EDS) mapping was performed to confirm that
the supercritical solvents (ethanol) penetrated into the micro-
flowers’ NSs (Fig. S4, ESIf). Carbon atoms are homogeneously
distributed in all of the NSs, which come from the ethanol. These
results indicate that SCFs form a homogeneous phase with gas or
organic compounds in solvothermal systems, providing a unique
reaction medium for preparing organic-inorganic hybrid nano-
structures, which traditional hydrothermal methods could not
provide."® After annealing treatment, the exfoliated NSs’ morphol-
ogy remained the same. However, the microflowers agglomerated
after annealing and formed V,Os microspheres (Fig. S2, ESIT),
because the mass transfer is faster than the separation of the NSs
during the heat treatment.

Coin cells with metallic lithium as an anode were assembled
to investigate the enhanced electrochemical performance of the
ultrathin V,05 NS cathodes. Cyclic voltammogram (CV) of the
ultrathin V,05 NSs was measured at a scan rate of 0.1 mV s ' in
the potential range from 2.4 to 4.0 V (Fig. 5a). The cathodic and
anodic peaks are ascribed to the lithium ion insertion
and extraction, respectively. Two main cathodic peaks appear
at potentials of 3.4 and 3.1 V, corresponding to the phase
transformations from o-V,05 to &-LiysV,05 and &-LiV,Os,
the processes of which are expressed in eqn (1) and (2),*™*?
respectively.

View Article Online

In the subsequent scans, the shapes of the curves are almost
identical, which indicates good reversibility of the lithium
insertion process above 3 v.*344

The cycling performance was further evaluated by galvano-
static discharge-charge testing. As shown in Fig. 5b, the initial
discharge capacity of both ultrathin V,05 NSs and V,05 micro-
spheres is 146 mAh g "at 1 C (1 C is equivalent to 147 mA g~ '),
very close to the theoretical value of 147 mA h g~' for the
formation of 8-LiV,0s. And this value is higher than that of the
V,0; thin films (142 mA h g™ ') reported by Wang et al.*> and
the hierarchical V,05 hollow microspheres (144 mA h g™)
reported by Pan et al.*® After 50 cycles (Fig. 5b), their discharge
capacities of 140 and 136 mA h g~ still remained the same,
corresponding to 95.9% and 93.2% of the initial capacity,
respectively. The coulombic efficiency is close to 100% through-
out the cycling test. When the voltage range is extended to
1.5-4 V (Fig. S5, ESIT), the capacity increases to 358 mA h g™,
because of the intercalation of more Li* ions, however the
cycling stability is not as good as that at 2.4-4.0 V, due to the
irreversible formation of ®-Li;V,05.*°™** The electrochemical
performance of amorphous ultrathin NSs was also measured
(Fig. S6, ESIf). There are no plateaus during charge-discharge
and capacity fades fast, associated with their poor crystallinity.

For the applications of LBs in EVs and HEVs, both good rate
capability and excellent cyclability are necessary.*”*® To evaluate
the rate capability, the ultrathin V,05 NS cathodes were cycled at
various rates, ranging from 1 to 15 C (Fig. 5c). As the rate
increases from 1 to 15 C, the discharge capacity of ultrathin
V,05 NS cathodes decreases gradually from 146 to 100 mAh g™ ™.
After the high rate measurement, when the rate is reduced back
to 1 C, a discharge capacity of 136 mA h g~ can be recovered.

it - = 1 . . . . .
V;05 + 0.5Li" + 0.5e" = &-Lio.5V205 (1) However, the V,05 microsphere cathode exhibits a similar
capacity to the ultrathin nanosheet cathodes at the 1 C rate,
. o+ _ . . . -
e-Lig5V,05 + 0.5Li" + 0.5¢~ = §-LiV,05 (2) but its capacity decreases to ~40 mA h g~ ' at 15 C. These results
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Fig. 5 (a) Cyclic voltammograms at a scan rate of 0.1 mV s™; (b) cycling performance of ultrathin V,0s NS and V,0s microsphere cathodes recorded at a rate of 1 C;
(c) rate performance, the corresponding charge-discharge curves of (d) ultrathin V,0s NS and (e) V,0s microsphere cathodes at various rates from 1 C to 15 C.
(f) Cycling performance of the ultrathin V,0s5 NS cathodes at high rates of 10 Cand 15 C.
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indicate the excellent rate capability and structural stability of
ultrathin V,05 NSs. Two voltage plateaus are clearly observed
even at a high rate in charge and discharge curves (Fig. 5d and e),
which is quite consistent with the CV curves. The overpotential
of the ultrathin V,05; NS cathodes is smaller than that of the
V,05 microspheres, which indicates the faster ion diffusion
and higher reversibility of NS cathodes.*® The electrochemical
impedance spectra (EIS) were used to provide further insights
(Fig. S7, ESIT). The Nyquist plots indicate that the charge transfer
resistance (R.) of the ultrathin V,05 NS cathode is much lower
than the microsphere cathode, which is consistent with the
overpotential values. Moreover, the cycling performance of the
ultrathin V,05 NS cathodes at high rates of 10 C and 15 C were
tested (Fig. 5f). The initial specific discharge capacities were
108 and 90 mA h g at the rates of 10 and 15 C, respectively.
Remarkably, their capacities were retained at 104 and 90 mAh g ™'
after 200 cycles, corresponding to 96.2% and 100% of their initial
capacity, respectively. The electrochemical performance of the
ultrathin V,05 NSs is good compared to those of many published
V,0s electrodes, in terms of high-rate capability and cycling
performance (Table S1, ESI}).

The enhanced electrochemical performance of V,05 NS
electrodes depends on not only the good crystallinity of V,0s,
but also the designed ultrathin nanosheet structure. The solid-state
diffusion time of lithium over ultrathin V,0O5; NSs was estimated
based on the formula ¢t = L*/D, where D is the Li" diffusion
coefficient for bulk V,05 (Dy; = 107> em® s7'),*® and the diffusion
time for the Li" into the V,05 layer (L ~ 6 nm) was about 0.36 s.
This means that the high utilization of V,05 even under rapid
ion diffusion results in the outstanding high-rate capability.
Meanwhile, the decreased thickness of NSs reduces the charge
transfer resistance and the overpotentials (Fig. S7, ESLt Fig. 5d
and e). Moreover, the ultrathin V,05 NSs could effectively relax
the mechanical strain generated during charge-discharge."®

Conclusions

Ultrathin V,05 NSs have been prepared by a supercritical solvo-
thermal method followed by annealing at 400 °C in air. The
morphology of the NSs is controlled by adjusting the solvothermal
time. As a potential cathode material for lithium batteries, the
ultrathin V,05 NS cathode displays high reversible capacity, low
capacity loss and high coulombic efficiency. Especially, it shows
high-rate and long-life capability with initial capacity of up to
90 mA h g~ " at 15 C and 100% capacity retention after 200 cycles.
The excellent rate capability is ascribed to the ultrathin 2D
nanostructure that facilitates Li-ion diffusion in the electrode.
Furthermore, the novel SCF solvothermal approach provides an
effective strategy to synthesize ultrathin nanomaterials.
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