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indicates that a full structure refinement based upon 
a composite modulated structure approach is needed 
in order to obtain chemically plausible AMF's - in 
particular the chemically implausible spike associ- 
ated with the bQ axis shifts of the Q sub-structure 
anions and the en axis shifts of the H sub-structure 
should be refined. 
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Abstract 

Two new high-pressure tungsten oxides, prepared at 
P = 50 x 105 kPa and T = 1773 K, have been investi- 
gated by high-resolution electron microscopy. The 
formula, W308 for both phases, and the structures 
were deduced from the micrographs and verified by 
simulated image calculations. The phases are both 
orthorhombic, with the following unit-cell dimen- 
sions determined from X-ray powder patterns: 

© 1993 International Union of Crystallography 
Printed in Great Britain - all rights reserved 

W308(I), a = 6.386 (9), b = 10.43 (5), c = 3.80 (1)/~, 
V = 253.1 A3, Z = 2, space group C222; W308(II), 
a=10 .35(5) ,  b=13.99(5) ,  c=3 .78 (1 )  A, V= 
547.3 A 3, Z = 4, space group Pbam. The first struc- 
ture, W 3 0 8 ( I ) ,  which is more dense than the other, is 
isostructural with U308 [Andresen (1958). Acta 
Cryst. 11, 612-614] and with the high-pressure 
modification of Nb307F. The less densely packed 
phase, W308(II), has a new type of structure, which 
contains groups of four edge-sharing WO6 octahedra 
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mutually linked by corner-sharing with single octahe- 
dra. Intergrowth between the two phases has been 
observed, and possible models of the intergrowth 
structure are given. 

Introduction 

Products obtained by reduction of tungsten trioxide 
have been extensively investigated both by X-ray 
diffraction and electron microscopy techniques. For 
most of the studies samples of known compositions 
were prepared by heating appropriate mixtures of W 
and WO3 or WO2 and WO3 in sealed evacuated silica 
tubes at high temperatures. 

Four structure types have been reported for WOx 
within the 3-> x-> 2.6 region: {102} crystallographic 
shear (CS) structures (3 > x > 2.93) (Tilley, 1970; 
Sundberg & Tilley, 1974), {103} CS structures, of 
which W20058 was the first representative (2.93 > x 
> 2.88) (Magnrli, 1950; Tilley, 1978-1979; Sundberg, 
1981; Sahle, 1983), W12034 (x=2.83)  (Sundberg, 
1978-1979) and W18049 (x = 2.72) (Magnrli, 1949). 
The CS structures form two homologous series of 
phases with the general formulas WnO3n_ I and 
WnO3,,-2 (Magnrli, 1953). Both structure types con- 
sist of slabs of corner-sharing WO6 octahedra (ReO3 
type), which have an infinite extension in two dimen- 
sions and a characteristic width (n) in a third direc- 
tion. In the {102} CS structures the slabs are 
mutually linked so that groups of four edge-sharing 
WO6 octahedra are formed along { 102} planes, while 
for the {103} CS phases groups of six edge-sharing 
octahedra are formed along {103} planes. The CS 
phases are often highly disordered. W12034 and 
W18049 form unique structures built up of WO6 octa- 
hedra and WO7 pentagonal bipyramids. 

A couple of years ago, an investigation of the 
reduction of WO3 and the formation of reduced 
WOx phases at high temperature in combination 
with high pressure was started at the Institute of 
High-Pressure Physics in Troitsk. Some new WOx 
phases were observed by a combination of X-ray 
diffraction and high-resolution electron microscopy 
(HREM) techniques (Barabanenkov, Zakharov, 
Zibrov, Filonenko & Werner, 1992; Barabanenkov, 
Valkovskii, Zakharov, Zibrov, Popov & Filonenko, 
1992). The present study reports two further struc- 
tures which were deduced from HREM images and 
verified by simulated-image calculations. 

Experimental 

The sample examined was prepared by partial reduc- 
tion of WO3 with carbon at high temperature in 
combination with high pressure. The reaction occur- 
red between the graphite container material and a 
pressed tablet of WO3 in a closed system ( T  = 

1773 K, P = 50 × 105 kPa). A detailed description of 
the experimental set-up and conditions will be pre- 
sented elsewhere. The product obtained was a mass 
containing minute dark-red crystallites. The colour 
suggested that considerable reduction had taken 
place. 

X-ray analysis was carried out with an X-ray 
powder diffractometer HZG-4, using Ni-filtered 
Cu K a  radiation (,t = 1.5418 A).* A thermogravime- 
try unit (Q-1500D) was used for analysis of the 
reaction product. 

The electron microscopy specimen was prepared 
by crushing a small amount of the sample in an agate 
mortar. The fine powder was then dispersed in 
acetone (or n-butanol). A drop of the resulting sus- 
pension was put on a holey carbon film supported by 
a Cu grid. A JEOL JEM 4000EX transmission elec- 
tron microscope in Halle was used to record the 
HREM images. The microscope was operated at an 
accelerating voltage of 400 kV. The radius (r) of the 
objective aperture used corresponded to 0.91 A-~ in  
reciprocal space and was larger than that (rsch = 
0.62A -~) which corresponded to the Scherzer 
resolution. 

Crystallographic image processing (CIP) by the 
computer program system C R I S P  (Hovm611er, 1992) 
was applied to the HREM images. The computer- 
calculated diffraction pattern extended out to about 
2 A resolution. CIP gave similar results for 0.62 and 
0.91 A -~ resolution, since the very high resolution 
reflections were very weak. The heavy-metal 
(tungsten) atom positions were obtained from the 
processed image, while the O atoms were all intro- 
duced into the structure models by consideration of 
available space, coordination and interatomic 
(W--W, W--O, O--O) distances. Simulated images 
of the deduced structure models were calculated with 
a local version of the S H R L I  suite of programs 
(O'Keefe, Buseck & Iijima, 1978). 

Results 

X-ray powder diffraction and electron microscopy 
investigations of the specimens revealed the presence 
of two new WO, phases, which will be denoted by (I) 
and (II). Unit-cell dimensions determined from the 
X-ray powder patterns are given in Table 1 and 
Table 2. The fact that both phases have a short c axis 
(-'- 3.8 A) and another axis = 10.4 A, makes an inter- 
growth between the two structures very likely. The 
micrograph in Fig. 1 clearly illustrates that this 
actually seems to be the case, as phase (I) in the 
middle is linked to phase (II) on both sides without 

* Refinements of the two structures W308(I) and W308(II) by 
profile analysis of a two-phase powder diffraction pattern are in 
progress (Sundberg, Werner, Zibrov & LouEr. 1994). 
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Table 1. Atomic coordinates o f  the W308(I) structure 

a=6 .386 (9 ) ,  b=10 .43 (5 ) ,  c - - 3 . 8 0 ( I ) A  (V=253.1A~) ,  space group 
C222, Z -- 2. Probable error in the O position ± 0.05--0.1 A. 

Point position x y z 
Wl 2(a) 0 0 0 
W2 4(g) 0 0.324 (4) 0 
Ol 2(b) 0 t 0 
02 2(d) 0 0 
03 4(h) 0 0.302 
04 8(/) 0.157 0.152 0.150 

Table 2. Atomic coordinates o f  the W308(II) structure 

a = 10.35 (5), b = 13.99 (5), c = 3.78 (1) A (V = 547.3 A3), space group 
Pbam, Z -- 4. Probable error in the O position _.+ 0.05--0.1 ,~,. 

Point position x y z 
wi  4(c) O.03O (4) 0.388 (3) 0 
W2 4(c) 0.215 (4) 0.087 (3) 0 
W3 4(c) 0.374 (4) 0.333 (3) 0 
01 4(c) 0.o45 0.165 0 
02 4(c) 0.130 ~ o 
03 4(c) O. 192 0.320 0 
04 4(c) 0.343 0.185 0 
05 4(c) 0.386 0.470 0 
06 4(c) 0.027 0.388 ] 
07 4(c) 0.215 0.087 
08 4(c) 0.374 0.333 

much distortion of the structures. Fig. 1 also shows 
twinning of phase (I). The twin boundary is marked 
by arrows. 

Phase (I) 

Fig. 2(a) presents the HREM image of phase (I) 
with the corresponding electron diffraction (ED) pat- 

Fig. 1. L o w - m a g n i f i c a t i o n  m i c r o g r a p h  s h o w i n g  i n t e r g r o w t h  o f  
W3Os(I )  (midd le  pa r t )  a n d  W a O s ( I I )  (left  a n d  r igh t  par t s ) .  A 
twin p l a n e  in the  W3Os(I )  s t r u c t u r e  is i l lus t ra ted  b y  a r r o w s .  

tern ([001] zone) inserted. The ED pattern shows 
systematic absence for hkO reflections when h + k = 
2n + 1. This is in agreement with the X-ray powder 
data which showed only reflections hkl with h + k = 
2n + 1 to be systematically absent. Thus, possible 
space groups were C222, Cmm2, C2mm and Cmmm. 
In the micrograph a pseudohexagonal arrangement 
of black spots can be seen. The black contrast can be 
interpreted as projected metal (tungsten) atoms. 
Along the b axis, a threefold repetition of black 
spots, all on straight lines, can be discerned. This 
feature is more obvious in the density map in Fig. 
2(b) after applying crystallographic image processing 
(CIP) to Fig. 2(a). By CIP, the plane-group symme- 
tries p21, p222, p2212, p22~21 and c222 were tested 
(Hovm611er, 1992). A very slight preference for the 
c222 plane group was obtained. From the black 
contrast features in the HREM image a structure 
model was deduced (Fig. 2c). The W-atom positions 
were determined from the processed image, and the 
O-atom positions (Table 1) were located in the model 
by consideration of interatomic (W--O) and (O--O) 
distances. In the suggested structure model the short- 
est W--W distance is 3.4 A, and the W--O distances 
are in the range 1.85-2.6A. The framework of 
polyhedra corresponds to the stochiometry W308. 
The space group C222 was finally assumed, as 
reasonable interatomic W--O and O---O distances 
could be obtained by using this symmetry. However, 
it was not possible to verify the symmetry by 
convergent-beam electron diffraction, because of 
domain intergrowth of the two W3Os phases. Simu- 
lated images of the W308(I) structure model were 
calculated at different crystal thicknesses and defocus 
values. Some images are shown in Fig. 2(d). There is 
good agreement between the experimental image and 
the calculated one inserted in Fig. 2(a), which 
supports the interpretation of the deduced model. 

The WaOs(I) structure is built up of WO6 octa- 
hedra and WO7 pentagonal bipyramids which share 
edges and corners in the (001) plane. Along the a axis 
the WO7 pentagonal bipyramids are linked by edges 
to form pleated chains of edge-sharing WO 7 pentag- 
onal bipyramids. The chains are mutually connected 
along the b axis by corner-sharing and by additional 
WO6 octahedra. 

The structure is isotypic with that of UaO8 accord- 
ing to Andresen (1958) and the high-pressure (Hp) 
modification of NbaO7F (Hp-Nb307F) (Jahnberg, 
1971). The unit-cell dimensions of the latter, a = 
6.475 (1), b = 10.514 (1) and c = 3.922 (1)/~, are 
similar to those given in Table 1 of WaO8(I). 
Simulated-image calculations of the U3Os structure 
suggested by Andresen (1958) and the U308 model 
proposed by Loopstra (1964) clearly showed that it 
was possible to distinguish between the two UaO8 
structures from the contrast in the HREM images at 
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some defoeus values. The simulated images of  the 
W3Oa structure, shown in Fig. 2(d), were very similar 
to those obtained of  the U3Os structure according to 
Andresen. The WaO8 formulfi (WO2.~7) fits rather 
well with the value WO2.59 ± x, x = 0.05-0.1, obtained 
from the gravimetric analysis of  the sample. 

Phase (II) 

Fig. 3(a) shows an H R E M  image of  phase (II) 
with a corresponding ED pattern inserted. The 
micrograph was recorded under the same conditions 
as above (phase I), which means that the black spots 

Ca) 

i , . , . - -  

(c) 

a 

(b) (o3 

Fig. 2. The structure of W3Os(l). (a) HREM image ([001] zone) with the corresponding ED pattern and the simulated image (crystal 
thickness 19 A, defocus value - 380 A) inserted; (b) the image processed by the CIP program; (c) deduced structure model; (d) some 
simulated images: crystal thickness a 19, b 38, c 57 A; defocus values -300 A (left), -400 A (right). 
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can be interpreted as representing projected W 
atoms. The W-atom positions were deduced from the 
processed image in Fig. 3(b) after applying CIP to 
the H R E M  micrograph in Fig. 3(a). By the C R I S P  
program the following plane-group symmetries were 
tested; p21, p222, p22~2 and p22~2~. The best phase 
residual value (Hovm611er, 1992) was calculated for 
the p22~2n plane-group symmetry. Calculations of 
interatomic W - - W  distances showed the presence of 
two rather short - 3 . 2  ,~ distances. This distance 
indicates edge-sharing of WO6 octahedra according 
to previous results obtained from single-crystal X-ray 

(a) 

(~) 

data studies of the W20058 and W25073 {103} CS 
structures (Magn61i, 1950; Sundberg, 1976). The 
structure model shown in Fig. 3(c) was deduced from 
the pattern of black spots in Fig. 3(a) in combination 

. . . . . .  ~ 

. . . .  .~..~ 

: ~ , ; : : i : l : ! : ! : - ~ t , :  
f : . : : : : . . ~ ¢ ~  

b 
=,,,._ 

• !~: .~:~i ::'!-iiii:: ~ ..... !: 

(c) 

,"~ F l , : ~ , , i  r ' ' ' ~ , i  ~ ~,~ . . . .  ' i  

I 

b ~ 

Fig. 3. The structure of W308(II). (a) HREM image ([001] zone) with the corresponding ED pattern and the simulated image (crystal 
thickness 19 A, defocus value - 380 ,~,) inserted; (b) the processed micrograph in (a); (c) deduced structure model; (d) some simulated 
images: crystal thickness a 19, b 38, c 57 A; defocus values -300 ,~, (left), -400 A (fight). 
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with known interatomic W - - W  distances. The O 
atoms were located from considerations of available 
space and reasonable O-atom positions found by 
calculation of interatomic W----O and O---O dis- 
tances. The Pmab space group was used. The W - - O  
distances are all in the range 1.8-2.3/~. The atomic 
parameters are given in Table 2. A series of simu- 
lated images were calculated at different crystal 
thicknesses and defocus values. A few of those simu- 
lated are shown in Fig. 3(d). There is good agreement 
between the experimental H R E M  image and the 
simulated one inserted in Fig. 3(a), which supports 
the interpretation of the structure. The unit-cell con- 
tent corresponds to W3Os (WO2.667) with Z = 4. This 
composition fits with that obtained from the analysis 
of the product WO2.59_+x, x = 0.05-0.1. 

The structure can be described as built up of 
groups of four edge-sharing WO6 octahedra. The 
groups are mutually connected in the ab plane by 
corner-sharing with additional octahedra. Along the 
c axis, the layers thus formed are stacked on top of 
each other by corner-sharing of O atoms. Similar but 
more regular groups of four edge-sharing WO6 octa- 

hedra have previously been observed as structural 
building units in the {102} CS structures of WO3-x, 
0 < x < 0.07 (Tilley, 1970; Sundberg & Tilley, 1974). 

lntergrowth 

The H R E M  image in Fig. 4(a) clearly illustrates 
that the two phases W308(1 ) (left) and W308(II) 
(right) are mutually connected. In the direction 
marked by an arrow, the black spots are closer to 
each other below the intergrowth boundary than 
above. This fact might indicate that the two struc- 
tures transform into each other by small metal and 
oxygen atom displacements. Figs. 4(b) and 4(c) illus- 
trate two possible models of the intergrowth bound- 
ary. In Fig. 4(b) the bc plane in the W308(I) structure 
is linked to the ac plane in the WaOs(II) structure. 
This latter is a possible model for the intergrowth of 
the two phases in the upper part of Fig. 1. In Fig. 
4(c) the W3Os(I ) structure, in twin orientation com- 
pared to Fig. 4(b), is connected to the W3Os(II) 
structure. This model illustrates a probable linkage 
of the two phases in Fig. 4(a). From the idealized 

(a) 

o o o o 

=b' 
(~ 

• 6 

(c) 

Fig. 4. HREM image showing intergrowth of W3Os(I) (left) and W3Os(II) (right). The unit-cell axes of W3Os(I) are marked a, b and 
those of W3Os(II) are marked a', b'. (b) and (c) are idealized structure models: (b) corresponds to the region above the arrows in Fig. 1 
and (c) corresponds to the intergrowth structure in the HREM image in (a). 
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models it is apparent that the two structures are 
closely related and can transform into each other by 
small atom displacements without change of 
stoichiometry. 

Discussion 

The two phases, both of composition W 3 0  8 
(WO2.667) , do not appear in the binary W-O system 
at ambient pressure. W308(I) has a structure of the 
U308 type (Andresen, 1958), which is denser than 
that of W308(II). The latter has a new type of 
structure, although some features are shared with 
other previously known tungsten oxides ({102} CS 
structures). 

The relationship between the W308(II) structure 
and the {102} CS structure can be seen in Fig. 5. 
Both contain groups of four edge-sharing WO6 octa- 
hedra and additional WO6 octahedra connected by 
corner-sharing in different arrangements. In the 
W308(II) structure in Fig. 5(a) every second group of 

m 

M 

(a) 

(b) 

Fig. 5. Crystal structures of (a) W308(II ) and (b) M8023, rep- 
resentative of the { 102} CS structures. 

four edge-sharing octahedra appears in twin orienta- 
tion and the groups are more densely packed than in 
the {102} CS structures, represented by the M8023 
member of the homologous series in Fig. 5(b). The 
groups of edge-sharing octahedra account for the 
deficiency in oxygen compared to the parent WO3 
stoichiometry. Both structure types can theoretically 
be considered as formed by oxygen removal from 
WO3. Hypothetical models will be discussed else- 
where. 

The structure of W308(I) is denser than that of 
W308(II). This is indicated by the volume of the unit 
cell divided by the number of O atoms, which is 
15.81 for W308(I) and 17.64 A~ 3 for W308(II). The 
first value is even less than that of 16.53 A 3 calcu- 
lated for the ambient pressure WO2 structure. 
Experiments to anneal the specimen at ambient 
pressure showed that at T >  573 K W308(I) trans- 
formed into the W3Os(II) phase which later, at T >  
1073 K, decomposed into the W18049 and WO2 
phases. 

The W308(I) phase has also been observed in 
samples prepared from stoichiometric mixtures of W 
and WO3 heated at high temperature in combination 
with high pressure. It does not seem very likely that 
carbon from the graphite container material pro- 
motes the formation of the W308 structures. The 
preparation methods and the phase analysis of the 
system will be presented in a joint forthcoming 
article. 
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Abstract 

The intercalation of hydrogen into the layered struc- 
ture of MoO3 produces four hydrogen molybdenum 
bronze phases HxMoO3 (0 < x < 2). The correlation 
between the structure and the physical properties of 
these low-dimensional conductors has been investi- 
gated by X-ray diffraction and conductivity measure- 
ments. Powder diffraction studies revealed phase 
transitions as a function of temperature and hydro- 
gen content. A new proton-distribution model 
describes the lattice distortions resulting from the 
intercalation in the whole composition range. Super- 
structure reflections were detected in precession 
photographs of single crystals of the phases I (x = 
0.3) and III ( x =  1.6). A single-crystal structure 
determination was performed for Ho.33MoO3, which 
exhibits a 3a x 6e superstructure at ambient tem- 
perature. Structural and experimental data for this 
particular composition are: p2'l 1, a = 11.70 (1), b = 
14.070 (5), c = 22.40 (2) A, a = 90.0 (1) °, V = 
3687 (8) A 3, Z = 72, Dx = 4.68 (1) Mg m -3, 
A(Mo Ka) = 0.7107 A, /x = 0.593 cm-1, F(000) -- 
4622.6, R (F )=0 .10  for 1223 unique reflections. 
Valence-sum calculations revealed that all the pro- 
tons of Ho.33MoO 3 are  located in periodically 
arranged 6-(OH)-clusters. The long-range proton 
ordering breaks down at Tc = 380 K giving rise to a 
second-order phase transition. The identification of 
this transition as a Peierls distortion explains many 
properties of phase 1: conductivity measurements 
show a metal to non-metal transition at Tc with an 
unusual temperature dependence of o- in the ordered 
phase. The multiplication of the unit cell along the c 
direction as well as Tc depend on the hydrogen 
content x. The critical exponent of the order param- 
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eter/3 = 0.36 is compatible with an incommensurate 
superstructure. Fr6hlich conductivity as a result of 
charge-density-wave depinning is observed in field- 
dependent conductivity measurements. 

Introduction 

The hydrogen molybdenum bronzes HxMoO3 (0 < x 
<2)  have been the subject of intense studies 
throughout the last 20 years. Technical interest in the 
deeply coloured, conducting intercalate phases was 
raised by a great number of possible applications 
(e.g. hydrogen-transfer catalysts, electrochromic dis- 
plays, fuel cells, hydrogen storage, gas sensors). 

Scientific investigations of the molybdenum 
bronzes focused on the electronic and ionic charge 
transport in these mixed low-dimensional conduc- 
tors. An understanding of the correlations between 
the structural modifications by intercalation and the 
distinct changes in the physical properties remained 
rather limited. 

The layered structure of M o O 3  permits the inter- 
calation of protons onto two different types of sites. 
Protons can occupy places in the van der Waals gaps 
between the octahedra layers as well as intralayer 
sites on zigzag chains along the c direction (Fig. 1). 
Among the four resulting bronze phases, three exist 
over wide composition ranges (phase I, 0.23 < x < 
0.40; phase II, 0.85 < x < 1.04; phase III, 1.55 < x < 
1.72). Phase IV, in contrast, proved to be the stoi- 
chiometric compound H2MoO3 (Birtill & Dickens, 
1978). 

Powder data 

Experimental 

Powder samples of phase III were prepared by 
electrochemical intercalation of hydrogen into 
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