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The development of clean energy storage systems has become
more and more important because of worsening environmental
and energy issues. As one of the most successful technologies
for energy storage and conversion, rechargeable lithium ion
batteries (LIBs) are being widely used in portable electronic
devices, electric vehicles, and hybrid electric vehicles." However,
to meet the urgent demand for energy devices in modern
society, research into LIBs with higher energy and power density
still remains a great challenge. Generally, the performance of
LIBs is determined mainly by the electrode materials, especially
the cathode materials, due to the relatively high capacity and
stability of the anodes.>® The commercial cathode materials
LiCo0,, LiMn,0,, and LiFePO, can only insert or deinsert one
lithium ion or less per unit formula, which limits the available
capacity.* Therefore, the development of new cathode materials
for the next generation of LIBs is of great significance.

In recent decades, vanadium-based oxides such as V,05,>”
Li3V,(PO,)s,® LiVPO4F,° and LiV;O0g (ref. 10) have attracted
tremendous attention as cathodes due to their high capacities,
various oxidation states, abundant resources, and low cost.****
Among them, layered vanadium pentoxide (V,Os) possesses
a high theoretical capacity of 294 mA h g~ (with respect to the
intercalation of two lithium ions per V,O5 unit in 2 to 4 V).**
Fig. S11 shows the crystal structure projection of V,05 along the
[010] direction, it consists of edge- or corner-sharing VO5 square
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performance and rate capability. Within a voltage window of 2.5 to 4 V, a maximum specific discharge
capacity of 128 mA h g~* was delivered at 1 A g~*. Even after 500 cycles, the capacity retention was 92.2%.

pyramids in the sequence up-up-down-down. Hence, lithium
ions can freely insert into the interlayer space of this unique
open structure of V,05."* To overcome the challenges of struc-
tural deterioration during cycling, poor electric conductivity,
and slow lithium ion diffusion,'® researchers have processed
V,0; into different nanostructures, such as nanorods,"” nano-
wires,"® nanosheets," and hierarchical microspheres.>*** V,05
in the form of hollow structure is of particular interest. This
structure offers a larger surface area, a shorter lithium ion
diffusion distance, and a void space for buffering of the volume
change,”?* resulting in improved cycling stability and rate
capability.”®*° However, the synthesis of hollow V,05 often
involves expensive organic vanadium sources,*>* as well as
surfactants such as polyvinylpyrrolidone to control the hierar-
chical hollow structure.”®?® Although templating method is
considered as an effective strategy to fabricate the hollow
V,0s,% the process is often complicated and time consuming.
Pan and co-workers presented an alternative by using oxalic
acid as a reductant to obtain the VOC,0, precursor, and the
resulting V,05 hollow microspheres showed superior electro-
chemical performance.?®?° To control the morphology and sizes
of nanomaterials, citric acid is considered to be a good additive
in the synthesis system because of its contributions to reduction
and complexing during chemical reaction.*® Therefore, we
applied citric acid, acting as both a reductant and a chelating
agent, to prepare hierarchical V,05 hollow structures.

Herein, we report the template-free synthesis of the hollow
V,0s5 microspheres via a solvothermal method combined with
heat treatment. A detailed experimental section can be found in
the ESI.} The formation mechanism of the hollow structures has
been investigated. After calcination, the hollow microspheres
were well preserved. As cathodes for LIBs, the nanoparticle-
assembled V,05 microspheres obtained from isopropanol (IPA)
manifested more stable cycling performance than nanosheet-
assembled microspheres prepared from ethylene glycol (EG).

This journal is © The Royal Society of Chemistry 2017
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Furthermore, the morphological changes of these two electrodes
under different lithiation/delithiation levels or after cycling are
discussed in details. To our best knowledge, this electron
microscopic investigation on the changes of the hollow V,05
microspheres were not reported before.

The vanadyl citrate (VOCsHgO>) solution was firstly prepared
with V,05 and citric acid.** The hollow precursors were then
synthesized from the vanadyl citrate solution in IPA or EG via
a solvothermal reaction. X-ray diffraction (XRD) was applied for
phase identification of the precursors (Fig. S2a, see ESIf}).
However, it is difficult to index the precursors from the broad
diffraction peaks due to their low crystallinity. As shown in the
scanning electron microscope (SEM) and transmission electron
microscope (TEM) images (Fig. 1a, b, e and f), both precursors
had a hollow structure. In the IPA case, the hollow spheres
consisted of nanoparticles (Fig. 1a). However, from the SEM
image (Fig. 1e) of the microspheres synthesized using EG as the
solvent, it can be seen that this hierarchical hollow structure
was loosely assembled from nanosheets. These two forms differ
from the reported IPA and EG cases using other vanadium
sources,”*>**> which may be attributed to the effects of citrate.

After calcination in air at 350 °C, the precursors were
successfully transformed into high-crystalline V,0s5, which can
be confirmed from the XRD data (Fig. S2bt). The patterns were

Fig. 1 SEM and TEM images of precursors ((a and b) for IPA case; (e
and f) for EG case) and final products after calcination ((c and d) are
from V,05—IPA; (g and h) are from V,05—EG).
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clearly identified as orthorhombic V,0s (space group: Pmmn,
JCPDS no. 41-1426). Furthermore, the TEM images (Fig. 1d and
h) of the V,05 microspheres with diameters between 1 and 2 um
reveal that the hollow structure was preserved without obvious
shrinkage or structural deformation. Nevertheless, the outer
surfaces of these two types of microspheres changed slightly
after the heat treatment. The rigid V,05 microspheres obtained
from IPA (designated as V,05-IPA) had smoother surfaces than
the precursor because of the recrystallization process during
calcination (Fig. 1c). In contrast, Fig. 1g shows that the surfaces
of the interconnected V,05 microspheres from EG (designated
as V,05-EG) became rougher. This phenomenon can be
explained due to the difference of the atomic diffusivity on the
terminating facets between the nanoparticle and nanosheet
subunits.®® Therefore, after annealing the smooth surfaces were
obtained in the V,05-IPA microspheres while the V,05-EG
microspheres showed rough surfaces. The high resolution TEM
images were provided in Fig. S31 to study the crystalline
features of these two hierarchical microspheres. The lattice
spacing parameters of 0.217 nm (V,0s-IPA) and 0.565 nm
(V,05-EG) matched well to the {002} and {200} planes of the
orthorhombic V,0s;, respectively.

Fig. 2 is a detailed schematic of the formation process of
V,0s5 hollow microspheres, which is similar to some reported
cases for synthesis of the hollow structure.”**® The TEM images
of the products obtained at 200 °C for different reaction times
are shown in Fig. S4 and S5.7 First, solid microspheres were
formed as a result of the reaction between vanadyl citrate and
the organic solvents (6 h, Fig. S4a and S5at). With increasing
reaction time, the interior substance with high surface energy
began to dissolve and move to the outer surface for recrystalli-
zation, which is known as the inside-out Ostwald-ripening
process (12 to 20 h, Fig. S4b and c and S5b and ct). When the
reaction time was further prolonged, a completely hollow
structure could be achieved (24 h, Fig. S4d and S5df). Finally,
after calcination, hierarchical hollow V,05 microspheres were
obtained. Moreover, the morphological changes were studied by
adjusting the vanadyl citrate concentrations. As shown in
Fig. S6,7 when the VOC¢H¢O; concentration decreased, the
average size of the microspheres obtained from IPA decreased
and the inhomogeneity of the material appeared. Similarly, in
the EG case (Fig. S77), the density of microspheres was less as
the VOCgHO, concentration decreased. In addition, other
vanadium sources such as VOC,0, (ref. 28) and V,0s sol®
solutions were also used for comparison. Under our experi-
mental conditions, the shape and size of the microspheres in

isopropanol V,05-IPA
Vo2 ; . ‘ - . .
o -
:i'.;-' . Aggregation Ostwald ripcning. Calcination in air
- @M — 3% L
Citrate ion N\ .‘
Ethylene glycol V,0+EG

Fig. 2 Schematic illustration of synthesis of hollow V,0O5-IPA and
V,05-EG microspheres.
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this work were different from those prepared from VOC,0,
(Fig. S8a and bf). When using V,0s sol, only nanobelts and
nanosheet-networks were formed (Fig. S8c and dt), and this
shows the important role of vanadyl citrate in the synthesis of
hollow microspheres.

As revealed by the nitrogen adsorption-desorption
measurement, the Brunauer-Emmett-Teller (BET) specific
surface areas for V,05-IPA and V,05-EG were 33 and 58 m” g,
respectively. The sorption isotherms (Fig. 3a and c) of these two
hollow structures are consistent with type IV curves, including
H3 hysteresis loops.** In Fig. 3b and d, the pore size distribution
plots indicate the presence of mesopores with diameters of
about 2 and 40 nm. Overall, the nanosheet-assembled V,05-EG
hollow microspheres with interconnected morphology exhibi-
ted larger specific surface areas than the smooth and rigid
V,05-IPA hollow microspheres.

Cyclic voltammetry (CV) curves of V,05-IPA in the voltage
range of 2.5 to 4 V were first measured to investigate the Li ion
insertion and deinsertion behavior. As shown in Fig. 4, two
strong cathodic peaks at around 3.36 and 3.15 V vs. Li/Li" were
clearly observed, which indicates the two-step intercalation of
one Li ion into the V,05 matrix and the phase transitions from
a-V,0s5 to €-Liy 5V,05 and then to 3-LiV,05.** The corresponding
potential peaks at 3.27 and 3.45 V vs. Li/Li" during the anodic
scanning suggest the reversible Li ion extraction process from -
LiV,05 to &-Liy5V,05 and then to a-V,0s. In addition, the first
three CV curves with well-defined peaks almost overlapped,
implying the highly reversibility of the V,05-IPA electrodes. The
similar CV curves of V,05-EG are also shown in Fig. S9.f

Galvanostatic charging/discharging measurement was per-
formed to investigate the long-term cyclic stability of the V,05—
IPA and V,05-EG electrodes in the voltage range of 2.5 to 4 V. As
shown in Fig. 5a, there is no great difference between these two
cycling profiles. The maximum discharge capacities reached
135 and 140 mA h g~ " (close to the theoretical value of 147 mA h
g " when one lithium ion is inserted in 2.5 to 4 V) at a current
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Fig.3 Nitrogen adsorption—desorption isotherms of V,0O5—-IPA (a) and
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Fig. 4 Three successive CV curves of the V,0O5-IPA electrode.

density of 300 mA g~ " for the V,05-IPA and V,05-EG electrodes,
respectively. Interestingly, there was an increasing trend of the
discharge capacity during the first several cycles, which has also
been found in some vanadium-based compounds.*®* The
increased capacity may also be attributed to the activation,
stabilization and fully wetting of the electrodes in the initial
cycles.*?° After 300 cycles, a capacity of 123 mA h g~ ' was
retained for the V,05-IPA electrode, with an average capacity
fading rate of 0.03% per cycle. The V,05-EG electrode exhibited
higher discharge capacities than V,0s-IPA in the beginning.
However, its capacity decreased to 122 mA h g~ " after 300 cycles,
with a relatively high fading rate of 0.043% per cycle. The large
specific surface area is believed to shorten the Li ion diffusion
distance and enlarge the electrode/electrolyte contact interface,
thereby enhancing the Li storage capability. As a result, the
V,05-EG hollow microspheres, with a larger surface area,
showed better electrochemical performance than V,0s-IPA,
especially at the beginning of the cycles. Nevertheless, the
capacity advantage of V,05s-EG only lasted for the first dozen
cycles. This difference became more obvious when the current
density was increased.

The cycling performance of the V,0s-IPA and V,0s-EG
electrodes at a high current density of 1 A g~* is shown in
Fig. 5b. The maximum specific discharge capacities were 128
and 136 mA h g ' for V,05-IPA and V,0s-EG cathodes,
respectively. Remarkably, the capacity of the V,05-IPA electrode
was retained at 118 mA h g~ after 500 cycles, which corre-
sponded to 92.2% of the maximum capacity. The result is
comparable to many published V,05 electrodes (Table S17).
However, even though the V,05-EG electrode exhibited higher
capacity in the first 50 cycles than the V,05-IPA electrode, only
79% of its maximum capacity was preserved after 300 cycles.
The rapid capacity fading rate (0.07% per cycle) of the V,05-EG
electrode may be attributed to the structural collapse of the
loose hollow microspheres during cycling. In contrast, the rigid
V,0s5-IPA hollow microspheres with excellent cycling perfor-
mance can buffer the volume change effectively and hence are
more stable during the Li insertion/deinsertion process. This
was confirmed by the SEM images of these two electrodes under

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Electrochemical performances of V,Os—IPA and V,Os—EG electrodes. (a) and (b) show cycling performance of these two electrodes at
current density of 300 mA g~*and 1A g%, respectively; (c) the charge—discharge profiles of V,Os—IPA electrode for different cycle numbers at 1A

g~ (d) rate performance of V,Os—IPA electrode.

different charge/discharge states or after cycling. In Fig. S10,7 It
can be seen that there was little difference between these
microspheres under various states. Even after 300 cycles, the
intact V,05-IPA microspheres could be clearly observed, which
indicates the volume expansion during cycling had less effect
on the rigid hollow structure. However, as shown in Fig. S11,f
micro-spherical features of V,0s-EG material gradually dis-
appeared and the volume changes increased with the more
intensive charge/discharge operation. Moreover, even after
dispersal in ethanol for 1 month, the V,05-IPA microspheres
were more stable than the completely collapsed V,05-EG hollow
microspheres (Fig. S127). The above results reveal the good
structural stability of the V,05-IPA electrode. For both elec-
trodes, the coulombic efficiency remained close to 100%
throughout the cycling test, suggesting their excellent revers-
ibility. Moreover, Fig. 5c displays the discharge-charge curves of
the V,05-IPA electrode for the 1%, 100™", 200", 300", and 500™
cycles at 1 A g~ . All of the profiles show similar two-step voltage
plateaus related to the typical lithiation and de-lithiation
process of V,0s5, which are consistent with the CV curves.
Fig. S131 shows the cycling behavior of these two electrodes at
a current density of 3 A g~ . The maximum discharge capacities
even reached 115 and 132 mA h g~ for the V,05-1PA and V,05-

This journal is © The Royal Society of Chemistry 2017

EG electrodes, with capacity retention of 80% and 57% after 300
cycles, respectively. Unsurprisingly, the V,0s-IPA electrode
exhibited more stable cycling performance than the V,05-EG
electrode.

The rate performance of these two electrodes at different
current densities was also investigated. Fig. 5d demonstrates
the superior rate capability of the V,05-IPA cathode, with an
average capacity of 129, 133, and 131 mA h g~ " at 100, 200, and
500 mA g ', respectively. At 1 A g~', the average capacity
reached 125 mA h g™, corresponding to 94% of the maximum
capacity (133 mA h ¢~ ') during the whole rate test. The capacity
retention was 84.2% (112 mAh g ') and 61.7% (82 mAh g ') at
2 Ag 'and 5 A g, respectively, on the basis of the maximum
capacity. When the current density was reset to 100 mA g ',
a specific capacity of 131 mA h g~* could be recovered. For the
rate performance of the V,05-EG electrode, a high specific
capacity of 140 mA h ¢~ was delivered at 100 mA g~ *. The V,05-
EG electrode displayed a higher capacity than the V,05-IPA
electrode at low current densities. However, the capacity began
to decrease at high current density. Even after the current
density was back to 100 mA g~ ', the fading problem became
worse. This situation was similar to the cycling performance of
these two electrodes. Furthermore, in terms of capacity

RSC Adv., 2017, 7, 2480-2485 | 2483
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retention on the basis of 140 mA h g, the values were only
87.1% (122 mA h g™"), 77.1% (108 mA h g™ '), and 59.3% (83
mAhg ") at1,2 and 5 A g, respectively. On the whole, the
rigid hollow V,05-IPA microspheres showed better rate capa-
bility and stability as a cathode for LIBs. The excellent electro-
chemical performance of the V,05;-IPA cathode may be
attributable to the stable rigid hollow structure, which can
buffer the volume change during cycling; enhanced contact area
of electrode/electrolyte; and reduced lithium ion diffusion and
electron transportation distance.

In summary, two types of hierarchical hollow V,05 micro-
spheres were synthesized successfully via a solvothermal
method followed by heat treatment. The nanosheet-assembled
V,0s microspheres obtained from ethylene glycol solvent
exhibited a high capacity of 140 mA h g~ at 300 mA g~ " and
retained 122 mA h g~ " after 300 cycles, which corresponds to
a fading rate of 0.043% per cycle. The fading of the V,05-EG
electrode was severe, especially at high current densities. At
first, due to the larger surface area, V,05-EG showed higher
discharge capacities than the V,05-IPA electrode prepared from
isopropanol solvent. However, as the cycles went on, the hollow
microspheres of V,05-EG collapsed, and the capacity quickly
decreased. The V,05-IPA electrode exhibited a maximum
discharge capacity of 128 mA h g~ " at 1 A ¢, with a capacity
retention of 92.2% even after 500 cycles. At 3 A g~ ', 80% of the
maximum capacity (115 mA h g~ ') was retained after 300 cycles.
Overall, because of their outstanding structural characteristics,
the rigid V,05-IPA hollow microspheres can deliver excellent
cycling performance and rate capability as a cathode for LIBs.
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