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ABSTRACT: Development of three-dimensional nanostruc-
tures with high surface area and excellent structural stability is
an important approach for realizing high-rate and long-life
battery electrodes. Here, we report VO, hollow microspheres
showing empty spherical core with radially protruding
nanowires, synthesized through a facile and controllable ion-
modulating approach. In addition, by controlling the self-
assembly of negatively charged C,H,;SO,~ spherical micelles
and positively charged VO** ions, six-armed microspindles and
random nanowires are also prepared. Compared with them,
VO, hollow microspheres show better electrochemical
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performance. At high current density of 2 A/g, VO, hollow microspheres exhibit 3 times higher capacity than that of random
nanowires, and 80% of the original capacity is retained after 1000 cycles. The superior performance of VO, hollow microspheres
is because they exhibit high surface area about twice higher than that of random nanowires and also provide an efficient self-
expansion and self-shrinkage buffering during lithiation/delithiation, which effectively inhibits the self-aggregation of nanowires.
This research indicates that VO, hollow microspheres have great potential for high-rate and long-life lithium batteries.
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Nanostructures have been widely studied and applied in
the field of energy storage due to their instinct
characteristic of nanoscale size increasing the surface area and
reducing the diffusion length.l_5 Low-dimensional nanostruc-
tures, including nanoparticals, nanowires, and nanosheets, have
shown a large superiority in lithium batteries.*"'> However,
self-aggregation and pulverization of the low-dimensional
nanostructures are still critical issues. In order to realize high
surface area and excellent structural stability, various three-
dimensional (3D) nanostructures have been further inves-
tigated for high-rate and long-life lithium batteries."> ™'
Nevertheless, it still remains a challenge to realize controllable
synthesis of 3D nanostructures, which also seriously limits its
further popularization.”*™°

Vanadium oxides have been widely investigated as cathode
materials for high-rate and long-life lithium batteries due to
their high capacity and low cost.””° In particular, B phase
vanadium dioxide, denoted as VO, (B), attracts more interest
because of its rapid lithium ion intercalation—deintercalation in
double layers of V,0, structure for both organic and aqueous
lithium batteries.>' > However, the fast capacity fading and the
self-aggregation of VO, nanowires greatly preclude its large-
scale applications.>”~*

Here, we report a facile ion-modulating approach for
synthesizing novel hollow microspheres which have empty
spherical core with radially protruding VO, nanowires (Figure
1A). In such unique architecture, (1) nanowires can
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theoretically expand and shrink freely on both radial and axial
directions, and (2) the hollow microshperes can provide a
buffering for self-expansion and self-shrinkage to effectively
accommodate the volume variation during lithium intercala-
tion—deintercalation, thus inhibiting the self-aggregation of
nanowires, increasing the surface area, and improving the
electrochemical performance. In addition, by controlling the
charge balance of negatively charged C,H,sSO,” spherical
micelles and positively charged VO*' ions, VO, six-armed
microspindles and random nanowires are also synthesized as
control experiments (Figure 1B and Figure S1).
Ion-modulating is conducted and achieved by changing the
molar ratio of V,05 and H,C,0,.*' When the molar ratio of
V,0; and H,C,0, is 1:2.4, VO, nanowires self-assemble
together, forming empty spherical core with radially protruding
nanowires (Figure 2A,B). Such hollow microspheres are very
uniform and a part of them are ringent, confirming the centers
are hollow. The diameter of the inner pore is ~1 um; the
nanowires are uniform with a diameter of ~50 nm and length
of ~2 pm. When the reacting ratio of V,05 and H,C,0, is
decreased to 1:3, the resulting sample is six-armed micro-
spindle, three nanosheets intersect with each other, and the
intersection angle is ~60°. The nanosheets are homogeneous
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Figure 1. Schematic illustrations of formation process of hollow microspheres and six-armed microspindles via the ion-modulating method. (A1—
A4) SEM images of hollow microspheres prepared at 6, 12, 18, and 24 h, respectively. (B1—B4) SEM images of six-armed microspindles prepared at

6, 12, 18, and 24 h, respectively.
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Figure 2. (A) SEM image of hollow microspheres assembled with nanowires. (B) SEM image of one ringent hollow microsphere having empty
spherical core with radially protruding nanowires. (C) XRD pattern of hollow microspheres. (D) SEM image and EDS elemental mappings of hollow
microspheres (vanadium, oxygen, and carbon elements are characterized). (E) TEM image of hollow microspheres. (F) HRTEM image of nanowire
in hollow microspheres; inset of (F) is the corresponding SAED pattern.

with ~50—100 nm thickness and ~4 um length (Figure
S2A,B). After the ratio of V,O and H,C,0, is increased to
1:1.8, VO, nanowires are dispersed randomly, with ~50 nm
diameter and ~2 pm length (Figure S2D,E).

The crystal structures of three representative samples were
determined by X-ray diffraction (XRD) (Figure 2C and Figure
S3). The patterns are identified as pure monoclinic VO, (B)
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with the lattice parameters of a = 12.09 A, b = 3.70 A, c = 6.43
A, = 107.0°, C2/m space group. As shown in transmission
electron microscopy (TEM) image (Figure 2E), VO, hollow
microspheres exhibit an empty spherical core with radially
protruding nanowires. The high-resolution TEM (HRTEM)
image shows clear lattice fringes with spacing of 5.78 A,
corresponding to the (200) lattice plane of VO, (B) (Figure

dx.doi.org/10.1021/nl500915b | Nano Lett. 2014, 14, 2873—-2878



Nano Letters

Table 1. Different Dominant Reactions and Ions in the Precursor Solution

dominant dominant positive dominant negative valence state of color of the
V,04:H,C,0, reaction ions ions vanadium precursor structure
A 1:2.4 reduction vo* C,H,S0,~ +4 light blue hollow microshperes
B 1:3.0 reduction vO* C,0,” +4 blue six-armed microspindles
C 1:1.8 neutralization Na* C,H,S0,~ +5 light green random nanowires

2F). The single crystalline nature of single nanowire in hollow
microspheres is also confirmed by selected-area electron
diffraction (SAED) measurement. Furthermore, a uniform
thin carbon layer of ~2 nm covers the surface of the VO,
nanowires, which is proved by HRTEM image, energy
dispersive X-ray spectra (EDS) elemental mappings (Figure
2D), and thermogravimetric/differential scanning calorimeter
(TG-DSC) (Figure S4). The mass percentage of carbon in
hollow microspheres is ~6.26% measured by TG-DSC,
consistent with the result of 6.74% calculated from the reaction
equation.

In order to understand the formation processes of these
three nanostructures, a series of control experiments were
designed and carried out. The morphologies of samples
obtained in different reacting conditions were characterized
by field-emission scanning electron microscope (FESEM).
When the molar ratio of V,05 and H,C,0, is 1:2.4, different
morphologies are obtained with the reacting time increasing
from 6 to 12, 18, and 24 h (Figure 1A). When the reacting time
is 6 h, most of VO, nanowires are dispersed and tend to
assemble together (Figure 1A1). Then with the reacting time
increases to 12 h, a lot of microspheres are obtained (Figure
1A2). After 18 h, the microspheres become uniform (Figure
1A3). At last, hollow uniform microspheres are formed at 24 h
(Figure 1A4). At the same time, in order to understand the
specific role of surfactant C;,H,;SO,Na, the amount of
C;,H,SO,Na were also modulated from 0 to 0.5, 1.7, and
3.5 mmol (Figure SS). It obviously demonstrates that the
nanowires do not surround together forming microspheres but
separate from each other without C;,H,;SO,Na (Figure SSA).
After C,H,;SO,Na (0.5 mmol) is added, a small part of
microspheres are formed and assembled with nanowires, while
most of the nanowires are still at random (Figure SSB), proving
C,,H,;SO,Na is insufficient. When the amount of
C,H,SO,Na reaches 1.7 mmol, all nanowires form uniform
hollow microspheres (Figure SSC). By continuing to increase
the amount of C;,H,;SO,Na to 3.5 mmol, the microspheres are
inhomogeneous (Figure SSD), proving C;,H,;SO,Na is
superfluous. To sum up, uniform hollow microspheres are
obtained at the condition of 1.7 mmol of C;,H,SO,Na and 24
h of reacting time.

V,0; + 3H,C,0, < 2VOC,0, + 3H,0 +2CO, (1)
V,05 + H,C,0, < (V0,),C,0; + H,0 2)
(VO,),C,0, + 2H,C,0, < 2VOC,0, + 2H,0 + 2CO,

()
2VOC,0, < 2VO, + 3CO, + C 4)

Combined with the liquid-crystal templating (LCT)
mechanism and cooperative formation mechanism
(CEM),** the formation process can be illustrated as follows
(Figure 1A). According to the egs 1—4,*>% VO ions are
surplus when the molar ratio of V,Os and H,C,0, is 1:2.4,
which is also proved by the light blue color of the precursor

2875

(Figure S6). Two-thirds of the H,C,0, decompose into CO,
and H,0, so the number of C,0,>” ions in the precursor is less
than that of C,,H,;SO,” ions, which are preferential in
attracting the surplus VO** (Table 1A). First of all, owing to
the characteristic of hydrophilicity and hydrophobicity,
C,H,sSO, ions form spherical micelles, with negative charge
on the surface. At the same time, the dominant positive VO
ions are attracted by the negatively charged C,H,;SO,”
spherical micelles,*** so the VO** ions can cover them,
forming crystal seeds. Then the rest neutral VOC,0, nucleates
and grows into nanowires on the surface of the spherical
micelles through heterogeneous nucleation. Meanwhile, the
spherical micelles merge with each other and grow up under
high temperature and pressure condition. With the increase of
the reacting time, VO, nanowires grow longer and longer
around the spherical micelles and the carbon layer in situ covers
the surface of VO, nanowires homogeneously. At last, hollow
microspheres can be obtained after washing mildly with
deionized water and alcohol to remove the C,,H,SO,”
spherical micelles. Thus, hollow microspheres are achieved
through the charge balance of the negatively charged
C1,H,s80,” spherical micelles and moderate VO*' positive
ions.

Then time-dependent comparison experiments were also
implemented to indentify the formation process of VO, six-
armed microspindles, when the molar ratio of V,0; and
H,C,0, is 1:3.0. The reacting time increases from 6 to 12, 18,
and 24 h, respectively (Figure 2B). It clearly shows that
spindlelike particles are first obtained with a diameter of 500—
800 nm and a length of ~2 pm when the reacting time is 6 h
(Figure 1B1 and Figure S7A,B). More interestingly, a lot of
grooves are found on the surface of the spindlelike particles and
become clear and uniform with the increase of the reacting time
(Figure 1B2,3 and Figure S7C,D). After reacting 24 h, the
homogeneous six-armed microspindles are obtained, with three
nanosheets intersecting with each other and the intersection
angle is ~60° (Figure 1B4 and Figure S7E,F). The hollow
spindlelike particles are also obtained when proper amount of
hydrochloric acid is added (Figure S8A,B),* and the surface of
cross section of six-armed microspindles is very smooth (Figure
S8C,D). On the basis of above results, combined with the
understanding of Ostwald-ripening process, the formation
process can be illustrated as follows (Figure 1B). As shown
in the eqs 1-3, V,05 and H,C,0, completely react with each
other in the molar ratio of 1:3. The dominant positive ion is
VO, which is also proved by the blue color of the precursor
solution (Figure S6) and the dominant negative ion is C,0,*”
(Table 1B). First, C;,H,;SO,Na dissolves in the precursor
solution to reduce the surface energy which is conducive to the
crystallization. Then the VOC,0, nucleate and grow into
spindlelike particles,***™** with grooves on the surface
resulting from the erosion of the adequate oxalic acid. After
that, the weak crystal orientations are corroded and dissolved;
meanwhile, the strong crystal orientations recrystallize and
regrow. According to Goodenough’s description, the essential
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Figure 3. (A) Cycling performance of VO, hollow microspheres, six-armed microspindles, and random nanowires, at current densities of 1 and 2 A/
g in 2—3 V. (B) Schematic of VO, hollow microspheres structure during lithiation and delithiation.
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Figure 4. Electrochemical characterizations of VO, hollow microspheres and random nanowires. (A) CV curve of hollow microspheres in 2—3 V at a
scan rate of 0.2 mV/s. (B) Rate performance of hollow microspheres and random nanowires in 2—3 V. (C) Charge—discharge curves of hollow
microspheres at different current densities. (D) The first charge—discharge curve of hollow microspheres and random nanowires at 100 mA/g. (E)
Cycling performance of hollow microspheres and random nanowires at 100 mA/g in 2—3 V. (F) AC impedance plots of hollow microspheres and

random nanowires after 10 cycles.

electronic structure of monoclinic VO, has been retained as
nanostars.*>° Finally, the spindlelike particles are transformed
into six-armed microspindles, which should results from the
synergistic effect of the acid erosion and outside-in oriented
Ostwald-ripening process.>

When the molar ratio of V,04 and H,C,0, increases to
1:1.8, only a small part of V,O5 is reduced, which is also
demonstrated by the light green color of the precursor (Figure
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S6). The main positive ions are VO,* and VO** (Table 1C).
VO?® ions are attracted in priority by C,0,*” ions, while Na*
ions are attracted in priority by C;,H,;SO,™ ions owing to the
Coulomb electrostatic law. So vanadium oxide ions grow into
random nanowires owing to the oriented growth (Figure S9).

Then the electrochemical performance of these nanostruc-
tures is characterized.”" At the current density of 1 A/g, the
original capacity of hollow microspheres is 163 mAh/g, higher
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than those of six-armed microspindles and random nanowires
(142 and 118 mAh/g), respectively. After 1000 cycles, 73% of
the original capacity of hollow microspheres is retained, while
the capacity retentions of six-armed microspindles and random
nanowires are only 60% and 45%, respectively (Figure 3A).
Particularly, at high current density of 2 A/g, 80% of the
original capacity of hollow microspheres is maintained after
1000 cycles, showing high-rate and long-life cycling perform-
ance. Even at low current density of 100 mA/g, 90% of the
initial capacity of hollow microspheres is kept after 100 cycles
(Figure 4E), while the capacity retention of random nanowires
is only 75%. Because VO, hollow microspheres show empty
spherical core with radially protruding nanowires, the nano-
wires separate from each other on one side and are
interconnected with each other on the other side, which
greatly increase the electrode—electrolyte contact area and
shorten the pathways for lithium ion diffusion. The Brurauer—
Emmerr—Teller (BET) surface area of hollow microspheres is
22.3 m?/g, about 2 times higher than 12.3 m*/g of random
nanowires. Furthermore, in order to confirm their stability, the
coin cells were taken apart after the electrochemical perform-
ance test. Only hollow microspheres structure keeps intact after
the test (Figure S10), which provides a free volume for self-
expansion and self-shrinkage during lithiation/delithiation
(Figure 3B), efficiently inhibiting the self-aggregation of
nanowires. However, a part of six-armed microspindles are
pulverized and most of random nanowires self-aggregate after
1000 cycles at 1 A/g (Figures S9 and S10).

To understand why this novel architecture exhibits such
excellent cycling performance, more electrochemical measure-
ments are performed. Cyclic voltammetry (CV) measurement
is performed to characterize the phase transformation and ionic
diffusion process during electrode reactions in 2—3 V at a scan
rate of 0.2 mV/s (Figure 4A). Hollow microspheres exhibit
only one pair of well-defined anodic and cathodic peaks,
corresponding to the galvanostatic cycling test (Figure 4D).
The overpotential is measured from the difference between
charge and discharge potential at the half reversible capacity,
noted as AV(Q/2).”” The overpotential of hollow micro-
spheres is only 43 mV, which is much lower than 71 mV of
random nanowires, showing higher electrical and ionic
conductivity and deep insights are confirmed as follows. First,
electrochemical impedance spectroscopy (EIS) measurement is
carried out. The charge transfer resistance (R.) of hollow
microspheres is only 39 Q after 10 cycles, while the
corresponding R, of random nanowires is 111 Q (Figure
4F), suggesting their fast electronic mobility. Second, the peak
voltages in CV at different scan rates are tested. According to
the Randles—Sevick equation,” the diffusion coefficient of
hollow microspheres is about 4.84 X 10~ cm?®/s (Figure S11),
while the previously reported VO, ribbons is 107°—107"" cm?/
s.>! Third, the carbon layer coated on the surface can protect
the structure from dissolution and enhance the conductivity
effectively. Then the rate performances are compared (Figure
4B). A specific discharge capacity of 203 mAh/g of hollow
microspheres is obtained at 100 mA/g; after testing at the
current densities of 200, 300, 500, 1000, and 2000 mA/g, 93%
of the original capacity is recovered when coming back to 100
mA/g, while the recovery ratio of random nanowires is only
76%. The capacity of hollow microspheres is 134 mAh/g at 2
A/g, about 3 times higher than that of random nanowires (46
mAh/g). The charge—discharge curves of hollow microspheres

are consistent with the CV measurement (Figure 4C), showing
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a stable platform at each current density, and hollow
microspheres also keep higher discharge capacity and show
more stable cycling performance than those of random
nanowires at 300 and 500 mA/g (Figure S12). These results
demonstrate that the hollow microspheres exhibit excellent
structural stability and cyclability at low and high current
densities, suggesting their fast kinetics for lithium ion
intercalation—deintercalation.

In summary, hollow microspheres having empty spherical
core with radially protruding VO, nanowires are constructed
through a facile controllable ion-modulating approach. The
formation processes have been illustrated and confirmed by
controlling different dominant positive and negative ions in the
precursor. Hollow microspheres assembled with VO, nano-
wires exhibit highest capacity and excellent cyclability due to
their high surface and efficient self-expansion and self-shrinkage
buffering. This structure can accommodate the volume
variation and release the strain during lithium intercalation—
deintercalation, effectively inhibiting the self-aggregation of
nanowires. Our results demonstrate that hollow microspheres
are highly promising in high-rate and long-life lithium batteries.
Meanwhile, this facile and controllable ion-modulating method
can be generally applied to fabricate other nanomaterials and
nanostructures and has the great potential for large-scale
applications.
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