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Spherically shaped vanadium pentoxide (V2O5) cathode powders with porous or dense morphologies are
prepared directly via spray pyrolysis by varying the preparation temperatures between 600 and 1000 �C.
The powders prepared at 600 �C consist of nanometer-sized rod-shaped crystals with porous structures.
The V2O5 powders prepared at 1000 �C have spherical shapes, clean surfaces, and dense structures,
because of complete melting of the powders that occurs inside the hot-wall reactor. The Brunauer
eEmmetteTeller (BET) surface areas of the V2O5 powders decrease from 24.7 to 3.2 m2 g�1 when the
preparation temperature increases from 600 to 1000 �C. The V2O5 powders prepared at 1000 �C have
better cycle properties than those prepared at 600 and 800 �C. The discharge capacity of the V2O5

powders prepared at 1000 �C decreases from 432 mAh g�1 to 263 mAh g�1 after 20 cycles, in which the
capacity retention is 61%.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The increasing demand for high power density, high energy
efficiency, and good rate performance from lithium ion batteries
has prompted extensive investigation of alternative cathode
materials [1]. Vanadium pentoxide (V2O5) is considered to be
a good cathode candidate for lithium ion batteries because of its
low cost and high theoretical capacity that reaches 440 mAh g�1

when three lithium ions are intercalated per mole of V2O5 [2e5].
However, the practical application of V2O5 as a cathode is

restricted by the dissolution of vanadium into the electrolyte,
which leads to rapid capacity fading on cycling [6e10]. To prevent
the dissolution of vanadium, various studies were performed
[11e16]. Chou et al. investigated the electrochemical performances
of the porous V2O5 nanoribbon cathode material combined with
a room temperature ionic liquid (RTIL) electrolyte [11]. The results
show that the RTIL can prevent the dissolution of V2O5 during
charge and discharge processes. Dawei et al. prepared the Al2O3-
deposited V2O5 xerosol films [12]. During the cycles, atomic layer of
Al2O3 which were coated onto V2O5 surface could prevent V2O5
electrode dissolution into electrolyte by reducing direct contact
between active electrode and electrolyte. And conducting polymers
are studied as coating material for electrode materials to improve
the electronic conductivity and prevent the electrode dissolution in
: þ82 2 458 3504.
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acidic medium [13e16]. Zhao et al. synthesized composites of V2O5
and polypyrrole (PPy) by hydrothermal reduction [13]. PPy modi-
fication of the V2O5 cathode improved cyclic performance.

Reducing the specific surface area of the cathode powder is
efficient in decreasing the dissolution of vanadium, due to reduc-
tion in the active material-electrolyte interface area. To synthesize
V2O5 cathode powders with low surface areas, high preparation
temperatures are required.

Generally, V2O5 cathode powders have been prepared by liquid
solution methods [17e21]. However, liquid solution methods
requiring a post-treatment process have the disadvantage of low
preparation temperatures, which are not suitable for the prepara-
tion of cathode powders with low surface areas. High post-
treatment temperatures result in the formation of V2O5 cathode
powders with large sizes and irregular morphologies, because of
the low melting temperature (690 �C) of V2O5.

Spray pyrolysis is suitable for the preparation of cathode
powders with fine-sized, non-aggregated, spherical, and dense
morphologies [22e26]. Feng et al. prepared V2O5 cathode powders
by spray pyrolysis at a low temperature (350 �C) [26]. The V2O5
powders post-treated at 420 �C had spherical shapes and high
surface area (114 m2 g�1). However, during spray pyrolysis, the
morphologies and specific surface areas of the V2O5 powders could
be controlled by changing preparation conditions, such as prepa-
ration temperatures and the flow rates of the carrier gas. In this
study, V2O5 cathode materials with differing morphologies and
surface areas were prepared directly by spray pyrolysis under
various preparation conditions. In particular, the effects of the
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preparation temperature on the morphologies, surface areas, and
electrochemical properties of the V2O5 powders were investigated.
The V2O5 cathode powders prepared at a high temperature (above
the melting temperature of V2O5) had spherical shapes,
high crystallinity, low surface areas, and good electrochemical
properties.

2. Experimental

The precursor solution was prepared by dissolving vanadium
pentoxide in distilled water and nitric acid with heating, to obtain
a V2O5 concentration of 0.08 M. The V2O5 powders were prepared
directly by ultrasonic spray pyrolysis at 600, 800, and 1000 �C
without post-treatment. The schematic diagram of the equipment
is shown in Fig. 1. The spray pyrolysis system consists of a droplet
generator, a quartz reactor, and a teflon bag filter (powder
collector). A 1.7 MHz ultrasonic spray generator having six vibrators
was used to generate a large amount of droplets, which are carried
into the high temperature tubular reactor by a carrier gas. The
length and diameter of the quartz reactor are 1200 and 50 mm,
respectively. The length of a single zone heating furnacewas 60 cm.
The flow rate of air used as the carrier gas was varied between 10
and 60 Lmin�1.

The morphological characteristics of the powders were investi-
gated by scanning electron microscopy (SEM, JEOL JSM-6060) and
field emission scanning electron microscopy (FE-SEM, HITACHI, S-
4300). The crystal structures of the V2O5 powderswere investigated
by X-ray diffractometry (XRD, X’Pert PRO MPD) using Cu Ka radia-
tion (l¼ 1.5418 Å). The specific surface areas of the V2O5 powders
were measured according to the BrunauereEmmetteTeller (BET)
method and the pore size distributions were calculated using the
BarretteJoynereHalenda (BJH) model. The capacities and cycle
properties of the V2O5 cathode powders were measured using
a 2032-type coin cell. The cathode electrode was prepared from
Fig. 1. Schematic diagram of the spray pyrolysis process.
a mixture of 20 mg V2O5 and 12 mg TAB (TAB is a mixture of 9.6 mg
teflonized acetylene black and 2.4 mg binder). Lithium metal and
a microporous polypropylene film were used as the anode and the
separator, respectively. The electrolyte was 1 M LiPF6 in a 1:1
mixture by volume of ethylene carbonate (EC)/dimethyl carbonate
(DMC). The charge/discharge characteristics of the samples were
investigated during cycling in the 1.5e4 V potential range at
constant current densities of 29.4 and 294 mA g�1.

3. Results and discussion

The characteristics of the powders prepared by spray pyrolysis
were affected by the preparation temperature and powder resi-
dence time inside the hot-wall reactor. In particular, the
morphologies and specific surface areas of the V2O5 powders
were sensitively affected by the preparation conditions because of
the low crystallization and melting temperatures of V2O5. The
melting temperature of V2O5 is low as 690 �C. The morphologies
of the V2O5 powders prepared at various temperatures were
investigated by SEM, FE-SEM, and TEM (Figs. 2e4). The V2O5
powders obtained by spray pyrolysis at a constant carrier-gas
flow rate of 20 Lmin�1 had spherical morphologies irrespective
of the preparation temperature. During spray pyrolysis, one
powder particle was formed from one droplet by the drying,
decomposition, and crystallization or melting processes inside
the hot-wall reactor. Thus, the spherically shaped V2O5 powders
prepared at a low temperature (600 �C) were composed of
nanometer-sized rod-shaped crystals because of the low crystal-
lization temperature of V2O5. The V2O5 powders prepared at
800 �C were also composed of rod-shaped crystals, but the crys-
tals had grown more than the powders prepared at 600 �C and
the crystals were partially melted (Fig. 3b). The V2O5 powders
prepared at 1000 �C displayed a bimodal size distribution of
nanosized and micron-sized powders (Fig. 3c).

The morphologies of the V2O5 powders prepared at 1000 �C
with different carrier-gas flow rates were investigated to probe
their formation mechanisms. Fig. 5 shows the SEM images of the
V2O5 powders prepared by spray pyrolysis at 1000 �C and at carrier-
gas flow rates of 10, 40, and 60 Lmin�1. The residence time of the
powder inside the hot-wall reactor decreased from 1.7 to 0.3 s
when the carrier-gas flow rate was varied from 10 to 60 Lmin�1.
The V2O5 powders prepared at the high carrier-gas flow rate of
60 Lmin�1 had spherical morphology and a smooth surface due to
the formation of fine rod-shaped crystals. Growth of the rod-
shaped V2O5 crystals did not occur at 1000 �C because of the
short residence time of the powder inside the hot-wall reactor.
When the carrier-gas flow rate was 40 Lmin�1, growth of the rod-
shaped crystals resulted in V2O5 powders with porous structures
and rough surfaces, as indicated by arrows in Fig. 5b. The V2O5
powders prepared at the low carrier-gas flow rate of 10 Lmin�1 had
spherical shapes, clean surfaces, and dense structures, because of
complete melting of the powders that occurred inside the hot-wall
reactor. Some of the rod-shaped particles converted into nanosized
particles on the surface of the submicron-sized V2O5 powders. The
formation mechanism of the V2O5 powders during the spray
pyrolysis according to the preparation temperature is described in
Fig. 6.

The crystal structures of V2O5 powders directly prepared by
spray pyrolysis at various temperatures are shown in Fig. 7. The
flow rate of the carrier gas was 20 Lmin�1. Irrespective of the
preparation temperature, the XRD pattern of each powder
corresponds to the orthorhombic structure of V2O5 (JCPDS 41-
1426). No impurity peaks were detected. However, the powders
prepared at 600 �C had poor crystallinity because of short resi-
dence time of the powders inside the hot-wall reactor. The mean



Y.N. Ko et al. / Journal of Power Sources 211 (2012) 84e9186
crystallite sizes of the powders prepared at 600, 800, and 1000 �C,
calculated from the (001) peak widths using Scherrer’s equation,
were 19, 31, and 28 nm, respectively. Complete melting of the
powders slightly decreased their mean crystallite size. Fig. 8
shows the thermogravimetry (TG) and differential scanning
calorimetry (DSC) curves of the V2O5 powders obtained at 600,
800, and 1000 �C. The TG curves of these powders prepared at
Fig. 2. SEM images of the V2O5 powders prepared by spray pyrolysis at various
temperatures.
600 and 800 �C showed that they had slight weight losses
because of the loss of adsorbed water molecules. However, no
exothermic or endothermic peaks were observed in the DSC
curves of these samples. From the TG and DSC results, it was
confirmed that the precursor component was completely
decomposed despite the short residence time of the powders
inside the reactor maintained at 600 �C.
Fig. 3. FE-SEM images of the V2O5 powders prepared by spray pyrolysis at various
temperatures.



Fig. 4. TEM images of the V2O5 powders prepared by spray pyrolysis at various
temperatures.
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The pore structures of the spherical V2O5 powders also were
affected by the preparation temperature when the flow rate of the
carrier gas was 20 Lmin�1. The BJH pore size distributions of the
V2O5 powders obtained at different temperatures were investi-
gated, as shown in Fig. 9. The V2O5 powders prepared at 600 and
800 �C contained mesopores with pore sizes between 3 and 5 nm.
Fig. 5. SEM images of the powders prepared by spray pyrolysis at various carrier-gas
flow rates at 1000 �C.



Fig. 6. Schematic diagram of the formation of the V2O5 powders in the spray pyrolysis.
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The pore volumes of the powders prepared at 600 and 800 �C were
0.039 and 0.044 cm3 g�1, respectively. However, the V2O5 powders
prepared at 1000 �C had dense structures without pores. The BET
surface areas of the V2O5 powders prepared at 600, 800, and
1000 �C were 24.7, 13.5, and 3.2 m2 g�1, respectively.

The electrochemical performances of the V2O5 powders
prepared by spray pyrolysis at various temperatures were inves-
tigated in the voltage range of 1.5e4 V at a constant current
density of 29.4 mA g�1. The flow rate of the carrier gas was
20 Lmin�1. Initial charge/discharge curves are shown in Fig. 10.
The V2O5 powders prepared at 600, 800, and 1000 �C had high
initial discharge capacities of 404, 427, and 432 mAh g�1, respec-
tively. The initial charge capacities were 355, 385, and
375 mAh g�1 when the preparation temperatures of the powders
were 600, 800, and 1000 �C, respectively. The poor crystallinity
and adsorbed water molecules decreased the first charge and
discharge capacities of the powders prepared at a low temperature
of 600 �C. Irrespective of the preparation temperatures, four
plateaus were observed in the initial discharge curves that relate
to phase transitions between a-LixV2O5 (x< 0.01), 3-LixV2O5
(0.35< x< 0.7), d-LixV2O5 (x¼ 1), g-LixV2O5 (1< x< 2), and u-
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Fig. 7. XRD patterns of the V2O5 powders prepared by spray pyrolysis at various
temperatures.
LixV2O5 (2< x� 3) [20,27]. The V2O5 powders prepared at 1000 �C
had larger initial charge and discharge capacities than those
prepared at 600 and 800 �C. Subsequent charge/discharge
performances and incremental capacity curves of the V2O5
powders prepared at 1000 �C are shown in Fig. 11. The distinct
reduction peaks at 3.32, 3.11, 2.26, and 1.93 V in the first incre-
mental capacity curve are indicative of the formation of 3-LixV2O5,
d-LixV2O5, g-LixV2O5, and u-LixV2O5 phases, respectively. After the
irreversible u-LixV2O5 phase is formed at a low voltage in the
initial lithiation process, Liþ cannot be completely removed during
the initial delithiation process [27,28]. Thus, the V2O5 cathode
powder had a low discharge capacity (325 mAh g�1) at the second
cycle, and the plateaus shown in the initial discharge curve dis-
appeared in the subsequent discharging curves. During subse-
quent cycles, there were only single broad reduction/oxidation
peaks at around 2.35/2.58 V, as shown in Fig. 11b. These peaks
indicated the reversibility of the oxidation/reduction reactions.
Fig. 12 shows the XRD patterns of the V2O5 cathode before and
after electrochemical test. The crystal structures of the cathode
samples which formed from the V2O5 powders prepared at
1000 �C and teflonized acetylene black before and after
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Fig. 8. TG/DSC curves of the V2O5 powders prepared by spray pyrolysis at various
temperatures.
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electrochemical test were investigated at fully charged or dis-
charged state. The crystal structure of the cathode samples
changed after first cycle. However, the cathode samples had the
same crystal structure after electrochemical test irrespective of the
cycle numbers. Therefore, the charge and discharge curves of the
cathode had the same shape irrespective of the cycle numbers
from the second charge/discharge cycle.

Cycle properties of the V2O5 powders prepared at various
temperatures are shown in Fig. 13. Regardless of the preparation
temperatures, the V2O5 powders prepared by spray pyrolysis had
large first irreversible capacity losses which resulted from the
formation of the irreversible phase. After 20 cycles, the discharge
capacities of the V2O5 cathode powders prepared at 600, 800, and
1000 �C decreased to 229, 212, and 263 mAh g�1, respectively. The
capacity retentions of the powders prepared at 600, 800, and
1000 �C were 57, 50, and 61%, respectively. The V2O5 powders
prepared at 1000 �C had better cycle properties as a result of low
pore volume and low specific surface area, which reduced the
active materialeelectrolyte interface area and the dissolution of
vanadium.

First and second charge/discharge performances of the V2O5
powders at a constant current density of 294 mA g�1 are shown in
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Fig. 10. Initial charge/discharge curves of the V2O5 powders prepared at various
temperatures at a constant current density of 29.4 mA g�1.
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Fig. 11. Subsequent charge/discharge curves (a) and incremental capacity curves (dQ/
dV) (b) of the V2O5 powders prepared at 1000 �C.
Fig. 14. The V2O5 powders prepared at 600, 800, and 1000 �C
had initial discharge capacities of 281, 247, and 174 mAh g�1,
respectively. In contrast to the initial discharge capacities of the
powders at a constant current density of 29.4 mA g�1, V2O5
powders prepared at 600 �C had higher capacity than those of V2O5

powders prepared at 800 and 1000 �C. This is due to the
improvement of the electrochemical performance of the V2O5

powders prepared at 600 �C as a result of high surface area and
short Li-diffusion path. The poor electronic conductivity (10�2 to
10�3 S cm�1) and low diffusion coefficient of lithium ions
(Dw 10�12 cm2 s�1) in vanadium oxide are known to lead to poor
electrochemical performance at high current densities [29e31].
The Coulombic efficiency was calculated by dividing the charge
capacity by discharge capacity. The Coulombic efficiencies of the
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V2O5 cathode powders prepared at 600, 800, and 1000 �C were 80,
89, and 83%, in the first cycle. The cathode powders prepared at
600 �C had a low Coulombic efficiency because of low crystallinity
and high surface area by increasing the dissolution characteristics
of V component. The high current rate decreased the Coulombic
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Fig. 14. First and second charge/discharge curves of the V2O5 powders prepared at
various temperatures at a constant current density of 294 mA g�1.
efficiency of the V2O5 cathode powders with dense structure
without pores.

4. Conclusions

The physical and electrochemical properties of V2O5 powders
prepared directly by spray pyrolysis were investigated. The
powders had a pure phase corresponding to the V2O5 crystal irre-
spective of the preparation temperature. However, the morphol-
ogies and electrochemical properties were affected by the
preparation temperatures of the powders. The V2O5 powders
prepared at 600 �C had porous nanostructures and high BET surface
areas. In comparison, the V2O5 powders prepared at 1000 �C had
dense structures without pores and small BET surface areas. The
V2O5 powders with dense structures, high crystallinity and low
adsorbed water molecules had large initial discharge capacities and
good cycle properties at a low current density, as a result of the
reduction of the active material-electrolyte interface area and the
dissolution of vanadium. However, the V2O5 powders prepared at
600 �C with high surface area had higher discharge capacity than
those of V2O5 powders prepared at 800 and 1000 �C.
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