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Abstract

Ž .A new form of vanadium oxide, Na O V O , is synthesised by precipitation of sol and removing water. Its performance as a2 0.23 2 5

cathode material is studied by chronopotentiometry and cyclic voltammetry. A capacity of more than 220 mA h gy1 can be obtained in 12
cycles when the voltage is from 3.8 to 1.8 V. Its capacity and cyclability are satisfactory in comparison with other forms of vanadium

Ž . Ž .oxide and synthesis is relatively easy. X-ray diffraction XRD studies show that Na O V O is quasi-tetragonal crystal after heating2 0.23 2 5
Ž .at a temperature below 2508C. The crystallites of Na O V O are in platelet form, and their dimensions are less than 2 mm.2 0.23 2 5

Ž . Ž . Ž .Thermogravimetric analysis TGA and differential scanning calorimetry DSC studies found that the sol-precipitate, Na O V O P2 0.23 2 5

xH2O, can lose water at 2008C. q 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Many forms of vanadium oxide have been studied as
w xcathode materials for lithium batteries 1–7 , especially

when a polymer is used as the electrolyte. Crystal vana-
Ž .dium oxide c-V O when used as such a cathode material2 5

exhibits poor rechargeability and unsatisfactory voltage
regulation because of changing crystallinity during dis-

w xcharge–charge cycles 1–3 . Types of amorphous vana-
Ž .dium oxide a-V O , such as V O –P O , V O –TiO ,2 5 2 5 2 5 2 5 2

V O –TeO , have been studied as cathode materials for2 5 2
w xuse in lithium batteries 4,6,8 . By comparison with c-V O ,2 5

they are more satisfactory in terms of rechargeability,
voltage regulation and reversible intercalated lithium value

Ž .per mole V O =Frmol V O . Obviously, their specific2 5 2 5

capacities will decrease if the weight of the inert ingredi-
ents such as P O , TiO , TeO is considered. Recently,2 5 2 2

Ž .V O xerogel XRG-V O was studied as a cathode mate-2 5 2 5
w xrial 7 . It is an amorphous form of V O synthesised by a2 5

sol–gel method. XRG-V O has a larger specific capacity2 5

) Corresponding author.

than a-V O . b-Bronze, Na V O , is a form of monoclinic2 5 x 2 5

crystal oxide that has been used as a cathode material
w x q9,10 , and can be obtained by annealing Na -ion ex-
changed product from XRG-V O at 5508C. In this study2 5

we have synthesised a new form of vanadium oxide,
Ž .Na O V O , by precipitation of sol and removal of2 0.23 2 5

water. Its performance as a cathode material is studied by
chronopotentiometry and cyclic voltammetry.

2. Experimental

Ž .The Na O V O PxH O was synthesized by reflux-2 0.23 2 5 2

ing a sol of V O . The latter was produced according to2 5
w xthe method described by Lemerle et al. 10 , except that

the solution of NaVO was acidified by adding an acid3

solution instead of a proton exchanging resin. After pre-
cipitation from the V O sol, the product was washed with2 5

Ž .water and filtered. The resulting Na O V O PxH O2 0.23 2 5 2

could be used as cathode material after removal of water at
2508C for 10 h. The composition of the product was

Ž .analyzed with atomic absorption spectrophotometry AAS ,
inductive coupled plasma, atomic emission spectrophotom-

Ž . Ž .etry ICP-AES and X-ray fluorescence XRF . The sol-
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precipitated sample was used in TGA and DSC experi-
ments after being dried at 1208C in a vacuum oven. The
TGA and DSC measurements were performed in air. XRD
patterns were obtained using a Philips PW 1729 X-ray
powder diffractometer. X-ray profiles were measured be-
tween 5 to 608 using a monochromatized CuK radiationa

˚Ž .source ls1.5418 A . The morphology of the samples
was examined with a JEOL-JSM35CF scanning electron
microscope.

The composite cathode electrode materials were pre-
pared from active material, carbon black and polytetrafluo-

Ž .roethylene PTFE binder. The cathodes were made by
pressing the composite cathode electrode material on to an
aluminium disc at a pressure of 2.4 Torr cmy2 . The
electrode diameter was 18 mm. The anodes were lithium
foils pressed on nickel discs. The cathodes, polyethylene
separators, and anodes were assembled in a sandwich
structure. Cyclic voltammetry was performed on flooded
cells. The electrolyte was prepared by dissolving LiClO4

in blended EC and DMC. The concentration of LiClO was4

1.0 M, and the volumetric ratio of EC:DMC was 1:1.

3. Results and discussion

3.1. TGA and DSC analysis

Ž .The Na O V O PxH O dried at 1208C typically2 0.23 2 5 2

contained 6.95 wt.% water, as shown in Fig. 1. This
proportion of water corresponded to xs0.814. The water
is lost at 190–2008C, as shown by DSC and TGA. TGA
shows that the sample treated at 2508C is stable up to
7008C. This indicates that the water can be removed
completely if the sample is treated at 2508C for 10 h.

3.2. X-ray diffraction

XRD patterns of samples are reported in Fig. 2. They
w xare similar to that for b-V O 11 , and belong to the2 5
Ž .tetragonal crystal system. The Na O V O PxH O2 0.23 2 5 2

treated at 1208C is poorly crystalline, as indicated by lower
peak intensity. The 200 peak is found at 2us11.8408,

˚ ˚corresponding to ds7.468 A and as14.937 A. Other
samples treated at temperature 2508C have 200 peaks at

˚ ˚2us12.88, corresponding to ds6.90 A and as13.88 A.
This is caused by water loss. The crystallinity of the
samples becomes perfect at temperature above 4508C. In
contrast, poor crystallinity is maintained at 2508C. The
peak intensity is the same as that of a sample treated at
1208C, but the peak position is identical to that of a sample

Ž .treated at 4508C. The Na O V O PxH O can lose2 0.23 2 5 2

water and maintain the quasi-crystal state after heating at
2508C for 10 h. This result agrees with the TGA and DSC
results.

Ž . Ž .Fig. 1. DSC and TGA curves of Na O V O PxH O. a DSC of the2 0.23 2 5 2
y1 Ž .sample treated at 1208C, 58C min , in air; b TGA of sample treated at

y1 Ž .1208C, 58C min , in air; c TGA of sample treated at 2508C, 108C
miny1, in air.

3.3. Electrochemical performance

The electrochemical behaviour of the sample heated at
2508C in a galvanostatic mode is illustrated in Fig. 3. The
characteristic voltage curve displays a single step for Li
insertion around 2.4 V with a first discharge capacity of
270 mA h gy1 when 1.7 V is selected as the cut-off
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Fig. 2. XRD patterns of the samples treated at different temperatures.

voltage. The first discharge capacity is equal to a faradaic
yield of 1.98 Frmol and corresponds to the quasi-quantita-
tive reduction of V5q ions to V4q ions. This value is
higher than that of XRG V O , 250 mA h gy1 equal to a2 5

w xfaradaic yield of 1.8 Frmol 12 . However, the voltage is
lower than that of XRG V O . This may be caused by2 5

higher current density, 100 mA cmy2 , and the lower
Ž .conductivity of Na O V O . The large voltage differ-2 0.23 2 5

ence between the discharge and the charge curve is due to
Ž .the poor conductivity of Na O V O . The performance2 0.23 2 5

Ž .over 12 cycles is shown in Fig. 4. The Na O V O is2 0.23 2 5

cyclable when the capacity is 220 mA h gy1, correspond-
ing to 1.61Frmol. The capacity is over 220 mA h gy1

after 12 cycles.
The electrochemical characteristics of the sample treated

at 2508C were evaluated from the cyclic voltammetric
study shown in Fig. 5. The single oxidizing step is verified

Ž .Fig. 3. Cyclic characteristics of Na O V O as a cathode material;2 0.23 2 5

current density: 100 mA cmy2 .

by the single broad anode peak at 2.8 V. The single
cathode peak at 2.3 V and the two shoulders at 2.6 and 2.8
V show that the multi-reducing steps merge, and cannot be
divided clearly. This result indicates that there are no
structural changes during the lithium intercalating and
de-intercalating process.

Ž .The discharge–charge curves of Na O V O an-2 0.23 2 5

nealed at 4508C, and the discharge curves of
Ž .Na O V O annealed at 5008C are given in Figs. 6 and2 0.23 2 5

7, respectively. From Fig. 6, it is seen that the capacity is
less than 180 mA h gy1 and the cyclability is poor. The
data in Fig. 7 show that the capacity of the sample
annealed at 5008C is ;150 mA h gy1, and after 3 cycles,
the capacity decreases less than to 60 mA h gy1. The

Ž .Fig. 4. Discharge–charge curves of battery with Na O V O ; current2 0.23 2 5

density: 100 mA cmy2 . n represents nth charging and n represents nthc d

discharging.
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Ž .Fig. 5. Cyclic voltammetry of flooded cell with Na O V O .2 0.23 2 5

results indicate that the perfect tetragonal crystal
Ž .Na O V O exhibits poor electrochemical performance2 0.23 2 5

as a cathode material.

3.4. SEM

Ž .The morphologies of Na O V O annealed at dif-2 0.23 2 5

ferent temperatures are illustrated by electron micrographs
in Fig. 8. The crystallite form changes with treatment
temperature. Samples treated at 120 and 2508C have a
similar crystal structure, the crystallites consist of platelets
of length less than 2 mm and width less than 0.4 mm.

Ž .Fig. 6. Discharge–charge curves of battery with Na O V O an-2 0.23 2 5

nealed at 4508C as cathode material, 1c represents 1st charge and nd

represents nth discharge.

Ž .Fig. 7. Discharge curves of battery with Na O V O annealed at2 0.23 2 5

5008C as cathode material n represents nth discharge.d

Samples annealed at 350 and 4508 have a similar structure,
the crystallites are again platelets, but of a size that is
larger than that of the 120 and 2508C samples. The crystal-
lite size increases with treatment temperature. The crystal-
lites of the 500 and 5508C samples are larger hexahedrons
with square faces. The longer sides of the faces are up to
several mm in length, and the shorter sides are less than 1
mm. This morphological study reveals that the samples
change to a perfect crystal structure after annealing at
temperatures over 4508C. This finding agrees with the
X-ray results. The imperfect crystallites of samples treated
at a temperature below 2508C have larger surface area and
a more flexible morphology. This results in larger capacity

w xand better cyclability as cathode materials 13 .

3.5. IR results

Ž .The IR spectra of c-V O and Na O V O annealed2 5 2 0.23 2 5

at different temperatures is presented in Fig. 9. For
Ž .Na O V O annealed at 450 and 5008C, the peaks2 0.23 2 5

y1 Ž .indicate the double bond V5O at 1011 cm in V O2 5
Ž .divided into triple peaks. For Na O V O annealed at2 0.23 2 5

4508C, the V5O triple peaks are at 957.8, 979.0 and
1003.1 cmy1. For the sample annealed at 5008C, the peaks
are at 955.8, 973.2 and 998.3 cmy1. This result suggests

Ž .that V5O in Na O V O is different from that in2 0.23 2 5

c-V O . The breaking of the V5O double bond may be2 5

caused by the different position of V5O in the crystal cell.
ŽSamples with a poorly crystalline state e.g., those treated

.at 120 and 2508C have the V5O double bond peak
divided into four peaks, at 948.1, 962.6, 1005.03 and
1017.6 cmy1 for the 1208C sample, and 955.8, 977.1,
100.2 and 1026.2 cmy1 for the 2508C sample. These

Ž .features show that the Na O V O is very different in2 0.23 2 5

structure from amorphous 18TiO P82V O , V O PP O ,2 2 5 2 5 2 5

15Li OP85V O and gel-V O with one V5O peak simi-2 2 5 2 5
w xlar to that for c-V O 4,6,8 . The V–O vibration peaks2 5

y1 Ž .shifted from 810.3 cm c-V O to 720.5, 743.6, 752.32 5
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Ž . Ž . Ž . Ž . Ž . Ž .Fig. 8. Electron micrographs of samples annealed at different temperatures: a 1208C; b 2508C; c 3508C; d 4508C; e 5008C; f 5508C.

and 767.8 cmy1 for samples treated at 120, 250, 450 and
5008C, respectively. Another V–O bond peak has a similar
shift in comparison with c-V O , from 588.4 to 539.22 5

cmy1 for the 1208C sample, and all samples treated at
different temperatures have this peak at almost the same
position. The change of quadruple-peaks to triple-peaks of
the V5O double bond is most likely caused by a structural
change from poorly crystalline samples treated at tempera-
tures below 4508C to highly crystalline samples annealed

at temperatures above 4508C. This result can be verified by
XRD results and electron micrographs.

4. Conclusions

A new form of vanadium oxide expressed by
Ž .Na O V O PxH O, is made by precipitation in sol2 0.23 2 5 2

produced from NaVO solution by acidifying. The sample3
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Ž .Fig. 9. IR curves of sample treated at different temperatures: A c-V O ;2 5
Ž . Ž . Ž . Ž .B 5508C sample; C 4508C sample; D 2508C sample; E 1208C
sample.

can lose water completely after heating at 2508C for 10 h.
Ž .The Na O V O can intercalate 1.98 mol of Li per2 0.23 2 5

mole formula, and displays good reversibility at 1.61 Li

per formula. It is a promising cathode material for lithium
Ž .secondary batteries. The structure of Na O V O an-2 0.23 2 5

nealed at different temperatures has been characterized by
XRD, IR and SEM.
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