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ABSTRACT: Metal oxide-based materials with yolk—shell morphology have
been intensively investigated as important anodes for Li-ion batteries due to
their large ion storage ability, high safety, and excellent cycling stability. In
this work, in situ carbon-coated yolk—shell V,0; microspheres were
synthesized via a template-free polyol solvothermal method. The growth of
yolk—shell microspheres underwent coordination and polymerization,
followed by an inside—out Ostwald-ripening process and further calcination
in N, atmosphere. The thin amorphous carbon layers coating on the
microspheres’ surface came from polyol frameworks which could protect
V,0; during the charge—discharge process and led to a better stability in Li-
ion batteries. The in situ carbon-coated yolk—shell V,0; microspheres
showed a capacity of 437.5 mAh-g™" after 100 cycles at a current density of
0.1 A-g™', which was 92.6% of its initial capability (472.5 mAh-g™"). They
were regarded as excellent electrode materials for lithium-ion batteries and exhibit good electrochemistry performance and

stability.
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B INTRODUCTION Vanadium sesquioxides (V,0;), as common functional
vanadium oxides, have been studied as high capacity materials
for LIBs on account of their natural abundance, better safety
than currently used materials, and low toxicity for lithium-ion
storage.'® So far a number of V,0;, and even one-dimensional
carbon/V,0; materials, were prepared by different methods
and showed outstanding capacity and stability as anode
materials."" ~'* The present works about V,O; nanostructure
materials could be summarized as follows:">'¢ (1) the
preparing process is complex and fussy, (2) template or
surfactant should be used to control the morphologies, (3) pure
phase yolk—shell microsphere nanostructure is rare. However,
compared with the low surface area of one-dimensional
materials, yolk—shell nanostructure materials with high surface
area, low density, and high loading capacity are gradually
capturing more and more attention since they have emerged at
the frontier between materials chemistry and many other fields,
such as electronics, biomedical, pharmaceutical, optics, and
catalysis.'” " So far, great deals of yolk—shell semiconductors
have been fabricated and represented outstanding properties in
dye-sensitized solar cells, photocatalysis, drug delivery, gas
sensors, and LIBs.>*™%® Yolk—shell semiconductors could be
excellent electrode materials in LIBs for the following reasons:
(i) a large electrode/electrolyte contact area and short path

Lithium-ion batteries (LIBs) have been focused on their
combination of high energy density and power density, as a key
component of energy storage with good electrochemical
reversibility, cyclic stability, high conversion efficiency, and no
gaseous exhaust.' > However, the electrochemical performance
of LIBs strongly depends on the electrode properties including
anodes and cathodes, not only the materials themselves but also
the surface/interface effect. Seeking suitable anode materials
with low cost, stability, and full of excellent surface/interface
properties is a pressing objective. The conventional LIBs use
carbon-based materials (typically graphite) as anode materials,
which have the advantages of low cost, high abundance, and
outstanding kinetics.* Nevertheless, there are two disadvantages
that greatly limit their practical applications for large-sized
batteries.*™® One is the volume expansion and shrinkage of
carbon materials during Li-ion intercalation and deintercalation
that fatigue the graphite particles, causing cracking, leading to a
loss in electrical contact between the resulting particles, and
thereby decreasing capacity, and the other limitation comes
from the safety concerns arising from lithium dendrite
formation during the overcharge process owing to a low Li-
intercalation potential of the graphite anode approaching 0 V
(vs Li/Li*). Recently, metal oxides shown as alternatives to

carbon-based materials with good safety and cycling stability,

such as Li,Ti;O;,, have been utilized for anode materials. Received: October 13, 2014
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capacity could not satisfy their industrial applications.” Published: January 8, 2015
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lengths for Li* and electronic transport, leading to high charge—
discharge rates and (ii) easy accommodation of the strain of
lithium-ion intercalation/deintercalation, improving the re-
charge ability of the batteries. Thus, we have reasons to believe
that yolk—shell V,0; materials possess an outstanding surface/
interface effect and excellent physicochemical properties that
would play an important role for LIBs. Furthermore, carbon
coating is one of the most widely used surface modification
techniques for LIB materials, and it could also be used for
anode materials since they may serve as perfect barriers to
protect the inner active materials and maintain their high
capacities.zz*’25

On the basis of the considerations above, carbon-coating
yolk—shell V,0; microspheres are synthesized via a polylol
solvothermal route by using ethylene glycol (EG) without any
surfactant and further calcinations under nitrogen atmosphere.
EG is recognized as a structure-directing agent, ligand, as well
as a pore-making agent and carbon resource for the formation
of yolk—shell microspheres.***” The reducibility of EG and the
reducing gas from pyrolysis of the EG framework perfectly
protect the stability of V>* during the preparation of the V,0,
microspheres. It is notable that the carbon of the EG
framework is reserved when calcinations under nitrogen
atmosphere and in situ coating on the surface of V,0;
nanoparticles form thin carbon layers. Moreover, lots of
pores are formed when pyrolysis by the gas etching and
framework shrink. The in situ carbon-coated yolk—shell V,04
microspheres are utilized as electrode materials for LIBs and
exhibit good electrochemical performance owing to the
abundant surface/interface space and pores of yolk—shell
structures which favor lithium intercalation/deintercalation as
well as the stability and high specific capacity of V,05;.

B EXPERIMENTAL PROCEDURES

Synthesis of in Situ Carbon-Coated Yolk—Shell Vanadium
Oxide Microspheres. A typical synthesis of yolk—shell vanadium
oxide microspheres is as follows. All of the chemicals were analytical-
grade and used without further purification. An amount of 1.17 g (0.01
mol) of ammonium metavanadate is dissolved in 40 mL of EG by
magnetic stirring to form a clear yellow solution. Then the solution
was transferred into a 50 mL Teflon-lined stainless-steel autoclave,
which was then sealed and heated at 180 °C for suitable times. After
the solvothermal reaction, purple precipitation (vanadium—EG
glycolate precursor) was obtained. The precursor was purified by
three centrifugation and redispersion cycles with absolute ethyl alcohol
and dried under vacuum at 60 °C for 4 h. The carbon-coated yolk—
shell V,0; microspheres were prepared by calcining the precursor in
N, at 500 °C for 2 h.

Characterization. X-ray powder diffraction (XRD) patterns were
obtained by Bruker DS8. Scanning electron microscopy (SEM)
micrographs were taken using a Hitachi S-4800 instrument operating
at 15 kV. The transmission electron microscopy (TEM) experiment
was performed on a JEM-2100 electron microscope (JEOL, Japan)
with an acceleration voltage of 200 kV. Carbon-coated copper grids
were used as the sample holders. Raman measurements were
performed with a JobinYvon HR 800 micro-Raman spectrometer at
457.9 nm. The laser beam was focused with a 50X objective lens to an
ca. 1 ym spot on the surface of the sample. The pyrolysis experiments
of vanadium—EG precursor were carried out in TG (TA, Q600) under
a stream of air at a heating rate of 10 °C-min™". The specific surface
area was determined according to the Brunauer—Emmett—Teller
(BET) method using a Tristar II 3020 surface area and porosity
analyzer (micromeritics). The X-ray photoelectron spectra (XPS) were
examined by using a Kratos-AXIS ULTRA DLD apparatus with
Al(Mono) X-ray source, and the binding energies were calibrated with
respect to the signal for adventitious carbon (binding energy = 284.6
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V). The electrochemical measurements were performed at ambient
temperature. The electrochemical properties of the yolk—shell V,0;
microspheres for LIBs were investigated by using the as-prepared
model test cells. The V,0; yolk—shell microsphere anode was tested
in a half-cell configuration using Li metal as the standard cathode. Test
electrodes were prepared by pasting a mixture of 80 wt % active
materials, 10 wt % super-P carbon black, and 10 wt % poly inylidene
fluorides (PVDF) mixed into N-methyl-2-pyrrolidinone (NMP). The
obtained slurry was cast onto a copper foil and dried in vacuum at 110
°C for 10 h to remove excess solvent and cut to ®14 mm sheets,
pressed at 3 MPa. The active materials loaded on the electrode were
about 1.0—1.5 mg-em™. CR2025 coin cells were assembled in an
argon-filled glovebox. Electrochemical measurements were carried out
on coin-type cells with lithium metal as the counter/reference
electrode and the Celgard 2400 membrane as the separator. The
electrolyte solution was obtained by dissolving 1 M LiPF into a
mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC)
(EC/DMC, 50:50 w/w). Charge—discharge cycles of the half-cells
were evaluated between 0.1 and 3 V vs Li*/Li at room temperature
using a LAND CT2001A model battery test system (Wuhan Jinnuo
Electronics, Ltd.) under constant current conditions. The charge—
discharge capacities of the yolk—shell V,0; microspheres were
calculated according to the weight of the active material in the
electrode.

B RESULTS AND DISCUSSION

Ethylene glycol (EG) possesses strong coordination ability due
to the two hydroxyl groups as bidentate ligands. For the reasons
above, EG was used as a structure-directing agent to synthesize
different oxides with interesting morphologies, such as
nanorods, nanospheres, and so on*73% In this work, EG is
utilized as a structure-directing agent to prepare V,0;
nanospheres. The time-dependent morphology evolution of
the vanadium glycolate yolk—shell precursor is studied by SEM.
As shown in Figure 1A, the morphology of the samples is

Figure 1. SEM images of time-dependent morphology evolution of the
vanadium glycolate yolk—shell precursor. (A: S min, B: 30 min, C: 1 h,
D: S h, E: 12 h, and F: magnifying yolk—shell microsphere in E).

nanoparticles after 5 min solvothermal reaction at 180 °C.
Uniform microspheres with diameter of approximately 1—2 ym
are formed after 30 min. An interesting phenomenon which can
be learned from Figure 1B—D is that many cubes are present
on the surface of the microspheres, and the small cubes
congregate more and more and grow larger along with the
prolonging of the reaction times from 1 to S h. After 12 h
solvothermal reaction, yolk—shell microspheres with a diameter
of 2—3 pm are prepared. The high magnification SEM image in
Figure 1F clearly shows the yolk—shell structure with a loose
and porous yolk and cubic aggregate shell. TEM images of
microspheres at different reaction time in Figure S1
(Supporting Information) clearly indicate the inside-out
Ostwald-ripening process from solid to yolk—shell structure.
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XRD patterns in Figure S2 (Supporting Information)
investigate the crystalline phase evolution of different reaction
times. It can be observed that the product changes from the
amorphous state to crystallization, and after 1 h, the obvious
changes can be seen, implying the crystalline phase changes.
The typical crystalline phase of the V—EG glycolate precursor is
difficult to be attributed but very similar to other metal-EG
precursors.” ~>*> The FT-IR and Raman curves (see Figures
S3A and S4, Supporting Information) indicate the V-EG
glycolate framework as well.

The V,0; yolk—shell microsphere with in situ carbon-coating
layer could be easily prepared by annealing the vanadium
glycolate precursor under N, atmosphere. Importantly, the
V,0;5 yolk—shell microsphere would be obtained if the
precursor was annealed in air because the multivalent V ion
may change to the highest valence state (V°*) with the help of
oxygen. Before calcinations, the TG curve is studied to
determine the annealing temperature under N, atmosphere.
The TG curve of the glycolate precursor in Figure SSA
(Supporting Information) indicates that S00 °C is the optimal
annealing temperature because there is no obvious weight loss
after 500 °C. Thus, in order to conserve energy, 500 °C is
chosen to prepare the V,0; yolk—shell microsphere. After
being calcined, surface functional groups of yolk—shell
microsphere precursors disappear (Figure S3B, Supporting
Information) and the carbon layer forms on the sample surface.
To certify the existence of the carbon layer, the TG curve under
air atmosphere of the calcined sample is shown in Figure SSB
(Supporting Information), in which carbon loss could be seen.

On the basis of the above characterization, the formation
process of the yolk—shell vanadium glycolate microsphere
could be depicted as shown in Scheme 1. First, a rough

Scheme 1. Scheme of the Formation Process of the Yolk—
Shell V,0; Microsphere
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vanadium glycolate microsphere is formed by the coordination
of the vanadium ion with EG, and the reason for polymer-
ization of nanoparticles may be the hydrogen bond and van der
Waals interaction. This could be learned as an assembling
process from the nanoparticles to the microspheres. Second,
while reaction time is lengthening, cubes coated on the
microsphere become more and more. This is considered as an
inside-out Ostwald-ripening process, which commonly refers to
the growth of the outer crystalline shell of the solid particles by
the consumption and recrystallization of the interior materi-
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al.***> Finally, the formation of the shell could possibly be
associated with the relatively large particle size of the
microspheres and the poor solubility of vanadium oxide in
the solvent. The dissolution process mainly takes place in the
particular region under the surface layer, whereas the interior
core remains mostly intact. The interior core is finally growing
into a tight solid microsphere and leaves space between outside
shells to form yolk—shell structure. The TEM images (Figure
S1, Supporting Information) have certificated the inside-out
Ostwald-ripening process as well. Then, after the precursor is
calcined in N, atmosphere, yolk—shell V,0; microspheres with
an in situ carbon-coated layer appears.

XPS in Figure 2 further demonstrates the formation of V,0;.
High-resolution XPS illustrating the two peaks centered at
516.85 and 524.00 eV is attributed to the spin—orbit splitting of
the components, V 2p3/2 and V 2p1/2, which are characteristic
of vanadium in the +3 oxidation state, thus it indicates the
preparation of V,03°** Because the electronegativity of
carbon is much bigger than that of vanadium, the O 1s core
level at 530.1, 531.1, and 533.0 €V could be ascribed to the
formation of V—O species, C—O species, and the adsorbed O,,
respective1y.3’8 C 1s core levels at 284.6, 285.5, and 288.8 eV are
assigned to amorphous carbon, the formation of C—O species,
and the adsorbed CO,, respectively.

SEM images of V,0; yolk—shell microsphere are shown in
Figure 3. The prepared microsphere copies the precursor’s
morphology without any obvious change. The V,0; yolk—shell
microsphere with cubic aggregation shell is approximately 2—3
um in diameter, which is observed from the high-resolution
SEM in Figure 3C. In addition, pores could also be observed
from the SEM images which may be caused by the gas from the
pyrolysis of the glycolate precursor. The N, adsorption—
desorption isotherms (Figure S6, Supporting Information) of
the V,0; yolk—shell microsphere exhibit a combined type IV
sorption isotherm that gives evidence of the pores. The BET
surface area of the V,0; yolk—shell microsphere is 70.5 m*/g.
The high surface area is assigned to the yolk shell structure and
the etching pores on the shell’s surface. Thanks to the abundant
pores, the Li ion could be easily flowing (intercalation/
deintercalation). The XRD pattern of the yolk—shell micro-
sphere precursors calcined in N, is shown in Figure 3D. It
clearly shows that all the diffraction peaks of the sample
calcined in N, match very well with the standard data from the
rhombohedral crystalline phase V,0, (JCPDS: 34-0187),
indicating the formation of pure phase V,0;. In order to
confirm the composition of the core, SEM and the energy-
dispersive X-ray (EDX) linear scanning spectrum of a cut
microsphere were done and shown in Figure S7 (Supporting
Information) further indicating that although the morphology
of the yolk and shell is a little different the composition of them
is much more closed. In addition, two cavities between the yolk
and shell could be seen from a SEM image in Figure S7A
(Supporting Information). The content of V obviously declined
at the two cavities, implying the yolk—shell structure which is in
keeping with the SEM image. The change of O is not obvious
because O exists everywhere in V,0; and cavities with O,
adsorption.

TEM and HRTEM images with different magnification in
Figure 4 clearly represent the yolk—shell structure of the
microsphere. It could be seen that the inner core is
approximately 600 nm in diameter. The HRTEM images in
Figure 4C and D display the lattice fringes with interlayer
distances of 0.248 nm, which are related to the spacing of the
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Figure 3. SEM images (A, B, C) and XRD spectra (D) of V,0; yolk—
shell microspheres.

(110) planes of the rhombohedral crystalline phase. Moreover,
a very thin amorphous carbon layer (~1—2 nm) can be
observed from a high-resolution TEM image which is shown in
Figure 4. These amorphous carbon layers are produced by the
EG framework in the precursor and carbonized when calcined
in N,. The result is consistent with XPS spectra (Figure 2).
However, the carbon layers coated on the surface of V,0;
microspheres protect them from corrosion and oxidation in
order to make them stable. This can be proven by the XRD
pattern in Figure S8 (Supporting Information), which illustrates
that the carbon-coated V,0; microspheres could retain the
V,0; phase after exposure in air for one year. The stable crystal
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Figure 4. TEM and HRTEM images of V,0; yolk—shell microspheres
(B and C are different parts of A, and D is the designated part of B).

phase of V,0; microspheres is very important to the
electrochemical performance.

The V,0; yolk—shell microsphere is a candidate anode
material for LIBs because it possesses not only the proper
electrode potential but also unique meso- and microscopic
features. Such structural and morphological characteristics
increase the interface between electrode and electrolyte and
decrease the lithium ion diffusion distance, both of which are
key optimal factors. Besides the above factors, the effects of
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Figure S. Charge/discharge profiles of V,0; yolk—shell microsphere (YKS) (A), bulk V,0; (B), and carbon-coated bulk V,05 (C) at a current
density of 100 mA-g™". (D) Rate capability of YKS, C@bulk V,0; at various current densities between 0.1 and 1 A-g™". (E) Comparison of the
cycling performance of YKS, bulk V,0;, and C@bulk V,05 at 100 mA-g~". (F) Impedance plots of YKS, bulk V,05, and C@bulk V,0; electrodes.

annealing temperature which could cause the phase trans-
formation and morphology are also crucial to electrochemical
performance. The first discharge curves at a current density of
100 mA-g~' of yolk—shell V,0; microspheres annealed at
different temperatures in Figure $10 (Supporting Information)
demonstrated that the sample annealed at 500 °C possessed the
best electrochemistry performance. The XRD patterns of these
samples in Figure S11 (Supporting Information) further
indicates that the original bixbyite phase changed to the
rhombohedral phase at 500 °C, implying the rhombohedral
phase favors the electrochemistry performance. Although the
rhombohedral phase after 600 °C calcinations is not changed,
the electrochemical performance is lower, which could be
attributed to the growth of particles after calcination. Thus, 500
°C is the optimal annealing temperature in this work. Figure
SA, B, and C reveals the charge—discharge curves plotted as
voltage vs specific capacity of the V,0; yolk—shell microsphere
annealed at 500 °C (YKS), bulk V,0;, and carbon-coated bulk
V,0; (synthesized method see Supporting Information) cells
(for reference) in the voltage window of 0—3 V at a current of
100 mA-g~". On the first discharge, the discharge capacity of
YKS is 472.5 mAh-g”", much higher than the bulk V,0; and
carbon-coated bulk V,0; (C@ bulk V,0;). The charge curve
profiles of YKS are similar to those earlier reported results that
the V,0j is reduced to lower valence state, most likely V** on
the first discharge. The two short gentle slopes in the voltage
range of 1.1 and 2.1 V most likely corresponded to the
multistep oxidation of V** to higher valence states.”® The CV
curve in Figure S12 (Supporting Information) shows the two
oxidation peaks at 1.3 and 2.6 V and reduction peaks at 0.6 and
1.1 V which could be attributed to the multistep oxidation of
V* to higher valence states and V** reduced to lower valence
states. These are well matched with the short gentle slope
voltage value in the charge—discharge curves. On the other
hand, the average delithiation voltage of YKS is above 1 V
(versus Li/Li+), which is safe and facilitates weakening of the
formation of the solid electrolyte interphase. Nevertheless, the
initial capacity loss may result from irreversible lithium loss
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which is due to the formation of a solid electrolyte interphase
layer. The rate capability of the YKS at rates from 0.1 to 1 A-g™"
is shown in Figure SD. In the initial period, YKS keeps a higher
reversible capacity than the bulk one after the 10th cycle at a
current density of 100 mA-g~". Even at a high current density of
1 A-g”", this material can still present a reversible capacity of
361.8 mAh-g™!, indicating that the anode composed of YKS
delivered a high rate performance. Moreover, the capacity can
be restored to its original state when the current density is
returned to 100 mA-g~". The great electric performance could
be attributed to the excellent charge transfer in the yolk—shell
structures. Although the theoretical capacity of V,0j is as high
as 1070 mAh-g™', few previous reports have reached the
theoretical value because of the crystallization, impurity, low
conductivity, and so on.'” However, the stability of LIB
electrode material is as important as the capacity. Figure SE
shows the cycle performance of these anode materials at a
current density of 100 mA-g~' for 100 cycles. After 100 cycles,
the YKS delivers a capacity of 437.5 mAh-g~!, which is 92.6% of
its initial capability. In comparison, the C@ bulk V,0; anode
shows a better cycling stability than the bulk V,0;. The result
further instructs the large difference between the YKS and the
bulk one, associating with the carbon cladding on the V,0;
yolk—shell microsphere surface which increased the stability of
V,0;. Figure SF shows the Nyquist profiles of YKS, bulk V,05,
and C@ bulk V,0;. It can be seen that the curve of the YKS
electrode is composed of two semicircles at high frequencies
which are related to the electrolyte resistance and charge
transfer resistance and an inclined line in low-frequency regions
which is due to the ion diffusion within the anode material.**'
In comparison, the bulk V,0; and C@bulk V,0; plots show
only one large semicircle. The enlarged semicircle diameter
indicates an increase of resistance for charge transfer at the bulk
V,0;—electrolyte interface. Comparing with the higher resistive
solid electrolyte interphase formation for the bulk V,0; and
C@ bulk V,0;, it suggests once again that the YKS can possess
better electrochemical properties while it charge—discharges in
LIBs.
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B CONCLUSIONS

In conclusion, the in situ carbon-coated V,0; yolk—shell
microsphere was successfully synthesized via the facile
template-free polyol solvothermal method and further calcina-
tions in N,. The V,0; yolk—shell microsphere electrode
exhibited excellent lithium-ion battery electrochemical stability.
The first discharge capacity was up to 472.5 mAh-g~". After 100
cycles, they showed a capacity of 437.5 mAh-g~', which was
92.6% of its initial capability. The high capacity suggested that
the unique yolk—shell structure could not only facilitate the
electrolyte transporting in the process of Li-ion intercalation
and deintercalation but also accommodated large volume
variation during electrode reaction. Furthermore, the in situ
carbon layer effectively protected V,0; yolk—shell micro-
spheres during the period of electrode reaction. The special in
situ carbon-coated V,0; yolk—shell microspheres were
potential anode materials for lithium-ion batteries.
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