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Hydrothermal synthesis of coherent porous V.0s/
carbon nanocomposites for high-performance
lithium- and sodium-ion batteries
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Guozhong Cao*

ABSTRACT Carbonaceous composite materials have been
extensively studied in energy storage and conversion devices
and commonly are fabricated from liquid precursors. In this
work, we reported an unusual formation of vanadium oxide
and carbon nanocomposite from microsized VO, micro-
spheres through a “dissolution and recrystallization” process
with the assistance of LiH,PO,. The obtained vanadium oxides
nanoparticles are in uniform distribution in the carbon ma-
trix. The V,0;/carbon composite inherits the porous feature of
the Ketjen black (KB) carbon and has a surface area of 76.59
m’ g\ As an anode material for lithium/sodium-ion batteries,
the V,0;/carbon nanocomposites exhibit higher capacity,
better rate capability and cycling stability than the V,0; na-
noparticle counterparts. The enhanced electrochemical per-
V,0;/carbon
nanocomposites, which can allow the electrolyte penetration,
shorten the ion diffusion distance and improve the electronic

formances are attributed to the porous

conductivity.

Keywords: vanadium oxide, porous carbon, lithium-ion bat-
teries, sodium-ion batteries, dissolution and recrystallization

INTRODUCTION

Lithium-ion batteries (LIBs) are used in a wide variety of
applications, ranging from portable electronic devices to
electric vehicles (EVs) and hybrid electric vehicles (HEVs)
because of their high energy density and good stability [1-
7]. However, the insufficient storage of lithium resources
in the earth, cannot meet the fast growing need [8]. In
particular, it is crucially important to explore alternative
battery systems for large scale applications [9-11]. Sodium
ion batteries (NIBs) have attracted tremendous attention

in the past decades due to the abundance storage of so-
dium resources and the similar chemical reactions for the
sodium ions and lithium ions [12-14].

However, NIBs have more requirements for the elec-
trode materials because of the larger Na’ ions and its
slower immigration capability. For example, the com-
monly used graphite for LIBs can not be used for NIBs
because the large Na' ions can not intercalate into the
layers of graphite [15,16]. Among the potential anode
materials for NIBs, transition metal oxides have been ex-
plored extensively due to their large capacity. The majority
of the transition metals is focused on Fe, Co and Ni based
compounds [17-20]. However, much less work has been
reported on vanadium based anode materials for NIBs.
More recently, V,0; has attracted much attention as anode
materials for LIBs due to its low cost, abundant vanadium
resources in storage and high theoretical capacity (1070
mA h g as lithium battery) [21]. Similar with other
transition metal oxides, V,0; also undergoes large volume
change during charge/discharge process, which causes the
capacity fading for the electrode materials [22-24].
Moreover, the poor electronic conductivity of V,0; also
limits its electrochemical properties [25].

Nanostructured electrodes possess lots of advantages,
such as unique mechanical, electrical properties and the
synergy of bulk and surface properties contributing to the
overall behavior [26]. To date, a wide variety of nanos-
tructured materials have been designed and utilized to
improve the performance of the energy storage systems
[27,28]. Furthermore, in order to solve these obstacles,
making vanadium oxides and carbon composites is a
common strategy to improve the electrochemical proper-
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ties. Boukhalfa et al. [29] reported the fabrication of
atomic layer deposition of vanadium oxide on carbon
nanotubes for high-power supercapacitor electrodes and
Li et al. [30] fabricated carbon fiber cloth@VO, composite
as an anode for LIBs. For these studies, the vanadium
oxides are mainly grown on the conductive carbonaceous
materials. However, fabricating coherent porous carbo-
naceous materials and their usage as anode materials for
NIBs are much less studied.

Ketjen black (KB) carbon has been used to make car-
bonaceous composites due to its low cost, high porosity,
easy dispersion and good conductivity [31]. In order to get
desired structure, the liquid precursors are commonly
employed [32-34]. To date, no research work has been
reported on the fabrication of V,0; and KB carbon com-
posite and their electrochemical properties as anode ma-
terials for NIBs.

In this work, we reported an unsual formation of co-
herent V,0; and KB carbon composite from microsized
VO, microspheres by a facile hydrothermal approach. The
VO, microspheres are converted into small VO, nano-
particles through a dissolution and recrystallization pro-
cess, distributing homogeneously in the KB carbon matrix.
After annealing at high temperature, V,0s/carbon nano-
composites with a high porosity can be obtained. As anode
materials for LIBs or NIBs, the fabricated V,0; and KB
carbon nanocomposites exhibit superior electrochemical
properties, which can be attributed to the coherent porous
structure of the nanocomposites.

EXPERIMENTAL SECTION

Materials synthesis

The VO, microspheres (0.1 g) were prepared according to
our previous report [35], which were mixed with LiH,
P0O4(0.188 g), and KB carbon (0.336 g) homogeneously in
30 mL deionized water. Then the mixture solution was
sealed in 50-mL PPL-lined stainless steel autoclaves and
maintained at 180°C for 12 h. After cooling down to room
temperature naturally, the black precipitate was separated
by a high-speed centrifuge, washed with absolute alcohol
for three times, and then dried at 80°C for 12 h. For
comparison, dark blue precipitate was prepared without
adding KB carbon in the solvothermal solution while
keeping other parameters unchanged. The V,0s/carbon
nanocomposites and V,0; nanoparticles were obtained by
further calcining the obtained precipitates in 5% H,/95%
Ar at 600°C for 4 h with a heating rate of 5°C min',
respectively.

718

Materials characterization

The crystallographic phases of both samples were char-
acterized by X-ray diffraction (XRD, Rigaku D/max 2500).
The morphologies of samples were examined by scanning
electron microscopy (SEM, Quanta FEG 250) and trans-
mission electron microscopy (TEM, JEOL JEM-2100 F).
The characteristic of carbon layer was conducted by Ra-
man spectrometer (LabRAM HR800). The thermogravi-
metric analysis (TGA) was investigated on a combined TG
and differential scanning calorimetry (DSC) analysis in-
strument (Netzsch STA 449C, Germany) from room
temperature to 650°C with a heating rate of 10°C min™".
Nitrogen adsorption/desorption isotherms were calculated
at 77 K using an adsorption instrument (NOVA4200e,
Quantachrome).

Electrochemical measurements

The working anode slurry was prepared by mixing the
V,0;/carbon nanocomposites, acetylene black and poly-
vinylidene fluoride (PVDF) binder in N-methyl-2-pyrro-
lidone (NMP) solution with a weight ratio of 80:10:10. The
resultant slurry was pasted on copper foil, and was dried in
a vacuum oven at 110°C overnight prior to cells assembly.
The cells were assembled in an argon-filled glove-box. The
electrolyte was 1 mol L™ LiPF, in ethyl carbonate (EC) and
dimethyl carbonate (DMC) (1:1, v/v) for LIBs. 1 mol L™
NaClO, in EC and DMC (1:1, v/v) was used for NIBs.
About 50 uL of electrolyte was used per cell. Lithium foil
and sodium foil were used as the counter electrodes for
LIBs and NIBs, respectively. The galvanostatic charge/
discharge experiments were performed using a Land bat-
tery tester (Land CT 2001A, China) at room temperature.
The mass loading of the active material was about 1 mg

cm™

RESULTS AND DISCUSSION

Morphology and structure

Scheme 1 illustrates the formation process of V,0;/carbon
nanocomposites. The VO, microspheres and KB carbon
were mixed homogeneously in LiH,PO, liquid solution
under magnetically stirring until the formation of the
slurry. In the followed hydrothermal process, the VO,
microspheres were converted into small nanoparticles
through the dissolution and re-crystallization process with
the assistance of LiH,PO,. The formed VO, nanoparticles
were homogeneously distributed within the KB carbon
and had good contact between them. After annealing in
the mixture gas of 5% H,/95% Ar at 600°C for 4 h, the
VO,/KB composite can be transformed into V,0; and KB
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Scheme 1 The illustration of the formation of V,0,/carbon nanocomposites.
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Figure 1 (a) XRD patterns of the precursor of V,0,/carbon nanocomposites. SEM images of the vanadium oxide prepared from different hydro-
thermal solution (b) without and (c) with LiH,PO,. (d) SEM images of the precursor of V,0,/carbon nanocomposites.

carbon composites, which have good structural reserva-
tion from the VO,/KB composite.

Fig. 1a shows the XRD pattern of the hydrothermal
product, which can be assigned to the monoclinic VO,
phase (a = 4.5968A, b = 5.6844A, c = 4.91334, 8 = 89.39°).
The result indicates that the hydrothermal treatment does
not change the crystallography phase of the VO, micro-
spheres. However, the morphologies of the hydrothermal
products are in a big difference with or without the ad-
dition of LiH,PO, in the hydrothermal solution. As shown
in Fig. 1b, the VO, microspheres can retain its original

August 2017 | Vol.60 No.8

morphology when no LiH,PO, was added in the hydro-
thermal solution. However, the VO, microspheres have
changed into VO, nanoparticles with the addition of
LiH,PO, in the hydrothermal solution (see Fig. 1c). The
results demonstrate that the existence of LiH,PO, has
played a big effect on the structural evolution from VO,
microspheres to nanoparticles. The structural changes can
be explained by a dissolution and recrystallization process.
Because of the ionization of LiH,PO,, the solution be-
comes acidic. The VO, solid microspheres may dissolve in
the above solution under high pressure to form metastable
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solution, which is later decomposed to small nanoparticles.
During this “dissolution and recrystallization process”, the
VO, phase can be distributed homogeneously into the
carbon matrix, thus forming the VO, nanoparticles and
KB carbon composites (see Fig. 1d).

Fig. 2 shows the structural characterization results of the
products after annealing at 600°C for 4 h under the flow of
5% H,/95% Ar. Fig. 2a shows the XRD patterns of the
annealed products from VO, nanoparticles and VO,/KB
carbon nanocomposite precursors. All the diffraction
peaks can be indexed to the rhombohedral-phase crystal-
line V,O; (space group: R3¢ 167) for both samples. The cell
parameters of V,0; in the composite was calculated by
Rietveld refinement method (Fig. 2b) and the obtained a =
4.95493 A and ¢ = 13.98492 A. The results indicate the VO,
phase has been converted into V,0; during the high
temperature annealing process. The formation of V,0;
from VO, nanoparticles can be attributed to the reduction
of VO, by H, in the mixed 95% Ar/5% H, flowing gas. The
phase transformation can be expressed as 2VO,+H,>V,0;
+H,0. However, VO, nanoparticles may also be reduced
to V,0; by carbon at high temperature and the other
possible chemical formula of the reaction is VO,+C->V,0;
+CO,. Interestingly, the width of the XRD peaks for the
V,0,/KB composite is broader than the V,0; nano-
particles. The difference can be attributed to the smaller
crystallites of V,0; in the nanocomposites. Moreover, no
carbon related diffraction peak was detected for the V,0,/
KB carbon nanocomposites, demonstrating the amor-
phous state or low crystallization of KB carbon in the
nanocomposites [21,34]. Fig. 2¢ displays the SEM image of
the V,0; nanoparticles without the addition of KB carbon.
The obtained V,0; is consisted of particles with hetero-
geneous size, some of which exhibit small plate-like
morphology and stack together. In general, the particles
are in a small size. Fig. 2d shows the SEM image of the as-
obtained V,0;and KB carbon nanocomposites. The small
plate-like particles can be clearly detected, which is in good
consistence with the V,0; particles in Fig. 2c. It is worth
noting that the small nanoplates are uniformly surrounded
by KB carbon. Moreover, the porous feature of the na-
nocomposites can be clearly observed. This structure is
very important for the penetration of electrolyte. Ac-
cording to the SEM images, the V,0; nanoparticles are
more closely stacked and are believed to have a smaller
specific surface area than the V,0,/KB carbon nano-
composites. Fig. 2e shows the TEM image of the compo-
site, which demonstrates the homogeneous distribution of
V,0; in the KB carbon matrix. The V,0; nanoparticles are
less than 50 nm and have good contact with the carbon
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material. Moreover, the porous feature of the nano-
composites is also well revealed, which is mainly inherited
from the KB carbon. Fig. 2f shows a high-resolution TEM
(HRTEM) image of the nanocomposites, which reveals the
V,0; nanoparticles with good planar fringes are in good
contact with the KB carbon. Fig. 2f presents elemental
mapping images on the V,0;/carbon nanocomposites. The
C, V and O elements are uniformly distributed in the
composites, which suggests the high quality of the V,0;
and KB carbon nanocomposites.

In order to get more detailed information about the
porosity of the annealed products, nitrogen adsorption-
desorption isothermal measurements were carried out for
both V,0; nanoparticles and V,0:;/KB carbon nano-
composites, and the results are shown in Fig. 3. The N,
adsorption-desorption isotherms (Fig. 3a) can be classified
as the type-IV hysteresis loop, indicating the existence of
the mesoporous structure [5]. The Brunauer-Emmett-
Teller (BET) surface area of the V,Os/carbon nano-
composites is 76.59 m> g”', which is far more than that of
the pure V,0; nanoparticles (27.55 m* g ). Fig. 3b displays
the Barrette-Joyner-Halenda (BJH) pore-size-distribution
plots of the two samples. The main pores in the V,0;/
carbon nanocomposites are less than 10 nm. The majority
of the pores for the V,0; nanoparticles range from 20 to 50
nm. The results suggest the homogenous distribution of
V,0; in the KB carbon matrix. Moreover, the small pores
in the nanocomposites can be attributed to the KB carbon,
which can provide the coherent carbon framework for the
electrolyte penetration. The electrode materials with easy
electrolyte penetration have been reported in many pre-
vious works [31,33].

The Raman spectroscopy of the V,0s;/carbon nano-
composites (Fig. 4a) shows two characteristic bands of
carbonaceous materials located at 1326 cm™ (D-band,
disordered carbon) and 1594 ¢cm™' (G-band, graphene
carbon), respectively. The result confirms the existence of
carbon in the composites. The intensity ratio of the D- and
G- bands for the V,0;/carbon nanocomposites is Ip/I; =
1.05, suggesting the existence of the disordered carbon in
the composites. However, the small ratio indicates the
graphic carbon exists in a large portion, which would be
helpful for improving the electronic conductivity of the
V,0;/carbon nanocomposites [31].

Fig. 4b shows the TGA result of V,0s/carbon nano-
composites, which was conducted in air ranging from
room temperature to 650°C using a heating rate of 10°C
min™". The initial weight loss before 150°C can be attrib-
uted to the evaporation of the physical or chemical bonded
water in the composites. The followed weight increase can
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Figure 2 (a) XRD patterns of the V,0,/carbon nanocomposites and the pure V,0; nanoparticles. (b) XRD pattern with Rietveld refinement of the
V,0,/carbon nanocomposites. (c) SEM of the pure V,0; nanoparticles. (d) SEM of the V,0,/carbon nanocomposites. (¢) TEM, (f) HRTEM and (g)
STEM-high-angle annular dark field (HAADF) image and energy disperse spectroscopy (EDS) elemental mapping images of V,0,/carbon nano-

composites.
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Figure 4 (a) Raman spectrum of the V,0,/carbon nanocomposites. (b) TG and DSC curves of the V,0,/carbon nanocomposites.

be attributed to the oxidation of V,0; to V,0s in the air. At
elevated temperature, the weight loss can be assigned to
the combustion of KB carbon. It is believed the oxidation
of vanadium oxides and the combustion of KB carbon
happen simultaneously between 300 and 450°C. The
weight becomes constant after 500°C due to their complete
conversion into V,0s. According to the TGA result, the
weight percentage of the V,0; particles in the V,0s/carbon
nanocomposites is 75.63 wt.%.

Lithium-ion battery performance

Fig. 5 displays the electrochemical performances of the
V,0;and KB carbon nanocomposites as cathode materials
for LIBs. Fig. 5a shows the cycling performance of the
composites electrode at the current density of 100 mA g,
which delivers an initial specific discharge capacity of 1140
mA h g"'and retains a stable capacity of 587 mA h g™ after
200 cycles. The initial capacity fading can be attributed to
the irreversible capacity contribution from the electrolyte
decomposition to form the solid electrolyte interphase
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layer between the electrode and electrolyte. For compar-
ison, the V,0; nanoparticles electrode only deliver a stable
capacity of 192 mAh g™ and the KB carbon only has a
stable capacity of 284 mA h g'. The result demonstrates
that the electrochemical performance has been greatly
improved by preparing the V,0; and KB carbon nano-
composites. Fig. 5b shows the discharge/charge curves of
the selected cycles for the composites. The shape of the
curves is quite similar, which demonstrates its good
structural reversibility for the V,0; and KB carbon na-
nocomposites. Fig. 5¢ shows the rate performance of the
composites and V,0; nanoparticles electrodes. The com-
posite electrodes exhibit the specific capacities of 774.8,
589.8, 545.3, 471.7, 325.2and 219.1 mA h g™' at the current
densities of 100, 200, 300, 500, 1000 and 2000 mA g,
respectively. The electrode materials were retested for
another round and similar rate performance can be
achieved for the composites electrodes. When the current
was reset to 100 mA g', a stable capacity of 713 mA h g™'
can be obtained. The capacity is higher than the initial
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Figure 5 Electrochemical lithium storage performance of the V,0,/carbon nanocomposites, pure V,0; particles and KB carbon in the window of
0.01-3V (vs. Li/Li"). (a) Cycling performance of the three electrode materials at a current density of 100 mA g . (b) Galvanostatic discharge/charge
curves for the 5", 10", 50", 100" and 200" cycles at 100 mA g™'. (c) Rate performance of the V,0,/carbon nanocomposites and pure V,0; particles.

capacity delivered at 100 mA g, which can be attributed
to the improved wettability of the composites electrode
materials after repeated cycles. Moreover, the rate per-
formance is much better than the V,0; nanoparticles
electrode. The superior electrochemical performances,
including higher capacity and better rate capability, can be
ascribed to the coherent V,0; and KB carbon composites.
According to the SEM and TEM results, the V,0; and KB
carbon nanocomposites are of high porosity, which can
provide the easy electrolyte penetration ways and increase
the contact area between the electrode materials and
electrolyte. Moreover, the good contact between V,0; and
KB carbon can improve the electronic conductivity of the
nanocomposites.

Sodium-ion battery performance

The electrochemical performances of the V,0;/carbon
nanocomposites, KB carbon and V,0; nanoparticles as
cathode materials for NIBs are shown in Fig. 6. Fig. 6a
shows the cycling performance of the three electrode
materials at the current density of 100 mA g™, suggesting

August 2017 | Vol.60 No.8

that the discharge capacity of the V,0s/carbon nano-
composites, pure KB carbon and V,0; nanoparticles on
the 1% cycle are 744.6, 879.6 and 281 mA h g, respectively.
After 150 cycles, the three electrodes deliver the specific
discharge capacity of 270, 100 and 98 mA h g™, respec-
tively. The results indicate the improved sodium storage
capability for the V,0; and KB carbon composites.
Moreover, the capacity of the V,0; and KB carbon com-
posites is quite stable after the initial five cycles. Therefore,
the V,0,/KB composite electrode also exhibits more ex-
cellent cycle stability than other vanadium oxide used as
sodium storage material [36]. Fig. 6b shows the charge/
discharge profiles of the V,0s/carbon nanocomposites at a
current density of 100 mA g™'. As can be seen in the pic-
ture, the charge/discharge curves for the 2", 5", 10", 50"
and 100" cycles coincide with each other, suggesting re-
markable cycle stability. The rate capability was tested by
gradually growing current densities from 100 to 1000
mA g'. As shown in the Fig. 6¢, even after a second round
rate capability measurement, the electrode can also exhibit
a high specific discharge capacity of 270.8 mA h g when
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Figure 6 Electrochemical sodium storage performance of the V,0s/carbon nanocomposites, V,0O; particles and KB carbon in the voltage range of
0.01-3 V (vs. Na/Na"). (a) Cycling performance at a current density of 100 mA g (b) Galvanostatic discharge/charge curves for the 2™, 5", 10", 50"

th

and 100

the current density returned to 100 mA g'. However, the
pure V,0; nanoparticles electrode can only deliver 62.9
mA h g'. The result demonstrates the V,0s/carbon na-
nocomposite electrodes have good rate performance as
sodium electrode material. Fig. 6d shows the cycling per-
formance of the three electrodes at a current density of
1000 mA g™'. The initial specific discharge capacity of the
V,0;/carbon nanocomposites (444.8 mA h g™') is much
higher than 168 mA h g'1 for the V,0; nanoparticles and
165 mA h g for the pure KB carbon. Moreover, the

724

cycles at 100 mA g . (c) Rate performance of the two electrode materials. (d) Cycling performance at a current density of 1000 mA g .

capacity of the V,0;/carbon nanocomposites is quite stable
over 1000 cycles. However, the discharge capacity of the
V,0; nanoparticles presents an obvious decline over 300
cycles. Although the discharge capacity of the pure KB
carbon is stable, the discharge capacity is approximately
50% of the capacity for the V,0s/carbon nanocomposites.

Electrochemical impedance spectroscopy (EIS) mea-
surement was conducted to better explore the reason for
the improved electrochemical performance of the V,0;/
carbon composite. Fig.7 shows the obtained results and its
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Figure 7 Nyquist plots of the V,0; and V,0,/carbon nanocomposites as
anodes for NIBs and their simulation model for the calculation.

used equivalent circuit, in which R, represents the com-
bination of electrolyte resistance and Ohmic resistances of
cell components. R, and CPE stand for charge transfer
resistance between the electrode and the electrolyte and
double layer capacitance on the electrode surface, respec-
tively. As anode for NIBs, the simulated charge transfer
resistance (R.,) of the V,0s/carbon nanocomposite is 639.5
Q, which is much smaller than 1233.1 Q for the pure V,0;
electrode. The improvement can be mainly attributed to
the coherent porous V,0s;/carbon nanocomposites fra-
mework and the good contact between V,0; and KB
carbon, which facilitate the electrolyte penetration and
improve the electronic conductivity of the nanocompo-
sites.

According to the electrochemical performances men-
tioned above, the V,0s/carbon composite electrodes ex-
hibit higher specific capacities, better rate capability and
cyclic stability. The enhanced sodium storage capability
for the composite electrodes can be attributed to the co-
herent porous structures. The KB carbon can improve the
electronic conductivity of the electrode materials and the
coherent porous structure can facilitate the electrolyte
penetration and enlarge the contact area between electrode
and electrolyte, which can result in higher capacity and
better rate capability. Moreover, the vanadium oxide in the
composite can keep better integrity during the repeated
cycles, thus exhibiting improved cycling stability.

CONCLUSIONS

In summary, the coherent V,0s/carbon nanocomposites
has been synthesized via a facile hydrothermal method and
a followed annealing process. The VO, microspheres are
converted into VO, nanoparticles via a dissolution and
recrystallization process, and distribute homogeneously in

August 2017 | Vol.60 No.8

the KB carbon matrix. The obtained V,0; and KB carbon
nanocomposites are of high porosity and have a surface
area of 76.59 m’ g”'. As cathode materials for LIB or NIBs,
the composite electrode materials exhibit high capacity,
good rate capability and cycling stability. The good elec-
trochemical performances are attributed to the V,0s/car-
bon nanocomposites which possess high electronic
conductivity, large specific surface area, and high porosity.
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