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W1s04g samples were prepared by reduction of WO1 crystals at various temperatures (at about 1170, 
1270, and 1370K) by equilibration with a gaseous buffer of controlled oxygen pressure. The samples 
were studied by high-resolution electron microscopy. The results show that an amorphous phase is an 
intermediary step in the formation of W180d9. Defects are very rarely observed in as-reduced W18O49, 
which differs in this respect from other tungsten oxides. Apart from twinning, however, three types of 
extended defects have been observed occasionally, and these are interpreted and discussed. 

Introduction dral groups are linked together in one direc- 
tion by comer-sharing component octa- 

Tungsten trioxide loses oxygen readily hedra and in the other direction via ad- 
under reducing conditions, and a series of ditional octahedra, Wide, empty pseudo- 
lower oxides is formed. From X-ray diffrac- hexagonal tunnels are formed, running 
tion, electron microscopy, and thermody- through the structure along the short b axis. 
namic studies it has been confirmed that The crystal structure gives an O/W ratio 
these oxides comprise (i) (102) and (103) of 2.7222 for the ideal composition. Opin- 
crystallographic shear (CS) structures ions have, however, diverged considerably 
(1, 2), (ii) “tunnel” compounds containing concerning the extension of the homogene- 
pentagonal columns (PC a term introduced ity range of this phase, and the following 
by Lundberg (.?), namely, Wi2034 (WO2.83) different O/W composition intervals have 
(4-b) and WI8049 (wo2.72) (7)~ and (iii) been suggested, in chronological order: 
WO:! of distorted rutile-type structure (8). 2.65-2.76 (12), 2.654-2.765 (13), 2.70- 
The thermal stability and composition 2.73 (14), 2.64-2.71 (15), and 2.719- 
ranges of these phases, as well as the lattice 2.7224 (16). The last interval was ob- 
defects in the crystals, have been reviewed tained by precision thermogravimetric 
elsewhere (9, 10). studies. Neither the X-ray powder diffrac- 

The structure of Wi8049, depicted in Fig. tion investigation by Ekstrom (27) nor 
1, was determined from single-crystal X- the high-resolution electron microscopy 
ray data by Magneli (7) and has been re- (HREM) study by Pickering and Tilley (4) 
fined recently (II). It can be described in showed evidence for a variable composi- 
terms of PCs coupled in pairs by edge-shar- tion of the phase. 
ing component octahedra. These polyhe- In a recent study of the tungsten-oxygen 
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FIG. 1. Projection of W180d9 structure along the b 
axis. 

system, samples of W18049 were prepared 
by reduction of W03 crystals by equilibra- 
tion with a gaseous buffer of controlled ox- 
ygen pressure (18). It was reported that all 
observed W18049 fragments were very well 
ordered, except a few that contained planar 
faults. The effect of these faults on the com- 
position of the phase was uncertain. On the 
other hand, as X-ray crystallographers 
have noticed, the crystals of WisO49 are fre- 
quently twinned and unsuited for single- 
crystal data collection (7, 11). A recent 
morphological study of the system has re- 
vealed that, although the shape of the basic 
W03 crystals was roughly preserved during 
the reduction, the samples of WisOd9 
formed consisted of compact, more or less 
randomly oriented bundles of needles (19). 

Over twenty years ago Hashimoto et al. 
(20) studied the formation of WisO49 by 
thermal decomposition of ammonium tung- 
state in the high vacuum of a hot-stage elec- 
tron microscope. They observed the occur- 
rence of seemingly liquid, “ball-like” 
particles on the growing needles. Recently 
we found a similar feature in scanning elec- 
tron microscope images at the Wt2034 and 
Wi’18O49 phase boundary (19). While coher- 
ent intergrowth was found to occur be- 
tween the other structure types, no inter- 
growth of these two neighboring oxides has 
ever been observed in TEM images (18). It 
was therefore found desirable to carry out 
further studies on the formation of WisO49, 

to analyze the planar faults observed, and 
to throw some light on the composition 
variability of the oxide. 

Experimental 

W,SO~~ samples were prepared by gas- 
eous buffer equilibration of vapor-grown 
tungsten trioxide crystals at about 1170, 
1270, and 1370K. The purity of the initial 
tungsten trioxide powder was 99.9% 
(KOCH-LIGHT Laboratories). The details 
of the syntheses have been reported else- 
where (18, 21). 

The samples were studied by optical mi- 
croscopy and X-ray powder diffraction, as 
well as scanning, analytical, and transmis- 
sion electron microscopy. A Siemens 
ELMISKOP 102, with a double tilt-lift 
stage was utilized as the main tool of inves- 
tigation. For use in the microscope the sam- 
ples were crushed in an agate mortar, dis- 
persed in n-butanol, and collected on 
copper-supported perforated carbon films. 
Thin crystal flakes (less than 100 A thick) 
were sought and oriented with [OIO] parallel 
to the electron beam. Micrographs were re- 
corded at about 800 A underfocus, using all 
diffracted beams out to about 0.42 A; the 
effective size of the aperture was smaller, 
due to focus spread and beam convergence, 
however (22). 

The oxide is stable in the beam, has two 
long axes and one short, and is thus very 
well suited for lattice imaging. To ease the 
interpretation of the observed faults, we 
made n-beam dynamical calculations using 
the multislice method (23, 24). These pro- 
vided the basis for the interpretation of the 
images as a projected charge density of the 
crystals. For the calculations we made use 
of a computer program originally written by 
Skarnulis (25) and further modified at our 
Institute by Kihlborg. 

Results and Discussion 

All diffraction lines in the X-ray powder 
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patterns of the W18049 samples could be in- 
dexed, and the lattice parameters were un- 
affected by variations in the synthesis tem- 
perature, unlike those of the other oxides. 
The lattice parameters observed were a = 
18.322 2 0.002, b = 3.782 + 0.002, c = 
14.034 t 0.002 A, and p = 115.21 + 0.02”, 
and these values are in good agreement 
with values previously reported (17). We 
will now examine how the formation of 
W18O49 is accomplished during reduction of 
W03 crystals and then present the observed 
planar faults in the oxide. 

The sequence of phases occurring during 
the reduction of WO3 crystals down to 
WOI,,~ has been investigated recently (18). 
Fragments representing intergrowth of the 
four more oxidized phases were observed, 
but intergrowth among these and WI8049 
was never seen. Observation of the samples 
containing WI2034 and/or W18049 under 
an optical microscope frequently showed 
bunches of whiskers of W18049 grown from 
a common center (19). The material in the 

FIG. 2. (a) Formation of W18O49 whiskers in wet gaseous reduction of W03 crystals. (b) A SEM 
micrograph of amorphous tungsten oxide (higher magnification of the core in (a). 
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center appeared rather glassy and distinctly 
different from the surrounding material. 
Further examination of such regions, ap- 
parently nucleation centers of Wr8049 whis- 
kers, in a scanning electron microscope re- 
vealed that they consisted of ball-like 
particles (Fig. 2a). Higher magnification of 
the central part showed an appearance 
rather different from that of a crystalline 
material (Fig. 2b). 

The same samples, when observed in a 
transmission electron microscope, showed 
many fragments like that in Fig. 3a, which 
gave only diffuse scattering in diffraction 
mode (Fig. 3b). Such amorphous flakes 
have only been seen in samples also con- 

taming W 12O34 and/or W 18049. Energy-dis- 
persive analysis indicated that tungsten was 
the only or main detectable element in 
these amorphous fragments. 

These results indicate that the formation 
of W18O49 from the higher oxide W12034 in 
these experiments is not a coherent and 
gradual structural transformation, but a nu- 
cleation and subsequent growth of the ox- 
ide. An amorphous tungsten oxide seems to 
be an intermediate stage in this process. 

(2) Faults in WI8 Od9 

The HREM studies showed that the 
Wr8049 crystals were normally well or- 
dered, except for a few fragments in which 

FIG. 3 (a). Transmission electron image of a predominantly amorphous fragment. (b) Electron 
diffraction pattern of the fragment shown in (a). 



single planar faults could be seen. Frag- more clearly seen if the crystal is tilted 
ments containing these faults were found rather far (a few degrees) from the ideal 
exclusively in single-phase W1s049 samples, projection. Synthetic images of the W18049 
and such faulted fragments did not amount structure (Fig. 5) using the refined structure 
to more than 7% of the total number ob- data (II) have been calculated in order to 
served, i.e., 9 fragments out of 140. Al- verify the intuitive interpretation of the mi- 
though intensive studies were conducted on crographs. Even for thick crystals and 
samples containing both WisO49 and moderate magnifications, the pseudohex- 
W12034, neither intergrowth nor defective agonal tunnels are clearly visible and can be 
W180d9 fragments were observed. Low- used as clues for the defect interpretation. 
magnification images of these defects are The observed planar defects fall into 
presented in Fig. 4. The defects are often three groups, according to their crystallo- 

graphic orientations. The faults designated 
A lie on the plane (TOl), and those marked B 
lie on (201) with respect to the parent 
W18O49 lattice (Fig. 4). In Fig. 6 a high-reso- 
lution image of a fragment having defects of 
type A and B is presented. Enlargements of 
the defective regions are shown in Fig. 7. 
The two differently oriented defects termi- 
nate in each other at an angle of about 150”. 
It can be seen that the lattice on both sides 
of these faults is shifted perpendicular to 
(001) by about 4 A. A likely interpretation of 
the defect region at the junction of the two 
types of faults is presented in Fig. 8. The 
defects indicated by C in Fig. 4a run paral- 
lel to the c axis and can thus be termed 
(100) defects. They are not easily inter- 
preted in this rather low-magnification im- 
age, but one can see that the lattice viewed 
along a is shifted by approximately f c (=4 
A) across this defect, while there is very 
little expansion or contraction along a. A 
reasonable model is presented in Fig. 9. 

The defects can conveniently be dis- 
cussed in terms of the interconnection of 
the PCs. In regular Wi80d9 four types of 
linkages can be distinguished, which are 
shown in Fig. 10 (I-IV). These structure 
components, for convenience designated 
by symbols partly following the notation in- 
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FIG. 4. (a,b) Low-magnification Lmage of defective 
troduced by Lundberg (3), can be named: 

W,8049 crystal fragments. Defects (101) are labeled A, 
(I) edge-shared (a), (II) double corner- 

those lying on (201) are marked B, and others which shared (y), (III) PC-W03-PC (T,), and (IV) 
are parallel to the c axis are designated C. The letter T PC-HT-PC (H). The CI and y types are im- 
indicates twinning. mediate connections of PCs (3), while the 
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FIG. 5. Comparison of expected (synthetic) and re ‘al 
images of a thin, well-aligned WI8049 crystal fragmer It. 

FIG. 6. Lattice image of a slightly tilted W18O49 crys- 
tal fragment, showing (701) and (301) defects desig- 
nated A and B, respectively. 

linkage occurs via extra octahedra in the H 
and T types. In addition, two new linkages 
shown in Fig. 10 (V,VI) seem to occur at 
the defects. These can be described as sin- 
gle corner-shared (6) and PC-(WO&-PC 
( T2) linkages. 

Examination of some features along the 
(701) defect (Fig. 7a, arrow) indicates that 
the edge-sharing between pentagonal 
column pairs (Fig. 101) in Wis049 has very 
likely been replaced by double-corner shar- 
ing (Fig. lOII), as shown in Fig. 8. In terms 
of the PC joints, the a is converted to y- 
linkage. At the (101) defect there is a local 
increase in the number of corner-shared oc- 
tahedra (W03-type structure), a change of 
Tl to T2, and this defect must be accompa- 
nied by an insertion of extra tungsten and 
oxygen atoms to the regular structure. The 
linkage at the defect is compared with that 
in regular WisOd9 in Table I. 

(Parameters used in the calculations: number of 
beams: 337; defocus: -800 A; aperture: 0.42 A-‘; fo- 
cus spread: 150 A; beam divergence: 1.00 X IO-) rad; 
slice thickness = b = 3.78 A.) (a) Real image; (b) syn- 
thetic image for 6 slices: (c) for 50 slices. 
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FIG. 7. (a) Enlargement of a region marked A in Fig. 
6. (b) Enlargement of a region marked B in Fig. 6. (The 
arrow indicates the defects and the 4-A shift of the 
lattice perpendicular to (001) is illustrated by the 
kinked lines.) 

By closer inspection of the features along 
the (201) defect (Fig. 7b, arrow) a model 
can be suggested in which PCs connected 

by a and y linkages have been displaced 
relative to each other to become joined by y 
and 6 linkages, respectively. While the 
(201) defect requires insertion of extra oxy- 
gen atoms, the (101) and (100) defects in- 
volve a change in the local concentration of 
tungsten and oxygen atoms with a concomi- 
tant expansion of the lattice along the [ 1021 
direction, As is shown in Table I, the (100) 
defect could conveniently be discus_sed as a 
combination of features from the (101) and 
(501) defects. It consists of the T2 linkage 
along [102] as in the (701) defects and the 6 
linkage as in the (201) defects. All these de- 
fects are rare in as-reduced WisO49, but the 
(iO1) type is more common than the (201) 
and (100) types. A striking fact, however, is 
that the defects are very stable in the micro- 
scope and can neither be formed nor de- 
stroyed by long time exposition to the elec- 
tron beam under normal operating con- 
ditions. 

As mentioned above, some thermody- 
namical studies have indicated the exis- 
tence of a composition range for the W18049 
phase, but no structural confirmation is 
available. The small number of defective 
crystals observed in the samples make us 
believe that they make an insignificant con- 
tribution to any nonstoichiometry of the 
sample. If this phase has a homogeneity 
range (16) it is thus likely that this is caused 
mainly by point defects. The reason for the 
formation of the observed defects is not 
certain. Defects of these kinds can be intro- 
duced on a large scale by deliberate oxida- 

TABLE I 

THE STRUCTURE OF W18049 DESCRIBED IN TERMS OF LINKAGE IN A GIVEN DIRECTION (THE CHANGE OF 

LINKAGE TYPE DUE TO (lOl), (?Ol), and (100) Defects is Underlined) 

Direction WI8049 (iol) defect (201) defect (100) defect 

tt@N 

uo21 

. . .uyayay. . . 

. .HT,HT,HT,. . 

. .ayyyay. . . 

.HT,HY&HT,. 

.aya&xy. 
and 

.ayypy . . . 
. .HT,HT,HT,. 

. .ayagxy. . . 

. .HT,H-&HT,. 
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FIG. 8. Inte :rpretation of the region in the box in Fig. 6. (The top and bottom pari 
corresl ,ond to 1 (201) and (iiol) defects, respectively.) 

.s of the model 
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impurities, perhaps present only at the nu- 
cleation center of the whiskers. 

FIG. 9. An interpretation of the (100) defect marked 
by C in Fig. 4a. (The defect is indicated by an arrow.) 

tion of Wts0~~ crystals, which will be the 
topic of a subsequent paper. 

The conditions for the formation of the 
WrsO~g crystals used in the present experi- 
ments were quite stable, however, and oc- 
casional oxidation does not seem likely in 
this case. The stability of the synthesis tem- 
perature was of the order of *lo. The 
cooling was rapid; if it was not rapid 
enough to prevent reaction at lower tem- 
peratures, the effect would have been fur- 
ther reduction and not an increase in the 
oxygen content. It is possible that the pla- 
nar defects are formed during the growth 
due to the presence of small amounts of 

rz H P 6 PI 12 

FIG. 10. The various types of PC joints in Wi~0~~. (I) 
Edge-shared (a); (II) double comer-shared (y); (III) 
PC-WO,PC (T,); (IV) PC-HT-PC (H) (26); (V) sin- 
gle comer-shared (8); and (VI) PC-(WO&-PC ( Tz), 
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