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Rechargeable lithium ion batteries have been extensively
exploited as energy storage devices for electric, hybrid
electric vehicles, and intermittent renewable energy sources
because of their high energy and power densities and long cycle
lifetime."”” The successful adoption of lithium ion batteries for
transportation and stationary electric energy storage largely
relies on the factors such as cost, safety, cycleability, and power
and energy densities of the electrode materials. A variety of
compounds have been tested, and some of them have been
used commercially as cathode materials for the manufacture of
lithium ion batteries. Among the compounds tested so far is
V,0;, the crystal structure of which is formed by the stacking of
V,0; layers perpendicular to the c-axis via van der Waals
interaction. Because of the layer structure feature of V,Oys, the
intercalation of guest species such as lithium ions into this oxide
compound is quite feasible. In addition, vanadium is abundant
in the crust of Earth, guaranteeing the availability and low cost
of V,0;. Since the mid-1970s, V,0O; has been vigorously
investigated as an electrode material because of its high
capacity, high output voltage, and low cost.> However, bulk
V,O; suffers from poor rate capability and cycleability due to its
low diffusion coefficient of lithium ions, slow electron
conductivity, and the irreversible phase transitions upon deep
discharge,* "> making the general application of V,Os in
lithium ion batteries greatly limited.

The rate capability of electrode materials is mainly
determined by the kinetics of lithium-ion diffusion and
electronic conductivity. Lithium-ion diffusion in the lattice of
an electrode is associated with the lithium-ion diffusion
coefficient and the diffusion length."* For a given electrode
material, the diffusion coefficient is a constant. Thus, the
decrease in diffusion distance can effectively shorten the
diffusion time of lithium ions within the electrode. Nanoma-
terials can provide shortened diffusion paths of lithium ions
during insertion/extraction, resulting in enhanced rate capa-
bility."*"6 The transportation of electrons within the electrode
also exerts a significant impact on the rate capability of lithium-
ion batteries. The resistance arising from the low electronic
conductivity of the electrode materials and the particle—particle
interfaces is unfavorable for electron transportation. Surface
coating of electrode particles with a highly conductive
substance (such as carbon) can facilitate the electron
transportation in the electrode. Moreover, the surface coating
may restrain the surface reactions and the volume change upon
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lithium-ion insertion/extraction,'” ensuring better cycleability
during long-term charge/discharge. Thus, decreases in particle
size and surface coating by conductive substance are thought to
be effective approaches for enhancing rate capability and
cycleability of V,04 materials. However, to date, the efforts in
these two aspects have not seen much success for the
preparation of high performance V,0; cathode materials for
Li-ion batteries. In this communication, we describe the
preparation of carbon-coated V,05 nanocrystals via a unique
capillary-induced filling strategy. The nanocrystals we obtained
exhibit markedly enhanced rate capability and excellent
cycleability when used as a cathode material for Li-ion batteries.

The carbon-coated V,0; nanocrystals were achieved using
porous carbon'® as a hard template via a route illustrated in
Scheme 1. First, mesoporous carbonaceous monoliths were

Scheme 1. Schematic Formation of Carbon-Coated V,04
Nanocrystals Using Mesoporous Carbon as a Template
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prepared through a thermopolymerization process at low
temperatures from a resol precursor in ethanol. The subsequent
pyrolysis of the carbonaceous monoliths at a temperature of
800 °C under nitrogen led to the formation of mesoporous
carbon. The resultant mesoporous carbon and V,0; were
mixed and heated in a vacuum at a temperature of 750 °C.
Because the melting point of V,05 is 690 °C, it was very easy
for the oxide compound to become molten at 750 °C. Once the
V,05 was molten, the strong capillary force drove the
compound into the pores of the carbon template, leading to
the formation of a mesostructured carbon-V,0 composite (see
Figures S1 and S2 in the Supporting Information). Carbon-
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coated V,05 nanoparticles were obtained by removing the
majority of the carbon species from the as-formed carbon-V,04
composite at 600 °C in air. A detailed preparation procedure of
the final product is presented in the Supporting Information.

On the basis of the nitrogen adsorption/desorption measure-
ments at 77 K, the Brunauer—Emmett—Teller (BET) surface
areas of the mesoporous carbon and the carbon-V,Oq
composite are 1048 and 382 m?/g, respectively. The
mesoporous carbon has an average pore diameter of
approximately 3.8 nm, while the carbon-V,05 composite has
a broad pore size distribution centered at about 2.1 nm. The
distinct decrease in surface area and average pore diameter
suggest that most of the carbon mesopores in the composite are
occupied by V,05. The BET surface area of the V,0Oq
nanocrystals obtained through removal of the mesoporous
carbon at 600 °C in air is only 11 m*/g.

The morphology and crystal structure of the as-prepared
material are examined by transmission electron microscopy

Figure 1. (a) TEM and (b) high resolution TEM images of V,0;
nanocrystals, showing the dimension, carbon coating, and high
crystallinity of the material. Inset: the corresponding selected area
electron diffraction (SAED) pattern.

(TEM) (Figure 1). V,0Os nanocrystals with particle sizes
ranging from 10 to 20 nm aggregate together to form larger
secondary particles with a diameter of several hundred
nanometers. Although mesoporous carbon is employed as a
hard template, no regular ordered mesoporous structure of
V,0; is observed in the final product. It is noted that the
incorporation of V,05 in a vacuum at 750 °C does not damage
the well-ordered mesoporous structure of the hard template, as
demonstrated in the TEM image (see the Supporting
Information). Only after the subsequent calcination at 600
°C in air does the ordered mesostructure disappear,
accompanied by the decomposition of the carbon walls and
crystal growth of V,0;. The growth of V,0s nanocrystals
eliminates a substantial part of the voids left by the carbon
removal, but plenty of interparticle voids are still present
(Figure 1a). As revealed by high resolution TEM (HRTEM), a
thin carbon layer with a thickness less than 2 nm covers the
surface of the V,0; particles. The carbon coating is formed
during the decomposition of the mesoporous carbon template
at 600 °C for approximately 45 min. Elemental analysis shows
that the carbon content of the composite material is
approximately 0.15 wt %. The HRTEM image (Figure 1b)
shows lattice fringes with regular spacings of 0.44, 0.41, and
0.34 nm associated with the (001), (101), and (110) planes of
V,0y, respectively. The well resolved fringes indicate the high
crystallinity of the V,05 nanocrystals, which is confirmed by
powder X-ray diffraction (XRD) (see Figure S3 in the
Supporting Information). The peaks well correspond to
orthorhombic V,0; (JCPDS No. 41-1426, space group
Pmnm; a = 11.52, b = 3.57, and ¢ = 4.37 A).
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Cyclic voltammograms (CV) of the carbon-coated V,Oq
nanocrystals were measured at a scan rate of 1.0 mV/s in the
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Figure 2. (a) Cyclic voltammograms at a scan rate of 1.0 mV/s and
(b) the first three discharge—charge profiles recorded at 1.0 A/g for
the carbon-coated V,O;.

potential range from 4.0 to 2.0 V (vs Li/Li*) at room
temperature (Figure 2a). The cathodic and anodic peaks are
ascribed to the lithium ion insertion and extraction processes
for the electrode, respectively. Three main cathodic peaks
appear at potentials of 3.4, 3.1, and 2.2 V (vs Li/Li*) in the CV
curves, corresponding to the phase transformations from a-
V,0; to &-LiysV,0s, 6-LiV,0Os, and y-Li,V,0s, respectively. In
the subsequent scans, the shapes of the curves are almost
identical, indicative of good reversibility for the carbon-coated
V,0; nanocrystals upon polarization to a voltage as low as 2 V
(vs Li/Li"). The cathodic performance of carbon-coated V,0O5
nanocrystals was evaluated by galvanostatic discharge/charge
testing. Figure 2b shows the first three cycles of discharge (Li
insertion) and charge (Li extraction) curves of the V,Oq
electrode in the voltage window of 2.0 — 4.0 V at a current
density of 1.0 A g~' (rate of approximately 6.8C), consistent
with the CV scans. Multiple voltage plateaus due to different
redox reactions associated with Li insertion are clearly observed
in the discharge curves. The first two plateaus at approximately
3.4 and 3.2V are ascribed to the phase transitions from a-V,O;
to &-Liy5V,05 and 0-LiV,0s, corresponding to eqs 1 and 2,
respectively. The combined discharge capacity related to these
phase transitions is over 140 mAh g™, consistent with the
theoretical value of 147 mAh g™' for the formation of 6-LiV,0Os.
The plateau at approximately 2.3 V is attributed to the
generation of y-Li,V,0;, resulting from further lithium
insertion into LiV,05 (eq 3).

e-Lig V505 + 0.5LI" + 0.5e” = §-LiV,0g @)
8-LiV,05 + Li" + e = y-LiyV404 3)

At a discharge—charge rate of 1.0 A g_l, the carbon-coated
V,O; nanocrystals give rise to a total specific discharge capacity
of approximately 297 mAh g™" in the voltage range 2.0—4.0 V,
very close to the theoretical capacity of 296 mAh g~' for the
formation of y-Li,V,Og from the parent V,Og During the
charge process, a specific capacity of approximately 297 mAh
g~! is retained, demonstrating a Coulombic efficiency of nearly
100%. The high Coulombic efficiency indicates that, for the
V,0; nanocrystal material, the phase transition between o-
LiV,0;s and y-Li,V,Oy is highly reversible.

The carbon-coated V,0; nanocrystals also show excellent
rate capability (Figure 3). At current densities of 2.0, 5.0, and
10 A g7' (rates of about 14C, 34C and 68C, respectively), the
material still delivers discharge capacities of approximately 255,
168, and 130 mAh g~', respectively. To the best of our
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Figure 3. The cycling performance of the carbon-coated V,O4
nanocrystals at current densities of 1.0, 2.0, 5.0, and 10 A/g.

knowledge, the maximum value ever reported in the literature
for the rate performance of V,05 materials is 90 mAh g™' at
40C (5.88 A g_l).19 More importantly, our V,04 material also
exhibits very high cycling stability. After discharge—charge
cycles at 1.0 A g™* for 50 cycles, a specific discharge capacity of
approximately 288 mAh g™' is still reached, accounting for a
capacity fading between fifth and fiftieth cycles of only 2.7%.
When cycling at 10 A g™, less than 2.3% discharge capacity
fading is observed over S50 cycles. The electrochemical
performance of the V,0O; nanocrystals is much superior over
those of the micrometer-sized V,05, V,05 nanowires® (see
Figure S4 in the Supporting Information), and other V,Oj
nanomaterials reported in the literature.*”"”

Scheme 2. Schematic Representation Showing the Structural
Features of Carbon-Coated V,0; Nanocrystals upon Li*
Insertion/Extraction
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The impressive electrochemical performance of V,O;
nanocrystals is ascribed to its unique nanostructure (Scheme
2). The small particle size of V,0O5 nanocrystals greatly shortens
the diffusion and transport distance of lithium ions and
electrons within the nanocrystals, whereas the voids among the
nanocrystals provide fast transport pathways for the electrolyte
and lithium ions. Furthermore, the thin layer of carbon formed
during the decomposition of mesoporous carbon template
partly covers the surface of the V,0Os nanocrystals, and the
corresponding carbon-coating reduces the resistance of the
interparticle boundary interfaces. As demonstrated by electro-
chemical impedance spectra (EIS), the consequent kinetics of
lithium insertion/extraction is significantly improved (see
Figure SS in the Supporting Information). This carbon-coating
not only improves the electrical conductivity of the electrode
but also increases the stability of V,0s material through
reducing the surface reactions of the V,05 nanocrystals with the
electrolytes during charge—discharge cycling. As a result, the
excellent rate capability and cycleability of V,0g material are
achieved.

In summary, a unique capillary-induction approach has been
developed for the preparation of carbon-coated V,05 nano-
crystals. The combination of the particular morphology and
carbon-coating leads the material to exhibit markedly enhanced
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specific discharge and charge capacities, excellent rate
capability, and cycling stability. These merits make our material
a promising candidate as a cathode material for high-
performance lithium ion batteries. It is also feasible for our
preparation technique to be scaled up for industrial application.
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