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Abstract Hexagonal and monoclinic tungsten trioxides
WO3 and hexagonal lithium tungstates LixWO3�x=2
(x � 0.10±0.42) from a soft chemistry route were used as
the active cathode material in secondary lithium batter-
ies. The hexagonal structures, regardless of their being an
oxide or a tungstate, showed higher speci®c capacities
and better cycling behavior in Li+ intercalation reactions
than the monoclinic form. The presence of pre-allocated
lithium (as Li2O) in hexagonal tungstates decreased the
capacity for lithium intercalation. Additionally, the plot
of open-circuit voltage (OCV) against the depth of in-
tercalation (n) for anhydrous tungstates showed two
straight lines with di�erent slopes that can be related to
the structural changes in lithium intercalation. The ef-
fective di�usion coe�cients of lithium insertion into the
host structure, ~D, were also found to be dependent on the
structure and the composition of these compounds.
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Introduction

In recent years, there has been increasing interest in
developing tungsten oxides into an active material for
secondary lithium batteries and electrochromic displays
[1, 2]. The performance of WO3 in these applications
depends on the structure of the prevailing phase, which
is determined by the method of preparation [3±6]. The
WO6 octahedral building blocks joining at the corners

can result in a large number of crystalline structures,
most notably the hexagonal and monoclinic forms
(Fig. 1). The thermodynamics and kinetics of lithium
intercalation into the WO3 hosts are controlled to a large
extent by the geometry of the oxide architecture.

Tungstic acids or tungsten oxide hydrates are terms
used to describe the solid products that are formed in the
acidifcation of Li2WO4 solutions by strong acids. Dif-
ferent solid phases may be present, depending on the
precipitation conditions [7, 8]. Several so-called tungstic
acid C phases containing small amounts of cations,
AxWO3�x=2 � yH2O (A � Na+, K+, NH4

+, x � 0.10±
0.28, y � 0.50±0.90), were produced by acidifying
W(VI) solutions with 0.5±2 M strong acids at 100 °C.
Kinetic and structural studies of electrochemical inser-
tion of Li+ into the anhydrous forms of AxWO3�x=2
(A � Na+, K+, NH4

+, x � 0.10±0.28) with the hex-
agonal tungsten bronze (HTB) structure have also been
carried out [9±11].

In our previous work [12], the products from the
acidi®cation of aqueous Li2WO4 solutions with strong
acids at 100 °C and the products from a hydrothermal
synthesis involving acidi®ed Li2WO4 solutions at 125±
200 °C were characterized by chemical analysis, X-ray
di�ractometry, thermogravimetry and X-ray photon-
electron spectroscopy. Structural transformations that
occurred during heat treatment and the compositional
stability of various tungsten oxide phases have also been
discussed. This paper will examine the thermodynamics
and kinetics of lithium ion insertion into these oxides
when they are used as the cathode material in secondary
lithium batteries and the changes in their structures as
caused by the insertion reaction.

Experimental

Preparation

The preparations of WO3 hydrates and LixWO3�x=2 by a soft
hemistry route have been described previously [12]. The structures
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and compositions of the products as determined by atomic ab-
sorption spectroscopy and powder X-ray measurements are sum-
marized in Table 1. Atomic absorption spectroscopy was
performed on a Hitachi 180-60/80 spectrometer by dissolution of
the samples. XRD measurements were carried out using a Rigaku
Denki Geiger ¯ux 20B with Cu Ka radiation.

Electrochemical characterizations

The test battery was a three-electrode glass cell ®lled with Ar. The
preparation of the electrodes and electrolyte, the cell design, and
the detailed test procedures have been documented elsewhere [13].
The oxides were mixed with graphite in the weight ratio 1:1 and
compression-molded onto Ni nets under ca. 50 MPa pressure to
achieve a typical loading of ca. 20 mg cm)2 of active material. The
pellets thus obtained were used as the positive electrodes after
drying in vacuum at 80 °C for 1 day. Lithium pellets were used for
both the negative and the reference electrodes. The electrolyte was
1 M LiClO4 in propylene carbonate (PC) containing less than
10 mg dm)3 of water.

The electrodes were charged and discharged galvanostatically
on a Hokuto Denko model HJ-201B charge-discharge unit.
Quasi-equilibrium open-circuit voltages (OCVs) were measured
after 24 h on open circuit, when the variations in cell voltages
were less than 0.2 mVh)1. The cells were also characterized by a.c.
impedance measurements in the frequency range 63 kHz±1 mHz.
The measurement details can be found in a previous publication
[13].

Results and discussion

Charge-discharge pro®les

Typical ®rst discharge-recharge curves of hexagonal
WO3 á 0.60 H2O and its heat treated (and hence dehy-
drated) products, measured at a constant current density
of 0.2 mA/cm2 at 25 °C, are shown in Fig. 2. The cor-
responding cycling behavior of these oxides is given in
Fig. 3. The as-synthesized tungsten oxide with a small
amount of water, WO3 á 0.60 H2O, is higher in initial
capacity (220 mAh/g) than anhydrous hexagonal WO3

(135 mAh/g) that was formed after heating the oxide at
300 °C for 3 h. Anhydrous hexagonal WO3 also shows
better cycling behavior than that of WO3 á 0.60 H2O
and monoclinic WO3 (sample 3 in Table 1) formed upon
prolonged heating of WO3 á 1.06 H2O. It still delivers
nearly 80 mAh/g of charge in the 20th cycle (Fig. 3b),
whereas WO3 á 0.60 H2O and monoclinic WO3 would
have their capacities reduced to about 20±50 mAh/g in
the same period of time (Fig. 3a and c). Hexagonal
forms of WO3 having large hexagonal tunnels in their
structure also display slightly higher discharge potentials
than the monoclinic form of the oxide.

In order to establish the in¯uence of the preparation
method on the electrochemical behavior of the ensuing
oxide products, various tungsten oxides were prepared
from 1 M Li2WO4 by acidi®cation and by hydrothermal
treatment in an autoclave (samples 3±7 in Table 1). The
latter method would retain some lithium as Li2O in the
hexagonal tunnels, leading to partial tungstates of the
general formula LixWO3�x=2 (x� 0±0.42). The initial
charge-discharge curves of these compounds acting as
lithium intercalation hosts are shown in Fig. 4, and the
changes in their discharge capacity as a function of cycle
number are shown in Fig. 5. All hexagonal forms of
WO3 (a,c,d in Figs. 4 and 5) have almost the same
electrochemical pro®le even though they were prepared
di�erently. The recharge e�ciency is more than 80% in

Fig. 1 Structures of hexagonal and monoclinic forms of WO3

Table 1 Compositions and
structures of products from
di�erent preparation conditions
after drying at 100 °C

Sample
number

Reaction condition Composition Product phase

Li2WO4 HCl Temp

1 0.25 M 1 M 100°C WO3 á 0.60H2O Hexagonal
100 ml 100 ml WO3

a Hexagonal
2 2 M 100 ml 100°C WO3á1.06H2O(H2WO4) Layered

WO3
a Monoclinic

3 1 M pH = 1.5 100°C WO3á0.52H2O Hexagonal
20 ml WO3

a Hexagonal
4 125°C Li0.10WO3+0.05 á 0.56H2O Hexagonal

Li0.10WO3+0.05
a Hexagonal

5 150°C Li0.20WO3+0.10 á 0.51H2O Hexagonal
Li0.20WO3+0.10

a Hexagonal
6 175°C Li0.36WO3+0.18 á 0.61H2O Hexagonal

Li0.36WO3+0.18
a Hexagonal

7 200°C Li0.42WO3+0.21 á 0.88H2O Hexagonal
Li0.42WO3+0.21

a Hexagonal

aAnhydrous form (heat treatment in air at 300 °C for 3 h)
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the ®rst cycle. It can be concluded from these ®gures that
hexagonal forms of WO3 with large hexagonal tunnels in
their structures have noticeably higher discharge po-

tentials and larger extents of Li+ insertion (the n values
in LinWO3 and Lin�LixWO3�x=2�) than hydrothermally
formed oxides with pre-allocated Li2O in the hexagonal
tunnels. The discharge potential and discharge capacity
would reduce according to the amount of Li2O in the
hexagonal channels. The occupation of available sites
for Li+ intercalation by pre-allocated Li2O is a likely
cause. Other than this, all hexagonal tungstates
LixWO3�x=2 deliver good charge-discharge performance
at a constant current density of 0.2 mA/cm2.

OCV-n curves

The quasi-steady state OCVs are shown in Fig. 6 as a
function of the n value in hexagonal LinWO3 and

Fig. 2 Initial discharge and recharge curves of WO3 á 0.60 H2O
(sample 1 in Table 1) and its heat treated products at a constant
current density of 0.2 mA/cm2: a not heat treated, b heat treated at
300 °C, c heat treated at 350 °C, and d heat treated at 400 °C

Fig. 3 The discharge capacity of WO3 á 0.60 H2O (sample 1 in
Table 1) and its heated products as a function of cycle number: a not
heat treated, b heat treated at 300 °C, c heat treated at 350 °C, and d
heat treated at 400 °C. The electrodes were charged and discharged at
a constant current density of 0.2 mA/cm2 at 25 °C

Fig. 4 Discharge-charge curves of several anhydrous LixWO3�x=2
(x � 0±0.42) electrodes at 0.2 mA/cm2: aWO3 (sample 1 in Table 1),
bWO3 (sample 4 in Table 1), c Li0:20 WO3�0:10 (sample 5 in Table 1),
and d Li0.42WO3+0.21 (sample 8 in Table 1)

Fig. 5 The discharge capacity as a function of cycle number for
several anhydrous LixWO3�x=2 (x � 0±0.42) electrodes: a WO3

(sample 1 in Table 1), b WO3 (sample 4 in Table 1), c Li0:20
WO3�0:10 (sample 5 in Table 1), and d Li0:42WO3�0:21 (sample 8 in
Table 1). The electrodes were charged and discharged at a constant
current density of 0.2 mA/cm2 at 25 °C

Fig. 6 Open-circuit potential as a function of the depth of interca-
lation, n, at 25 °C: a hexagonal WO3, b hexagonal Li0:20WO3�0:10,
and c hexagonal Li0:42 WO3�0:21
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Lin�LixWO3�x=2 (x � 0±0.42)]. It can be seen that OCVs
decrease linearly with increasing n values in a piece-wise
manner, resulting in two straight lines of di�erent slopes.
The linearity between OCVs (E) and the n values of
several oxide hosts are listed in Table 2. These results
suggest that intercalating lithium ions may occupy more
than one kind of crystallographic site and that single-
phase Lin�LixWO3�x=2� (x � 0±0.42) with continuously
varying n is formed. These phenomena were related to
the typical voltammetric curves obtained at a low sweep
rate of 0.3 mV/s of a hexagonal phase prepared by a soft
chemistry; in this case, the cathodic response can be
clearly resolved into two peaks at � 2:3 and 1.4 V vs Li/
Li+ respectively [9]. The OCV-n relationships are quite
di�erent from that of monoclinic WO3 [12], where ``S''-
shaped curves were obtained that could be attributed to
di�erences in crystal structures and hence the geometry
of the intercalation sites. The OCV values were also
higher than that of hexagonal tungstates. The standard
free energy of lithium intercalation, DG0

I , in
Lin�LixWO3�x=2� (x � 0±0.42) can be calculated from
the following equations:

lmLi ÿ lm0
Li � RT ln aLi � ÿFE�n� �1�

DG � ÿF
Zn

0

E�n� dn �2�

where n is the depth of lithium intercalation, E(n) is the
open circuit potential at the respective n value and lLi,
l0Li and aLi are the lithium chemical potential, the
chemical potential for pure lithium and the activity of
lithium, respectively [15].

The calculated DG0
I values for 0 < n < 1 in

Lin�LixWO3�x=2� (x � 0±0.42) are given in Table 2. The
free energy of intercalation is found to decrease with the
increase in Li2O content in the structure. As the free
energy is an indication of the site energy as experienced
by the intercalating lithium ions, the presence of Li2O in
the cavities of hexagonal WO3 will reduce the site energy
and weaken the bond strength between lithium and the
host as a result.

Structural variation with lithium intercalation

The variations in the crystal structures of hexagonalWO3

and hexagonal tungstates �LixWO3�x=2� (x � 0±0.42)

with the depth of lithium intercalation (n) were examined
by XRD. The patterns in Figs. 7 and 8 show that original
lattice structures were not altered for lithium intercalation
up to n� 2.0. The discharged products could be indexed
in an orthorhombic cell, and the crystallographic pa-
rameters of the discharged products for the oxide with
di�erent depths of lithium intercalation are given in
Tables 3 and 4. Lithium intercalation is seen to increase
the a and b lattice parameters slightly. On the other hand,
both the c lattice parameter and the unit cell volume de-
crease with lithium intercalation at ®rst (0 < n < 0:5) but
increase with lithium intercalation when n is in the range
0.5±1.5. This dichotomy is similar to the two straight lines
of di�erent slopes in the OCV-n plots of Fig. 6. In addi-
tion, the b/a ratios for the discharged products are close
to

���
3
p

. From the X-ray results one may infer that unsol-
vated Li+ ions are located in the empty channels without
any perturbation to the hexagonal environment.

Kinetic characteristics of lithium intercalation

The a.c. impedance spectra of hexagonal Li0.5WO3

electrode at 25 °C are shown in Fig. 9. They consist

Table 2 The relationships between OCV and n value in
Lin�LixWO3�x=2 (x = 0±0.42)] and their standard free energies

Compound Relationship between OCV
and n value

DG0
I

(n = 0±1) (kJ/mol)

WO3 E � 2:97ÿ 0:91n�n < 0:8�,
E � 2:47ÿ 0:30n�n > 0:7�

)239.4

Li0.20WO3+0.10 E � 2:98 ± 0:97n�n < 0:7�,
E � 2:12ÿ 0:30n�n > 0:7�

)225.4

Li0.42WO3+0.21 E � 2:99ÿ 1:11n�n < 0:6�,
E � 2:47ÿ 0:33n�n > 0:6�

)219.3

Fig. 7 X-ray di�raction patterns of LinWO3 with various n values: G,
graphite; Ni, nickel net; P.P., polypropylene ®lm. a, n � 0; b; n � 0:5;
c; n � 1:0; d, n � 2:0
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primarily of an irregular semicircular arc in the high-
frequency region and an inclined straight line in the low-
frequency region. The centre of the circular arc is below
the horizontal axis, indicating some microscopic surface
roughness in the electrode of the type discussed by de
Levie [16]. At low frequencies, the double-layer capaci-

tance becomes completely blocked, and the constant-
phase-angle Warburg impedance, Zw, is clearly resolved.
As the low-frequency response can be ®tted to a 45 °
straight line, the impedance response can be modelled by
the simple Randle's equivalent circuit [17] (Fig. 10),
where R0 is the uncompensated ohmic resistance of the
electrode and electrolyte, CDL is the double-layer ca-
pacitance of electrode-electrolyte interface, and Rct is the
charge transfer resistance. Ho et al. [18] obtained the
following expression for Zw by solving the Fick's law of
di�usion with appropriate initial and boundary condi-
tions:

Zw � Awxÿ1=2 �3�
Where x is the angular frequency of the a.c. pertur-

bation. The Warburg prefactor, Aw, is related to the
e�ective di�usion coe�cient, D, of the electroactive
species in the electrode by

Aw � Vm�dE=dn=zFa~D1=2 �4�
Where Vm is the molar volume of the di�usion medium
(� 37.9 cm3 for WO3) [14], dE/dn is the slope of the
OCV-n curve (Fig. 6), z is the charge transfer number
for the lithium intercalation reaction, which is equal to
1. The constant a is the e�ective surface area of the
electrode, which is taken to be equal to the geometrical
area (1.4 cm2) in the present study.

Equation 4 shows that the di�usion coe�cient de-
pends strongly on the e�ective surface area. For the
porous oxide-graphite composite electrodes used in this
study, substitution of the e�ective surface area by the
geometrical area may introduce substantial errors in
the values of the di�usion coe�cient. On the other hand,
the discharge reaction is unlikely to bring about large
modi®cations in the e�ective surface area; calculation of
~D based on the geometrical area will still provide useful

Fig. 8 X-ray di�raction of patterns of Lin�Li0:42WO3�0:21� with
various n values: G, graphite; Ni, nickel net; P.P., polypropylene
®lm. a, n � 0; b; n � 0:5; c; n � 1:5

Table 3 Crystallographic parameters of LinWO3 with di�erent n
values

n Lattice parameter (nm) Unit cell
volume (nm3)

a b c a/b

0 0.7293 1.263 0.7750 1.732 0.7167
0.5 0.7369 1.272 0.7572 1.728 0.7089
1.0 0.7406 1.269 0.7619 1.712 0.7160
2.0 0.7456 1.283 0.7707 1.721 0.7372

Table 4 Crystallographic parameters of Lin[Li0.42WO3+0.21] with
di�erent n values

n Lattice parameter (nm) Unit cell
volume (nm3)

a b c a/b

0 0.7275 1.262 0.7744 1.734 0.7110
0.5 0.7280 1.265 0.7702 1.737 0.7092
1.0 0.7306 1.270 0.7729 1.738 0.7171
1.5 0.7310 1.275 0.7745 1.744 0.7218

Fig. 9 Impedance spectrum of hexagonal Li0:5WO3 electrode in 1 M
LiClO4-PC solution
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information on the relative changes in ~D with the values
of n in Lin�LixWO3�x=2� and with the temperature. On
this basis several ~D values were calculated as a function
of the depth of lithium intercalation and plotted against
the latter in Fig. 11. The ~D values for Li di�usion in
hexagonal structures are about 10)9 cm2/s and two or-
ders of magnitude lower (10)11 cm2/s) in monoclinic
WO3. Li

+ ions also appear to di�use faster in pure ox-
ides than in hexagonal tungstates LixWO3�x=2. The de-
terministic importance of the host structure on lithium
intercalation is aptly demonstrated by these observa-
tions.

As can be seen from Fig. 1, hexagonal tungsten ox-
ides and tungstates contain large hexagonal tunnels
surrounded by six WO6 octahedra through which two
lithium atoms may be incorporated per unit cell. Such
wide open architecture enables a faster kinetic response
than monoclinic WO3, in which small tunnels are sur-

rounded by four WO6 octahedra. In Joo's [19] mea-
surement of the ~D values in hexagonal
Lin[0.165K2O á WO3] thin ®lms by the galvanostatic
transient method, the room temperature values were
highly anisotropic,varying from the order of 10)9±
10)10 cm2/s in the c axis direction to about 10)7 cm2/s in
the a axis direction. As the ~D values in WO3 and hex-
agonal tungstates measured here are closer to the values
pertaining to di�usion along the c axis, lithium inter-
calation into polycrystalline Lin�LixWO3�x=2� (x � 0±
0.42) therefore takes place mainly in the empty hexag-
onal tunnels of the host structure.

Conclusion

Hexagonal WO3 and hexagonal tungstates behave sim-
ilarly in the electrochemical intercalation of Li+. The
behavior is drametrically di�erent from that of the same
insertion reaction taking place in a monoclinic structure.
The OCV-n curves of hexagonal tungstates consist of
two lines with di�erent slopes, re¯ecting the structural
changes that occur during lithium intercalation. The ~D
values for Li+ di�usion in hexagonal WO3 and tung-
states are 1±2 orders of mangnitude higher than the
corresponding values for monoclinic WO3. It is therefore
concluded that the e�ective di�usion coe�cients of
lithium intercalation into WO3 hosts are largely deter-
mined by the host architecture.
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