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Abstract

VO,(B) has been successfully synthesized by simple, facile and environmental friendly one-step solvothermal method using V,05 and ethanol
as a starting agent. Obtained micrometer-sized powder was composed from mutually welded nanosized rod-like, flat and snowflake structures.
VO,(B) powder was tested for possible application as anode material for aqueous lithium ion batteries. Lithium intercalation/deintercalation
reaction has been carried out by cyclic voltammetry in a saturated aqueous solution of LiNO;. At scan rate of 10 mV s~ ! very stable cyclic

performance of such obtained VO, was established with discharge capacity around 184 mAh g™ .

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Among the transition metal oxides, vanadium dioxide (VO,)
with four different polymorphic structures appears to be a
particularly attractive material for various important applica-
tions. As a result of a reversible first-order metal-insulator
transition at a temperature of 7.=~68 °C (340 K) [1-4]
monoclinic vanadium dioxide VO,(M) has been considered for
applications in field-effect transistors [5,6] switches [7-9]
sensors [10,11] and smart windows [12,13]. On the other hand,
metastable VO,(B) is a promising anode material for aqueous
lithium ion batteries [14—16] due to a proper electrode potential
and tunnel structure that enables reversible intercalation and
deintercalation of lithium ions [17]. In the past fifteen years the
interest in studies of Li* ion batteries with aqueous electrolytes
has grown exponentially since aqueous electrolytes are cheap,
environmental friendly and nontoxic [14-16,18-21].

The hydrothermal/solvothermal synthesis (HT/ST) is the
most commonly reported method for synthesis of VO,. The
benefits of these methods are the relatively low required
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temperature, environmental friendly reaction conditions, and
controllable morphology and size distribution. Table 1 shows a
review of VO,(B) HT/ST synthesis routes according to the
literature data together with our results.

It can be seen from Table 1 that HT/ST synthesis of VO,(B)
and VO,(M) is delicate because it greatly depends on
parameters such as temperature, time of synthesis and pH
value [2,22]. The adjusting those parameters to get pure phase
is usually an intricate task. VO,(B) exhibits different
morphology: from nanowires and nanobelts to urchin and
flower-like, depending on terms of synthesis. Different
precursors lead to different post treatment of product. Starting
temperatures are relatively high, while the time of synthesis
goes from 12 to 48 h (see Table 1). On the other hand it is very
difficult to obtain pure VO,(B) phase: Son et al. [2] reported a
mixture of two polymorph phases VO,(B) and VO,(M) when
HT synthesis was performed at 220 °C during 48 h.

All four VO, polymorphs, VO,(R), VO,(M), VO,(B), and
VO,(A), are based on an oxygen bcc lattice, with vanadium in
octahedral sites of the more or less regular oxygen octahedra.
They can be separated into two groups, depending on the
mutual orientation of the fourfold axis of the oxygen octahedra.
The oxygen octahedra can be aligned either along two
perpendicular directions, as in the case of VO,(R) (rutile
structure) and VO,(M) (monoclinic deformed structure); or
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Table 1
HT/ST synthesis of VO,(B): literature data and our results.
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Literature Synthesis mode 7 (°C), ¢ (h) Precursor Crystal structure and morphology
[17] 200, 24 V({IV)O(acac), + PVP solution Monoclinic VO,(B) (C2/m) SEM: flowerlike morphology
[22] 180, 24 NH4VO; + deionized H,O + HCOOH Monoclinic VO»(B) (C2/m) SEM: nanobelts
[23] 180, 12 V,0s + ethylene glycol + distilled H,O VO,(B) monoclinic (C2/m) TEM: nanowire arrays
[24] 180, 24 V,05 + aqueous solution with different Monoclinic VO,(B) nanobelts, nanosheets and
concentrations of oxalic acid olive-like nanostructures
[25] 180, 24 V5,05 + glukcose (in molar ratio 1:1) + Monoclinic VO»(B) (C2/m) SEM: belt-like morphology
deionized H,O
[26] 180, different V,05 + PDDA polyelectrolyte Monoclinic VO,(B) SEM: rod-like morphology
reaction times 36, 48
[27] 180, different reaction V,05 + HyO, + distilled H,O + oxalic acide Monoclinic VO,(B) SEM: urchin-like morphology
times 12, 24 and nanosheets
[28] 180, 48 V,05-nH,0 sols + H,C,0,4:2H,0 Monoclinic VO»(B) (C2/m) SEM: nanobelt morphology
Our results 160, 24 V,05 + ethil alcohol Monoclinic VO,(B) (C2/m) SEM: different nanounits welded

in micrometer-sized structures

oxygen octahedra can be mainly aligned along one direction as
in VO,(B) and VO,(A) [1]. Under HT conditions VO,(A) is the
intermediate phase during transition from the metastable
monoclinic VO,(B) to the stable tetragonal rutile VO,(R) phase.
Based on theoretical investigation and in situ electron
microscopy Leroux et al. gave the complete description of
crystallographic structures of all four oxides [1].

Although there is waste literature data on HT/ST synthesis,
one step solvothermal synthesis at low temperatures has not
been achieved yet. For that reason in this paper we report a
simple one step ST synthesis of pure VO,(B) starting from
V,05 and ethanol, without addition of any surfactants or any
post thermal treatment. The structure and morphology of
obtained powder material were characterized by X-ray powder
diffraction (XRD) and scanning electron microscopy (SEM),
respectively. Its possible application as cathode and anode
material in rechargeable Li-ion batteries has been tested by
cyclic voltammetry (CV). The CV is a fast and simple
electrochemical method to test cathodic and anodic materials in
aqueous solution, and to predict their long-term constant
current cycling behavior [20,21].

2. Materials and methods

Nanostructurated VO,(B) has been synthesized by ST
method using 32 ml teflon lined autoclave. 230 mg of vanadium
pentoxide (Merck 99.99%) and 22.5 ml of ethanol (Merck
96%) were stirred vigorously (magnetic stirrer) for 30 min
before filling autoclave. Reaction in autoclave occurred at
T =160 °C for 24 h. Autoclave was then allowed to gradually
cool down to room temperature. The dark blue precipitate was
rinsed several times with ethanol, centrifuged and then dried in
the oven at 7= 50 °C for 2 h. The mass of obtained powder was
around 208 mg, which is close to theoretical value for complete
conversion of V,05 to VOs,.

The X-ray powder diffraction measurements were per-
formed by Siemens Kristallflex D-500 diffractometer using Cu
Ko » Ni filtrated radiation in 26° range from 10 to 75° using
0.02° step and exposition time of 5 s. The crystallite size was
obtained by Cauchy/Gaussian approximation.

Morphological characterization was carried out by SEM
VEGA TS 5130MM, Tescan Brno.

Cyclic voltammograms were recorded using Gamry PCI4/
300 Potentiostat/Galvanostat. All CV experiments were
conducted in a three-electrode cell with VO,(B) as a working
electrode, a wide platinum foil as counter electrode, and a
saturated calomel electrode (SCE) as the reference one. The
working electrodes were prepared in the following way:
85 wt.% of the active powder, 10 wt.% of carbon black and
5 wt.% of poly(vinylidene fluoride) (PVDF) binder were added
together to N-methyl-2-pyrrolidone solvent. This slurry was
homogenized for 30 min in an ultrasonic bath, and one drop
was taken and spread over a glassy carbon stick, which was then
heated under vacuum at 140 °C for about 4 h in order to let the
solvent evaporate. The saturated aqueous solution of LiNOj;
was used as electrolyte. The cyclovoltammograms were
recorded at a scan rate of 10 mV s~ ' in the potential range
from +0.5V to —1 V vs. SCE.

3. Results and discussion

The blue-black precipitate is obtained after ST synthesis
indicating that the reduction from V* to V** occurred. The
diffraction pattern shown in Fig. 1 can be entirely indexed to a
pure monoclinic VO,(B) according to JCPDS Card No. 31-
1438. Vertical bars are placed at the positions of Bragg
reflections. The broad diffraction peaks indicate that the powder
is nanocrystalline. In fact, calculated crystallite size from
Cauchy/Gaussian approximation is around 15 nm. It is obvious
that the use of ethanol as solvent and reducing agent enabled ST
synthesis of pure crystalline VO,(B) powder at 160 °C without
using surfactants and subsequent thermal treatment. According
to our knowledge (see Table 1), 160 °C is the lowest ST
synthesis temperature reported so far.

Fig. 2 shows SEM images of VO,(B) synthesized
solvothermally. The product consists of a large amount of
irregular flat particles, significant concentration of rods and the
small amount of snowflake particles. The thickness of flat
particles and rods is around 200 nm while the length of rods is
under 5 wm (Fig. 2a). Single particles mostly less than 400 nm
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Fig. 1. XRD pattern of VO,(B) powder material obtained by ST synthesis.

Vertical markers indicate the position of Bragg reflections of VO,(B) according
to JCPDS Card No. 31-1438.

are melted together in different structures (Fig. 2a). Some
amount of flower-like structures can be also observed (Fig. 2b
and ¢). Generally, all nanounits are mutually welded in different
micrometer-sized structures. Many pores with different

diameter sizes can be also observed among the agglomerates.
These pores may serve as transport paths for small molecules
and ions, and also enhance contact area with nanosized particles
(Fig. 2c). Cao et al. [29] reported similar results using a method
of hydrothermal synthesis of W-doped VO, rutile-type powders
by using V,0s in oxalic acid blending with a small amount of
tungstenic acid via one-step hydrothermal reactions at 240 °C.
Although the reason for formation of different nano-shapes
of VO,(B) is still unclear, the existence of welded, i.e. strongly
bonded particles most likely indicates dissolution—precipitation
mechanism of ST reaction [30]. Ethanol has lower relative
dielectric constant than water, but being more volatile than
water it develops higher autogenerated pressure. Such pressure
is probably the main driving force for ST reaction to occur at
160 °C in 96% ethanol. Small amount of water in the autoclave
may contribute to the dissolution process of V,0s, but larger
fraction would decrease the reducing power of ethanol [31].
The CV curves of ST obtained VO,(B), recorded at a scan
rate of 10 mV s~ ', are shown in Fig. 3. The voltammograms
indicate preferably one stage intercalation/deintercalation
process of Li* ions. The position of cathodic/anodic peak
corresponding to Li* intercalation/deintercalation stands at
—0.68 V/-0.46 V vs. SCE respectively. Both peaks are

Fig. 2. SEM images of solvothermally synthesized VO,(B): (a) different nanounits welded in micrometer-sized structure, (b) snowflake- and flower-like structures

and (c) the presence of void space between micrometer-sized particles.
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Fig. 3. Cyclic voltammograms of VO,(B) in saturated LiNO; aqueous solution,

at a scan rate of 10 mV s~ .

significantly shifted towards negative potentials comparing to
values obtained for V,0s5 xerogel [18,19]. A capacity fade is
negligible in the next four cycles. The charge and discharge
capacities calculated from cyclic voltammograms are similar
and amount approximately 184 mAh g~'. This capacity value is
a significant one for this kind of electrode material in aqueous
electrolyte, especially having in mind that sweep rate of
10 mV s~ ' is very high for the lithium intercalation/deinterca-
lation process [32]. Discharge capacity of nano-VO,(B) in
organic electrolytes drops in the first few cycles and depends
very much on the type of electrolyte and the size of
nanostructures [33]. Self-assembling of nanounits into micro-
meter-scale structures seems to give robustness to VO,(B) so it
can sustain electrochemical cycling without significant
capacity drop [17,34]. The very good performance in CV
experiments obtained here is most likely due to both micro-
nano morphology and the use of water based electrolyte. We
suppose that nanounits welded in microstructures exposed to
highly conductive aqueous electrolyte are strong enough to
enable fast insertion and extraction of lithium from a large
surface area of material without or with very small changes in
its structure. These properties of VO,(B), prepared here by
simple ST method, make it a good candidate for anodic material
for aqueous lithium battery. In combination with appropriate
cathodic materials [20,21] it can be used for assembling the
aqueous lithium battery which can deliver voltage over 1.5 V.

4. Conclusion

VO,(B) powder has been successfully synthesized through
one-step solvothermal method starting from V,05 and ethanol,
without using surfactants and subsequent thermal treatment.
The synthesized VO,(B) powder exists as a micrometer-sized
structures obtained from welding of different nanounits.
Appropriate electrode potential and stable cyclic performance
with high capacity make this material a perspective anode
material for aqueous lithium ion batteries with voltages even

higher than 1.5 V. However, the performances should be
additionally tested by long term galvanostatic experiments.
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