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A hexagonal form of WO 3 (a = 7.3244(6), c = 7.6628(5) ,~, z = 6) was synthesized by the low 
temperature sintering of an ammonium peroxo-polytungstate precursor. This compound, the N/W ratio 
of which is 0.015 at most, is not identical to reported hexagonal WO3 from WO 3 �9 1H:O because its 
c-axis is significantly shorter than that of the latter (7.798 A). Powder XRD profile refinements were 
performed in the space group P6flmcm. We found two kinds of structural models that showed reason- 
ably good profile agreement (R ~ 0.07). Both models are built up of remarkably distorted WO 6 
octahedra, in which part of the O - O  distances are very short (2.32 - 2.42 ,~). Electrochemical 
intercalation of lithium into the present WO3 framework was investigated using a LilLiPF61WO 3 cell. 
It was found that Li was intercalated reversibly up to the composition Lil 0WO 3. �9 1992 Academic Press. 
Inc. 

Introduction 

Although hexagonal tungsten bronzes 
M~.WO3 (M: K, Rb, etc.) have long been 
known, their empty framework itself (i.e., 
the hexagonal form of WO 3) has been syn- 
thesized only comparatively recently from 
a precursor WO3 �9 �89 (1). More recently, 
it has been reported that the same com- 
pound could also be obtained by oxidation 
of hexagonal (NH4)xWO3 bronze with hy- 
drogen peroxide solution (2) or C1 z (3). Hex- 
agonal WO 3 (h-WO3) is of interest as a possi- 
ble positive electrode material for batteries. 
In this regard, intercalation of alkaline met- 
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als into its framework has been investigated 
by some workers (2-5), though its revers- 
ibility has not been reported thoroughly. 

Previously we reported (6, 7) that com- 
plex oxides, such as (KzO).~ �9 WO 3 (more 
properly, KyW 1_y/603 with y = 6x/(6 + x)), 
(Rb20)x " WO3, and (BaO)x WO3 (Bay 
Wl-y/3 03 with y = 3x/(3 + x)), based on 
defective hexagonal frameworks similar to 
that of h-WO 3 , were obtained from peroxo- 
polytungstate salt of each alkaline or alka- 
line earth metal when they were decom- 
posed in air at moderate temperatures. 
These facts led us to an attempt to synthe- 
size h - W O  3 via ammonium peroxo-polytun- 
gstate. We succeeded in synthesis, though 
the compound was not fully identical to re- 
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FIG. 1. Structure model of IPA (peroxo-polytung- 
state) anion. 

ported h-WO 3 from WO3 �9 ~H20. In this pa- 
per, we describe the synthesis and structure 
of this form of  h-WO 3 and the reversible 
electrochemical Li-intercalation properties 
of this framework.  Reported intercalation 
data (3-5) (e.g., potent ia l -composi t ion 
curves) are significantly diverse, probably 
due to structural or compositional differ- 
ences of "h-WO3" used as a specimen. 

Synthetic Procedure 

Peroxo-polytungstic acid (starting mate- 
rial, denoted as IPA) was prepared ac- 
cording to the previously reported method 
(8). In short, metallic W powder  was dis- 
solved in 15% H202 to yield a pale yellow 
acidic solution. It was then dried at room 
temperature after e x c e s s  H202 was removed 
catalytically with a platinized Pt net, re- 
suiting in a yellow glassy substance (IPA) 
with an approximate empirical formula of  
2WO 3 �9 H202 �9 2H20. The whole structure 
of  IPA is not thoroughly understood yet be- 

cause of its noncrystalline nature. However ,  
it was found by our recent XRD analysis (9) 
that the observed radial distribution func- 
tion of  IPA agreed very  well with the calcu- 
lated one from a polyanion model shown in 
Fig. 1, which was also consistent with IPA's  
IR and Raman spectra. Thus, this model is 
the most probable picture of  the IPA poly- 
anion to date. 

Ammonium peroxo-polytungstate (a pre- 
cursor, denoted by NH4-IPA) was prepared 
as follows. A stirred mixture solution o f l P A  
and ammonia (NHa/W = 2.0, pH = 10) was 
heated at 80~ resulting in a colorless clear 
solution. Neutralizing the solution by HC1 
yielded a white crystalline precipitate (NH4- 
IPA), in which the molar NHa/W ratio was 
about 0.8. Its IR spectrum, shown in Fig. 2, 
resembled that of  ammonium paratungstate,  
(NHa)]0Wl2041 �9 5H20, but its powder  XRD 
pattern did not agree with this compound,  
nor with any reported ammonium tungstates 
filed in JCPDS. It is thus likely that IPA 
polyanions (closely related to paratung- 
state-B) were transformed into a peroxo ver- 
sion of paratungstate during the salt forma- 
tion process.  

When NHa-IPA was heated in air or He 
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Fro. 2. IR spectra of as-prepared NH4-IPA (ammo- 
nium peroxo-polytungstate) and its derivative at 400~ 
(h-WO~). 
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FIG. 3. TG/DT spectra of NH4-IPA recorded in air 
with the sample weight of 18.6 mg and the heating rate 
of 10~ min L The gas emission (TPD) spectra for 
M/e = 17 and 18 recorded in a He-stream with the 
same heating rate are also shown. 

a tmosphere ,  it was decomposed  basically 
in three steps according to T G / D T  spectra  
shown in Fig. 3. The gas emission (TPD) 
spectra  recorded in a He-s t ream with a mass 
spec t rometer  (shown in the same figure) 
show that a lmost  all the ammonia  ( M / e  = 
17) is released at tempera tures  up to 200~ 
Figure 4 shows the powder  XRD pat terns 
recorded with NH4-IPA heat- treated at 
some different temperatures .  NH4-IPA 
crystallizes as a hexagonal  phase at about  
400~ via an amorphous  phase.  This phase  
is t ransformed into an ordinary triclinic WO 3 
near  600~ The IR spect rum recorded with 
this hexagonal  phase given at 400~ shows 
no bands due to N H  4 vibration, as shown in 
Fig. 2, indicating it is a hexagonal  form of 
WO3. The gas-chromatographical ly  deter- 
mined N / W  ratio of  this compound  was 
0.015 at most .  

It  is notewor thy that decomposi t ion of  
ammonium paratungstate  (NH4)10WI2041- 
5H20 in an oxidizing a tmosphere  yielded no 
hexagonal  phase,  though it is known that 
this compound  gives a hexagonal  (NHa)WO 3 

bronze  if it is heated in a reducing atmo- 
sphere like 10% H2-90% He (2). In addition, 
h-WO 3 obtained by oxidizing this ammo-  
nium bronze  with H202 has been  repor ted  
to have a long c-axis (3.905 A) which is simi- 
lar to that of  h-WO 3 obtained f rom WO 3- 
~H20. 

Structural Analysis 

Structural details of  h-WO 3 obtained f rom 
WO 3 �9 �89 have already been repor ted by  
Gerand  et  al. (1). However ,  h-WO 3 synthe- 
sized here is not identical to that,  because  
their hexagonal  cell parameters  are obvi- 
ously different: a = 7.3244(6), c = 7.6628(5) 
4 for the present  h-WO3, and a = 7.298(2), 
c = 7.798(3) A for Gerand ' s .  

It has been pointed out by Figlarz (4) that,  
in the case where h-WO 3 is synthesized by  
deintercalation of (NH4)xWO 3 , its c-axis is 
remarkably  shortened by the residual N H  4 
cation. However ,  assuming that  the c-axis 
decreases  monotonical ly  with N H  4 content ,  
such a situation is not the case for our sam- 
ple with x -< 0.015, because  the repor ted cell 
dimensions of (NH4)0J 3 �9 WO 3 (a = 7.343, 
c = 7.648 A) (2) are very close to ours. 
Moreover ,  it should noted that  our synthetic 
procedure  is not "de in te rca la t ion"  but ther- 

6oo~c tr idinic 

30GC 

J~L.~ j ' ~ NH4-IPA ] 

20 40 60 
28 

FIG. 4. Powder XRD patterns for NH4-IPA Beat- 
treated in air at various temperatures. 
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TABLE 1 

CRYSTALLOGRAPHIC DATA OF WO 3 AFTER 
REFINEMENT (CASE l) 

Hexagonal; space group; P63/mcm (1931 
a = 7.3244(6)c = 7.6628(5)Z = 6 

Atomic position 
Atom Site Occupancy 

W 6g(x, O, ~) x:0.4721(13) 
O(1) 12j(x, y, �88 x : 0.3745(92) 

y :0.183(11) 
0(2) 12k(x, 0, z) x : 0.445(19) 

z : 0.016(27) 
Interatomic distances/A. 

W-O(1) 2' x 1 . 8 1  O(1)-O(2) 
2 x 2.19 

W-O(2) 2 • 1.80 
2 • 2.13 

O(1)-O(1) 

1.0 
1.0 

0.5 

2 x 2.44 
2 • 2.67 
2 • 2.96 
2 • 3.08 
1 • 2.32 
1 x 2.42 
2 x 3.22 

Note. R F = 0.068. 

mal decomposition of ammonium salt in an 
oxidizing or inert atmosphere. 

Schlasche and Schallhorn (3) synthesized 
h-WO 3 having cell parameters (a = 7.328, 
c = 7.623 A) very close to ours via oxidation 
of (NH4)xWO 3 with dry C12 at 300~ though 
an analytical value of the N~ W ratio has not 
been reported (only mentioned as " N H  4- 
free").  It might be probable that our com- 
pound is identical to Schlasche's h-WO 3 . It 
is interesting to note that Schlasche's h-WO 3 
and ours are formed at approximately the 
same temperature region. Whether they are 
identical or not, metastable forms of h - W O  3 

seem to be plural. Thus, we attempted to 
perform structural determination of the 
present h-WO 3 . 

Crystallographic data have been collected 
with an X-ray powder diffractometer using 
monochromatized CuKa radiation. The 20 
scanning was stepwise with the width of 
0.02 ~ and the measuring time of 5 sec. In 
order to diminish preferred orientation, the 
sample was well ground and attached softly 

on a sample holder. The powder pattern 
could be indexed in the hexagonal system 
except for very weak peaks (I/I200(h.W03) < 
0.04) due to impurity phases at 20 = 
26--26.5(I/I200(h_W03) < 0.04), 29--30.5 
(<0.02), 41 --42.4(<0.01 ), and 
46.5-47(<0.01). Thus, these 20 regions 
were neglected in the following structural 
refinements, which were performed on the 
Rietveld method using the RIETAN compu- 
tational system (10). 

No obvious isolated peaks as indexed by 
hOl (l --b 2n) were found, suggesting the 
space groups P63/mcm , P63cm , or P6c2. 
Gerand et al. (1) have successfully refined 
their h-WO 3 in P63/mcm with W on 6g(x, 0, 
�88 where x was fixed at �89 O(1) on 12j(x, y, 
�88 under a restriction x = 2y, and 0(2) on 
6f(�89 0, 0). For our case, however, refine- 
ment using such an atomic distribution was 
not converged. We thus attempted to locate 
atoms on more general positions of P63/ 
mcrn, which had been used by Labbe et al. 
(11) for refinements of Rb0.3WO 3 and other 
related hexagonal tungsten bronzes. Atomic 
positions after refinement, are shown in Ta- 
ble I together with structural parameters. 
The observed and calculated profiles are 
shown in Fig. 5 (RF = 0.068). 

According to the results in Table I, each 
WO 6 octahedron building up the present h- 
WO 3 is remarkably distorted. The distances 
between the W atom and the three adjacent 
oxygens are about 1.8 A, which is a value 
intermediate between the single and double 
bonding distances, while those from other 
the three oxygens are much longer (2.13 and 
2.19 A), the coordination type thus being 
(3 + 3). Moreover, it is noted that the O-O 
distances between the former oxygen group 
are as short as 2.32-2.42 A. These short 
distances are rather unfamiliar for these 
kinds of compounds, but not impossible be- 
cause similar distances are often seen in 
Ta205 (12). In addition, Labbe et al. (11) 
reported that In03WO 3 has a short O-O dis- 
tance (2.37 A) similar to our compounds. In 
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FIG. 5. The observed and calculated powder  XRD 
profiles for hexagonal WO3 derived from NH4-IPA at 
400~ 

contrast to this, the distortion of octahedra 
in the reported h - W O  3 is small, and oxygens  
forming hexagonal tunnels (i.e., O(1)) sit on 
almost their ideal sites. 

We next tried to obtain a model consisting 
of less-distorted octahedra. Such a trial it- 
self was unsuccessful ,  but we found, in this 

TABLE II 

CRYSTALLOGRAPHIC DATA OF WO 3 AFTER 
REFINEMENT (CASE 2) 

Hexagonal; space group; P63/mcm (193) 
a = 7.3242(6)c = 7.6624(5)Z = 6 

Atomic position 
Atom Site Occupancy 

W 6g(x, 0, �88 x : 0.4723(14) 
O(1) 12j(x, y, �88 x : 0.423 

y:0.211 
O(2) 12k(x, 0, z) x:0.431(18) 

z : 0.018(26) 
Interatomic distances/,~ 

W-O(1) 2 x 1.75 O(1)-O(2) 
2 x 2.04 

W-O(2)  2 x 1.80 
2 x 2.18 

O(1)-O(1) 

1.0 
1.0 

0.5 

2 • 2.37 
2 x 2.60 
2 x 2.89 
2 x 3.08 
4 • 2.68 

Note. R e = 0.068. 

procedure, that another P 6 3 / m c m  model 
(Case II), in which O(1)'s were fixed at their 
ideal positions 12j(0.422, 0.211, 0.25), could 
be converged to the observed profile with 
almost the same agreement level as that in 
the above case. The results summarized in 
Table II show that similarly very short O-O 
distances (2.37 A) also appear in this model. 
It should be mentioned that refinements in 
P6322, which have been used by Pye and 
Dickens (13) for K0.26WO3,  w e r e  less suc- 
cessful than the above two cases and gave 
more distorted pictures of the WO6 octahe- 
dron. Rather poor crystallinity of the sample 
(especially peak-tailing), which is often un- 
avoidable for metastable compounds 
formed at relatively low temperatures, has 
not permitted us a definitive structural de- 
termination. 

Electrochemical Results 

Electrochemical intercalation of  lithium 
into the present hexagonal WO 3 , 

h-WO 3 + xLi + + xe-  = LixWO 3, 

was investigated in a 0.1 M LiPF6/propylene 
carbonate solution using a gas-tight three- 

3 0 k  ' I ~ \ ' " ~  - ' ' ' ' '  ' ' ' 
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I + lh~s work 
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I ..... S [ade el al. 
10[ . . . .  

0.2 0.4 0.6 0.8 1.0 
X in LixWO 3 

FIG. 6. Electrode potential of  LixWO 3 (vs. Li metal) 
as a function of  the lithium content  x. The discharge 
curve reported by Slade et al, (5) for h - W O  3 derived 
from WO3 �9 ]H20 is also shown for comparison. 
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FIG. 7. Powder XRD patterns of h-WO 3 and Lil.oWO 3 
(after discharge). In the latter pattern, peaks due to 
carbon and PTFE (ingredients of the electrode) are 
shown. 

electrode cell with counter  and reference 
electrodes of  metallic lithium. Sample elec- 
trodes were prepared  as follows. A paste 
mixture of  h-WO 3 , artificial graphite, and 
poly(tetrafluoroethylene) (I00 : 10 : 2 in 
weight) was spread on a Ni net and heated 
at 200~ in air for 1 hr. Exper imenta l  cells 
were constructed inside an Ar-filled glove 
box.  The geometrical  area of  each sample 
electrode was l x ! cm :, and its h - W O  3 

content  was about  0.05g. 
First, the potential  E of LixWO 3 was mea- 

sured by means of  coulometr ic  titration. 
Equilibrium values of  the potential  after 
each titration are plotted in Fig. 6 as a func- 
tion of  the Li content  x. In this figure, a 
vo l tage-compos i t ion  curve of conventional  
h - W O  3 reported by Slade et al. (5) is also 
shown for comparison.  Although the latter 
is not a strict E - x  relationship in equilib- 
rium, those two potential (or cell voltage) 
dependencies  on the inserted Li content  are 
quite different, especially in the range be- 
tween x = 0.3 and 0.6. However ,  both  have 
in common  a plateau or kink near  x = 0.2, 
suggesting the ordering of  Li at the composi-  

tion near  to Lil/6WO3, though the true mech-  
anism of such E - x  anomalies is still contro-  
versial ((14, 15) for TiSz). It  is noted that  
the E - x  curve reported by Schlasche and 
Schollhorn (3) for their h-WO 3 also shows a 
kink at x = 0.2-0.3;  however ,  E of  this 
h-WO 3 is somewhat  lower ( - 0 . 2  V) than 
ours. Except  for such a kink, our  E - x  curve  
resembles  that of  e lec t ron-beam evapora ted  
amorphous  WO3 (16) up to x = 0.4, beyond  
which the latter is repor ted to turn into a 
mixed phase of Li0.4WO 3 and Li-rich WO3. 
It is noted that, according to the recent  XRD 
study based on PDF (17), such an amor-  
phous WO 3 film takes a cluster  s tructure 
composed  of f ragments  with a h-WO 3 type 
arrangement .  

For  our h-WO3, contrary  to evapora ted  
films, Li-intercalation may  be topotact ic  up 
to at least x = 1.0, because  the powder  
profiles before and after intercalation up to 
this level are almost  the same,  as shown in 
Fig. 7. During intercalation, however ,  the 
a-axis is prolonged while the c-axis is short- 
ened; the cell parameters  for LiLoWO3 are 
a = 7.38 and c = 7.55 ,~. Topotact ic  inser- 
tion up to x = 1 indicates that Li ions are 
not only accommoda ted  at cavities in the 
hexagonal  tunnels but also at trigonal pris- 

o 0 0 3  m A "~ 

o0.06 mA 
L) 

1.0 

0. o.4 0.6 0.8 1.0 
x in LixWO 3 

FiG. 8. Galvanostatic charge and discharge curves 
recorded with h-WO 3 in a LiPF6/propylene carbonate 
solution at room temperature. 
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matic 4d sites. It has been reported (3) that 
h - W O  3 (from WO 3 �9 ~H20) can accommodate 
Li up to x = 1.45 without substantial 
changes in the host structure. 

The reversibility of  Li-intercalation (re- 
chargeability) was tested in the ranges be- 
tween x = 0 - 0.5 and 0 - 1.0 under galva- 
nostatic conditions.  As shown in Fig, 8, Li 
can be deintercalated from Li05WO 3 with a 
relatively small overvoltage,  which is, how- 
ever, larger than that for the intercalation 
process.  Deintercalation from Lil0WO 3 
needs a much higher overvoltage, though, 
considering the current is doubled in this 
case. It has, however,  been confirmed that 
the electrode potential (in equilibrium) re- 
covers about 3.0 V after prolonged charging. 

Condus ion  

We have synthesized a hexagonal form of 
WO 3 from ammonium peroxo-polytung- 
state. Its c-axis is remarkably shorter than 
that of reported hexagonal WO3 from 
WO3 �9 �89 Powder X-ray profile refine- 
ments gave two possible structural models,  
both of  which were built up of significantly 
distorted WO6 octahedra containing very 
short O - O  distances. Electrochemical 
study revealed that intercalation of Li into 
the present hexagonal WO 3 framework was 
reversible up to the composit ion Li~.oWO 3 . 
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