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A remarkably simple and effective high-temperature
mixing method under hydrothermal conditions was applied
to synthesize well-crystalized V;0,°H,O nanobelts, VO, (B)
nanosheets and VO, (A) nanorods with good performance for
Li-ion batteries. Especially, V;0,°H,0 exhibited excellent
electrochemical performance. And, outstanding
electrochemical properties were explained through analysis of
crystal structures.

Electrochemical energy storage has become a critical technology for
smart grid storage, electric vehicles (EVs), hybrid electric vehicles
(HEVs), and portable electronic devices because of the growing
worldwide energy crisis. Lithium-ion batteries (LIBs) are attractive
energy storage devices because of their relatively high energy
density, long cycle life, and good environment compatibility.'™
Among various possible electrode materials, layered crystal structure
transition metal (TM) oxides have the huge potential as electrode
materials for LIBs because the exited layered structure benefits the
diffusion of Li-ions, thus results in free and easy insertion and
extraction.” ' As the typical layered TM oxides, vanadium oxides
have been extensively studied in the past decades, and considered to
be the high-capacity cathode materials for next-generation LIBs.'""?
Among them, VO, (B) is one of the most attractive cathode materials
because of the double layers of V40, with tunnels for rapid Li-ion
insertion/de-insertion in active materials. Through the heat treatment
of vanadium oxide aerogels, Baudrin et al'* synthesized
nanostructured VO, (B) that exhibited as high as 500 mAh/g specific
capacity of initial cycling. Mai et al.'’> synthesized nanoscroll-
buffered hybrid nanostructural VO, (B) cathodes with high rates and
long cycling performances through the hydrothermal-driven splitting
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and self-rolled method. Another polymorphic form of vanadium
dioxide, VO, (A), exhibits a layered crystal structure similar to that
of VO, (B), and is considered to be a new alternative cathode
material for LIBs."*'7 Dai et al.'® prepared VO, (A) nanowires with
the highest initial capacity of 277.1 mAh/g. However, because the
synthesis and growth conditions of VO, (A) are very severe, the
corresponding reports on the electrochemical performance of VO,
(A) are very limited. Recently, except VO, (A), another kind of
vanadium oxide, V;07,°H,0, has caught our more and more focus
because it has a typical layered structure and larger interlayer
spacing than V,05.” So, V30,+H,0 will become another most
promising cathode material for LIBs. Mjejri et al?® proved that
V30,H,0 possessed electrochemical activity. Mohan et al.?' studied
the cycling performance of V;0,°nH,0. The initial capacity was 192
mAh/g, which decreased sharply to approximately 110 mAh/g after
40 cycles, which is possibly due to weak -crystallinity and
insufficient morphological control of products.

Although V;0,°H,0, VO, (B), and VO, (A) are promising
candidates as cathode materials for LIBs, their synthesis processes
are comparatively complex, and synthesis methods are different and
incompatible with each other, which will extremely increase the cost
in industrial production because of the introduction of different
production lines. Thus, an effective and simple method, by which
different kinds of vanadium oxides with high crystallinity and
performance can be obtained, is extremely essential for theoretical
research, industrial production, and practical application. The high-
temperature mixing method (HTMM), which is used under
hydrothermal conditions, is a modified hydrothermal method.?>?
The starting solutions and raw materials for HTMM are separately
heated to a desired reaction temperature in a double-chambered
autoclave before mixing to initiate a hydrothermal reaction. The
crystallinity of the obtained powders can be enhanced to improve the
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properties of the final product. The results of our previous works
revealed that HTMM will be an effective approach to synthesize
vanadium oxides with high quality.?®

Herein, in this communication, the remarkably simple and
effective  high-temperature mixing method (HTMM) under
hydrothermal conditions was applied to synthesize successfully three
kinds of well-crystalized vanadium oxides, namely V;0,°H,O
nanobelts, VO, (B) nanosheets and VO, (A) nanorods, with good
performance for LIBs. Especially, V30,°H,0 exhibited excellent
electrochemical performance. And, through the Rietveld refinement
method, the crystal structures of vanadium oxides were analysed in
detail to explain the outstanding electrochemical properties.
Experimentally, the appropriate amount of V,0s and oxalic acid
were added respectively into two chambers of a Teflon-lined multi-
chamber autoclave, and then these solutions were heated to the
desired temperature and mixed for hydrothermal treatment for
different time. The detailed experiment process was listed in
Electronic Supplementary Information, ESI.
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Fig. 1 Phase structure and morphology of products prepared by HTMM. (a) XRD
patterns prepared for different time (standard JCPDS card No. 85-2401 for
V30,¢H,0, 81-2392 for VO, (B) and 70-2716 for VO, (A)); (b-d) SEM images of
V30,¢H,0, VO, (B) and VO, (A) respectively; (e-g) TEM images of V;0,¢H,0, VO,
(B) and VO, (A) respectively; (h-j) HRTEM and SAED patterns of V;0,¢H,0, VO,
(B) and VO, (A) respectively.
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Figure 1 exhibits the phase structure and morphology of
products prepared by HTMM. From Figure 1 (a), it can be seen that
when the treatment time of hydrothermal reaction is 1 h, 4 h and 24
h, V;0,H,0, VO, (B) and VO, (A) can be obtained with high
quality, respectively. Their interlayer spacing of some representative
lattice planes has been calculated and listed in Table S1. Figures 1 (b)
to (d) show the morphology characters of V;0,°H,0 nanobelts, VO,
(B) nanosheets and VO, (A) nanorods. The length change trend can
be explained by the crystal growth mechanism of oriented
attachment—exfoliation—recrystallization—oriented attachment. And,
it has been described detailedly in our previous work.”® Their
morphology characters can be observed clearly further by TEM
images [Figures 1 (e) to (g)]. Furthermore, the corresponding
HRTEM images and fast Fourier transform (FFT) selected-area
electron diffraction (SAED) patterns reveal further the high
crystallinity of vanadium oxides prepared by HTMM [Figures 1 (h)
to (j)]. The interlayer spacing observed agrees well with the calculate
results of XRD. So, HTMM under hydrothermal conditions is a
highly simple and general method for preparing nanostructured
vanadium oxides with high qualities.
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Fig. 2 Electrochemical measurements of V30;¢H,0, VO, (B) and VO, (A). (a)
Cycling properties at 100 mA/g of V30,¢H,0 nanobelts, VO, (B) nanosheets and
VO, (A) nanorods respectively; (b)charge-discharge curves of V;0;¢H,0
nanobelts at 100 mA/g; (c) rate properties of V5;0,¢H,0 nanobelts; (d) cycling
properties of high current density (500 and 1000 mA/g) for V30,¢H,0 nanobelts.

Then, well-crystalized V3;0;*H,O nanobelts, VO, (B)
nanosheets and VO, (A) nanorods were assembled as the cathode of
LIBs to investigate their electrochemical performance. Figure 2 (a)
shows their discharge capacity during 100 cycles at 100 mA/g. It can
be seen that three kinds of vanadium oxides exhibit good cycling
performance. For VO, (B), the initial discharge capacity is 146.2
mAh/g, close to the theoretical capacity (161 mA/g, x=0.5 in
Li,VO,). After 100 cycles, 83% of its initial capacity can be kept.
And, an obvious platform can be observed, when charged/discharged
between 3.0 and 2.0 V as shown in Figure S1 (a). In this process, a
phase transition process will occur as following (Equation 1):

VO, (B) + xLi" +xe” «> Li VO, (B) (x < 0.5) M
The irreversible capacity lost in the first cycle is caused by the
decomposition of electrolyte and the formation of solid electrolyte
interface (SEI) layer.””** Figure S1 (b) shows its rate performance at
progressively increased current density (ranging from 20 to 2000
mA/g). A discharge capacity of 90 mAh/g is obtained at 2000 mA/g
(~22C). When the current density is turned back to 100 mA/g, 98%
of capacity can be recovered, and it is kept well in the following
cycles. The performance of VO, (B) nanosheets is close to the
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reports by Mai.'> But, it is worthy to be noticed that no surfactants,
template agents and organic solvents were introduced in our HTMM
synthesis. So, HTMM is more cost-save, green and effective. For
VO, (A), the discharge capacity is 109.3 mAh/g in the initial cycle,
and 79 mAh/g can be kept after 100 cycles. A discharge platform
around 2.7 V is observed shown in Figure S2 (a). When the current
is increased from 20 to 200 mA/g, the capacity decreases slightly,
and a large capacity fade is observed when the current is increased
further. But, after current density is turned back to 100 mA/g, 92%
of capacity can be recovered.

Excitingly, for V;0,°H,O nanobelts, its initial discharge
capacity is up to 244.6 mAh/g, which realizes close to 90%
theoretical capacity of 280 mAh/g. Then, it shows a trivial capacity
decrease in the initial cycles, followed by a slow increase in the
subsequent cycles up to 55 cycles before stabilizing. As for the
discharge capacity increase in the cycling, it can be explained by the
activation process that is caused by the gradual wetting by the
electrolyte soaking, as well as a larger active surface caused by the
nanosize effects that have been reported in previous works.***! After
100 cycles, the capacity of 202 mAh/g can be kept, corresponding
83% of the initial capacity. It reveals that V;0,2H,O nanobelts
possess quite good cycling performance. Figure 2 (b) shows its
charge-discharge patterns. After 10 cycles, the discharge and charge
curve are well overlapped, which also indicates the high reversibility
and good capacity retention of the electrode. And, multiple voltage
plateaus mean the multi-step Li-ions intercalation and de-
intercalation process. To evaluate further the advantage of
V;0,2H,0 nanobelts prepared by HTMM, rate performance at
progressively increased current density ranging from 20 to 2000
mA/g were measured, as shown in Figure 2 (c). A discharge capacity
of 114 mAh/g is obtained at 2000 mA/g (18 C). Even suffering from
rapid charge-discharge of the current density, the electrode still
shows stable capacity at each current. When the current density is
turned back to 100 mA/g, 98% of capacity can be recovered, and
there is no obvious capacity loss in the following cycles. The
superior rate property of V30,°H,0 is related to the low resistance of
50 Q [inset of Figure 2 (c)] which is less obviously than of VO, (B)
[inset of Figure S1 (b)] and VO, (A) [inset of Figure S2 (b)]. The
cycling of V307H,0 nanobelts cathode at high current density of
500 (2 C) and 1000 mA/g (6 C) is subsequently shown in Figure 2
(d). The initial discharge capacity of 230 and 172.9 mAh/g can be
obtained respectively. And, the capacity retentions are 81% and 89%
respectively after the following cycles. Meanwhile, the coulombic
efficiency stays close to 100%. It should be noticed that the cycling
performance seems better at large current density. This may be
caused by two reasons. One is that the intercalation/deintercalation
mechanism of Li-ions may show supercapacitor character during fast
charge/discharge process, which will keep the capacity more stable
at large current density.>> Another reason is that the dissolution
character is common for vanadium oxide in cycling. The fast
charge/discharge process can shorten the time when the active
materials are soaked in electrolyte, so that the cycling will keep more
stable at large current density.'” ** Above results show that
nanostructured vanadium oxides prepared by highly simple HTMM
possess superior electrochemical performance.
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Fig. 3 Crystal structure analysis of V30,¢H,0 nanobelts, VO, (B) nanosheets and
VO, (A) nanorods. (a-c) Rietveld refinement patterns of V30,¢H,0, VO, (B) and
VO, (A) respectively; (d-f) corresponding structure models of V30,¢H,0, VO, (B)
and VO, (A) respectively.

To investigate further the difference of electrochemical
performances of V;0,°H,0 nanobelts, VO, (B) nanosheets and VO,
(A) nanorods, the Rietveld refinement method was applied to
analysize their crystal structures. Their XRD results were refined by
Rietveld method (as implemented by the FullProf software suite) as
shown in Figures 3 (a) to (c). The detailed data are listed in Table S2.
Their corresponding structure models are also shown in Fig. 4(d-f)
respectively. All of their crystal structures are established by the
stacking of V-O layers. However, there are still some differences
among them. For VO, (B) and VO, (A), through the stacking of V-O
layers, abundant tunnels form, which function as pathways for the
Li" diffusion during insertion and extraction in their crystal
structures.'® 3 And, it can be also observed clearly that the cross
section of tunnels existed in VO, (B) is much bigger than ones of
VO, (A). So, Li-ions can diffuse more easily in the crystal structure.
It is also the reason why the capacity, cycling and rate performances
of VO, (B) are better than VO, (A). However, for V30,°H,0, the
pathway of Li-ions is different. The reason is that the V-O layers
don’t contact with each other because of the existence of crystal
water molecules between interlayers that can be indexed through the
H-O-H stretching vibration of 3451.59 cm™ in FTIR spectra®* shown
in Figure S3. So, the large interlayers are kept with the spacing of
0.807 nm, which agrees well with XRD results. Compared with the
diffusion in tunnels, Li-ions will migrate more freely between
interlayers,” ' % which is consistent well with the results of EIS
measurement. So, V3;0;°H,O nanobelts cathodes exhibit excellent
electrochemical performance.

Conclusions

In summary, the remarkably simple and effective high-temperature
mixing method (HTMM) under hydrothermal conditions was applied
to synthesize successfully three kinds of well-crystalized vanadium
oxides, namely V;0,°H,0 nanobelts, VO, (B) nanosheets and VO,
(A) nanorods, with good performance for LIBs. Especially,
V;0,°H,0 exhibits superior electrochemical performance. And,
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through the Rietveld refinement method, the crystal structures of
vanadium oxides were analysed in detail to explain the differences of
their electrochemical properties. Importantly, this method can be
extended to synthesize other vanadium oxides for high performance
LIBs.
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