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Tungsten trioxide reduced at about 1270 K by means of controlled atmospheres (P,% = 3.7 lOm8 to 
1.7 . lo-l3 atm) was studied by high resolution transmission electron microscopy, electron diffraction, 
and X-ray powder diffraction. The accommodation of oxygen loss in the parent WO, lattice in the 
range WO, to WO,,, was clarified. The results indicate a solid state mechanism. Intergrowth has been 
found to take place between several of the structural types that occur in this composition range. The 
intergrowth features include directional changes in shear plane arrays (“swinging shear planes”). 
Details of the structural variation with the oxygen content are reported. Ordered shear planes on { 102} 
directions were found to stabilize the orthorhombic WOR parent lattice at room temperature. W,,O, 
has been prepared in a fairly well-defined state. 

Introduction 

The WO,-W,,O,, portion of the tung- 
sten-oxygen system has been the subject of 
many investigations, several comprehen- 
sive reviews of which have been published 
(1-5). According to accepted views, the 
parent WO, lattice accommodates oxygen 
loss by processes which may be regarded as 
more or less extensive rearrangements of 
the corner-sharing octahedra of WO,. 

The first distinct structural type is one 
characterized by crystallographic shear 
(CS) on { 102) planes.2 Structures with par- 
allel, equidistant (102) CS planes corre- 
spond to Magneli phases of the general 
formula W,O,,-, . The exact range of com- 
positions over which this structural type 

1 Present. address: National Defence Research 
Institute/FOA2 Section 241, S-104 50 Stockholm, Swe- 
den. 

2 The indices are based on the idealized, cubic 
(ReO,-type) structure. 

exists in internal equilibrium is not known, 
“W03” or “a” being often used to de- 
scribe any { 102) CS material. 

On further oxygen loss, (103) CS ap- 
pears, corresponding in a similar way to a 
W,O,,-, homologous series, of which 
WZOO,, is one well-characterized member. 
A careful study by Marucco et al. (6) has 
revealed that the equilibrium range of com- 
position of this structural type is a narrow 
one close to the theoretical W02.9,,. On the 
other hand, the extreme slowness of the 
ordering processes makes it possible to 
prepare (103) CS material with composi- 
tions far outside this range (7). 

At still lower oxygen contents, two more 
structural types appear, the W,,O,, (8, 9) 
and the W,,O, (IO), both characterized by 
tunnels and by pentagonal columns (a con- 
cept introduced by Lundberg (I I)). Defects 
have been found in W2,0ss, but no equilib- 
rium range of composition has been deter- 
mined. W,,O,, has repeatedly been re- 
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ported to be strictly stoichiometric or very 
nearly so. 

Most of the experimental work on this 
system-as on other systems in which oxy- 
gen loss is associated with the formation of 
CS planes in a parent structure-has been 
carried out using samples prepared by an- 
nealing oxide or metal-oxide mixtures in 
closed, evacuated silica ampoules. While 
this method offers a convenient way to 
prepare samples of known compositions, it 
does have the drawback that there is no 
way to know the origin of a particular grain. 
Indeed, since vapor transport will often 
play a prominent role in this technique, one 
cannot even know whether it was produced 
by the transformation of an original grain or 
not. In a study of how the WO, lattice 
accommodates oxygen deficiency or trans- 
forms into other structures, this is a definite 
disadvantage. The above seems to apply to 
the great majority of papers published on 
this system. One exception is a study (12) 
in which large, recognizable WOs grains 
were reduced with tungsten metal. How- 
ever, this method is rather unfavorable 
from a kinetic point of view unless positive 
steps are taken to provide a more efficient 
oxygen transport medium than a vacuum. 
For the same reason, the range of composi- 
tions that can be reached by heat treating 
WO, in a dynamic vacuum is quite limited 
(13). 

This study is an attempt to explore the 
nature of reduced WO, using equilibration 
with gas atmospheres of controlled oxygen 
pressure as the preparative method and 
transmission electron microscopy as the 
main tool of observation. 

Experimental 

Preparative aspects. WO, crystals were 
grown from 99.9% pure WO, powder 
(Koch-Light Laboratories) by chemical 
transportation with water vapor in an oxy- 
gen atmosphere. The water content was 
about 20%, as obtained by passing oxygen 

through water maintained at 60°C. The flow 
rate was 5 to 10 ml/min in an 8-mm-i.d. 
reaction tube. The temperature gradient 
was 15 K/cm, the raw material being at 
1323 K and the crystal growth at 1073-l 173 
K. The crystals were compact grains, the 
maximum size obtained being about 2 mm. 
Some prismatic and double-pyramidal 
shapes were observed, but most of the 
crystals were irregular, although with well- 
developed facets. 

Yellow and yellowish crystals were se- 
lected under the optical microscope. These 
were then reduced by means of the double- 
buffer technique, i.e., by treating the sam- 
ple with a gaseous buffer, the composition 
of which had previously been established 
by equilibration with a solid metal + metal 
oxide buffer. A detailed description of this 
technique and of the experimental setup is 
in preparation (14). In this case, CO + CO, 
at a total pressure of 1 atm was used as a 
buffer atmosphere. Water was removed by 
passing the circulating gaseous buffer 
through concentrated sulfuric acid. The 
solid buffers used were Ni + NiO prepared 
in situ by the decomposition of nickel oxa- 
late in vacuum (samples l-6), Co + Co0 
consisting of commercial high purity cobalt 
which had been slightly oxidized (samples 
7-11), and “FeO” + FeO, prepared by 
heating an appropriate mixture of Fe and 
Fe,O, (samples 12, 13 and Table II). The 
oxygen pressures were monitored by 
means of a stabilized zirconia oxygen con- 
centration cell. The temperature measure- 
ments were carried out using calibrated 
Pt/PtRh (10%) thermocouples. The stabil- 
ity of the synthesis temperature during a 
run was of the order of 2 1 degree. The 
oxygen pressures, temperatures, and reac- 
tion times for each preparation are pre- 
sented in tabular form below. 

Methods of sample examination. The 
samples were examined by optical micros- 
copy, by X-ray powder diffraction using a 
Guinier-Hagg camera, and, in particular, 
by high resolution electron microscopy. 
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The electron microscope was a Siemens 
ELMISKOP 102. The electron microscopy 
procedures have been described previously 
(9). The acceleration potential was 125 kV. 
The plates were calibrated using the as- 
sumption that the intertunnel spacings 
along the CS plane are 8.5 and 12.0 A in 
{ 102) and (103) CS planes, respectively. 
These values were derived using a struc- 
tural model in which the WO, octahedra are 
undistorted. From the published structures 
of W,,O,, (15) and W,,O,, (16), { 103) CS 
intertunnel spacings can be obtained; the 
values are 12.1 and 11.9 A, respectively. 
Considering the accuracy of the experimen- 
tal intertunnel distance measurements, the 
difference is negligible. These values are, in 
any case, of doubtful applicability when 
less ordered structures are considered. 

Determination of the sample composi- 
tions. In compounds where CS constitutes 
the sole cause of nonstoichiometry, the 
composition is uniquely defined by the type 
and density of CS planes. For the specific 
case of parallel CS planes, the composition 
is determined by the average CS plane 
spacing in a way implicit in the structural 
type (17); formulas for this have been pub- 
lished (7, 18). 

As has been found in previous electron 
microscopy studies of reduced WOs, even 
small fragments display a range of CS plane 
spacings rather than a single one. The aver- 
age spacing in a region of parallel CS planes 
was determined by measuring the distance 
between two nonadjacent CS planes in the 
lattice image and counting the number in 
between (typically 10-G). The composition 
was then calculated. With average spacings 
accurate to about 2 parts in 100, .K in WO, 
had an error of less than 1 part in 1000, the 
experimental determination of the calibra- 
tion factor being the main source of uncer- 
tainty. 

The average composition of the CS do- 
mains present in a sample was then calcu- 
lated (separately for { 102) and { 103) CS if 

both were present) as the mean of a number 
of such composition determinations based 
on data from a number of crystal fragments. 
Even in samples where only a single struc- 
tural type was found, there was some varia- 
tion between the compositions of the indi- 
vidual fragments, as reflected in the values 
of the standard deviation of the mean (see 
Table I). 

No composition determination was car- 
ried out for samples that displayed nonpar- 
allel CS planes or for the W,,O,, and 
W,,O,, phases. 

Results 

A summary of the preparation of and 
observations on 13 samples is presented in 
Table I. 

All the samples consisted of dark crys- 
tals, mostly of the size and shape character- 
istic of the original WOB. In addition, a 
varying but small proportion of needles was 
found to grow on the surface of these 
crystals. No needles were ever found on 
the crucible walls or anywhere else in the 
preparation apparatus. 

Under the electron microscope, the sam- 
ples were found to fall (with some overlap) 
into the four major structural groups de- 
scribed in the Introduction. Only in one 
case (to be described below) did the needles 
differ structurally from their substrate. The 
presence of { 102) CS, (103) CS, and 
WL80d9 was in each case confirmed by 
comparing the X-ray powder patterns with 
previous data (19). 

{ 102} cs 

At low degrees of reduction (samples l- 
3) the CS planes appeared to be randomly 
oriented on the four directions of this form. 
The rest of this group (samples 4-g) was 
characterized by domains of parallel CS 
planes, initially (sample 4) with a wide 
distribution of spacings but ordering with 
increasing reduction into arrays of closely 
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TABLE I 

PREPARATION, STRUCTURAL, AND COMPOSITION DATA-DIFFERENT OXYGEN PRESSURES 

Sample - lois PO* Temperature Time 
number W-4 W (bd 

1 7.42 1270 48 
2 8.79 1267 47 
3 9.61 1273 46 
4 10.11 1271 170 
5 10.45 1265 170 
6 10.56 1268 52 
7 11.19 1271 48 

8 11.21 1264 48 

9 11.38 1268 48 
10 11.% 1269 46 
11 12.36 1270 48 

12 12.54 1269 59 

13 12.78 1269 72 

’ CS planes not parallel; no composition calculated. 

Structural 
Wee 

{ 102)CS 
{ 102}CS 
{102}CS 
{ 102)CS 
{ 102)CS 
{ 102)CS 
{ 102}CS 
{ 103)CS 
{ 102)CS 
{ 103)CS 
{ 103)CS 
{ 103)CS 
{ 103)CS 
w*,o,, 
W*& 
W,@,, 
W&9 

I in WO, 

(0) 
I:; 

2.982 + 0.007 
2.980 + 0.012 
2.977 f 0.010 
2.963 2 0.020 
2.904 2 0.014 
2.957 + 0.018 
2.897 c 0.011 
2.899 k 0.008 
2.893 k 0.006 
2.880 2 0.009 

Number of 
fragments 
examined 

15 
26 
13 
18 
13 
20 
27 
16 
7 
4 

24 
48 
18 
29 
21 
13 
32 

and more regularly spaced CS planes. In 
addition, the X-ray diffraction patterns re- 
vealed that these samples containing paral- 
lel CS planes had a WO, parent lattice of 
the high-temperature orthorhombic type 
rather than the normal room-temperature 
monoclinic type of unreduced WO, and the 
first three, least reduced, samples. In sam- 
ples 7 and 8, coexisting domains of { 102) 
and { 103) CS planes were found, including 
areas where an array of CS planes could 
actually be seen to change from one direc- 
tion to the other one (“swinging shear 
planes”, (20)). In these two samples, CS 
planes at spacings corresponding to II = 12 
or slightly above were the predominant 
feature of the { 102) CS domains; no 
lower n values were found. 

(103) cs 
The (103) CS plane spacings also be- 

came more regular with increasing degrees 
of reduction. The distribution of CS plane 

spacings narrowed from values correspond- 
ing to (predominantly) IZ = 18-22 (samples 
7-9) to n = 1618 (samples 10 and 11). The 
lowest n value found in a well-ordered 
array of { 103) CS planes was 16. This is in 
agreement with the findings of Pickering 
and Tilley (8). 

This compound was not prepared in a 
pure state. The preparation data indicate 
that at this particular temperature, its range 
of thermodynamic stability in terms of oxy- 
gen pressure is quite narrow. However, its 
presence as a distinct phase was not in 
doubt. Sample 11 was the material used in 
the recent determination of the structure of 
this phase by Sundberg (9). Intergrowth 
was found with { 103) CS in sample 11. 
Sample 12 consisted of W,,O,, needles 
growing on a substrate that was at least 
predominantly W,,O,,. Despite an exten- 
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TABLE II 

PREPARATION AND STRUCTURAL TYPE FREQUENCY DATA-DIFFERENT REACTION TIMES 

-loI3 PO* 
(atm) 

Temperature 
w 

Time 
(hr) { 102)CS 

Number of fragments 

{ 103)CS w,40,* WI@,, 

12.88 1270 7 10 6 1 - 
12.91 1269 12 - 3 6 4 
12.91 1269 16 - - 8 14 
12.82 1269 21 - - 14 12 
12.78 1269 72 - - - 32 

sive search, no intergrowth between these 
two phases was found. 

WIl3049 
This phase was observed in samples 12 

and 13. As far as could be ascertained by 
the methods used in this study, W,,O, was 
the only structural type existing in sample 
13. All the W,,O,, fragments were perfectly 
well ordered except for a few that con- 
tained planar defects. Further studies on 
this matter are in progress. 

The Time Factor 

The present results give no indication of 
ordering beyond what takes place during 
the first 48, hr. However, the maximum 
reaction time was only about a week. 

In order to elucidate the nature of the 
reduction process further, WO, samples 
were reduced for various shorter periods of 
time under similar conditions in the W,,O,, 
stability range. The results are summarized 
in Table II. (The last sample is also in- 
cluded in Table I.) From a structural point 
of view, the reduction is obviously a 
stepwise one under these conditions. 

Discussion 

The question whether equilibrium has 
been attained in a system like this is a 
difficult one. In a previous study (6) in 
which this particular reduction was investi- 

gated by means of precision thermogravim- 
etry, the reaction times varied from a few 
hours to many days. However, since the 
purpose of the present work was to clarify 
the structural changes that accompany the 

FIG. 1. Lattice images of WO, in various stages of 
reduction: (a) disordered (102) CS, sample 2, (b) 
parallel { 102) CS, sample 4, (c) magnified portion of 
(b), (d) ordered { 102) CS, sample 7, (e) ordered { 103) 
CS, sample 10, 0 W&,, sample 11, (g) WI,%, 
sample 13. Scale for (a) and (b) as indicated in (b), for 
(c)-(g) as in (0 



-1og PO 9 2 Mnl 
FIG. 2. Electron diffraction patterns of WO, in var- 

ious stages of reduction: (a) ordered { 102) CS, sample 
7, (b) { 102) + { 103) CS coherent intergrowth, sample 
7, (c) ordered { 103) CS, sample 10, (d) { 103) CS + 1 
W,,O, coherent intergrowth, sample 11, (e) W,,O,, 
sample 11, (f) W,,O,,, sample 13. 

reduction rather than to study the equilib- 
rium thermodynamics, the requirements 
were somewhat less exacting. As is evident 
from Fig. 3, the composition-oxygen pres- 
sure data are consistent with earlier results. 

The lattice image techniqu-as has been 
found both in this work and in all previous 
ones-always reveals more disorder in the 
CS structural types than can be reconciled 
with the existence of a series of discrete 
W,O,,-, or W,O,,-, phases separated by 
two-phase regions. Theoretical calculations 2 80 2 90 300 
(21, 22) nevertheless indicate that at least xmwo, 

some such phases may be thermodynami- 
cally stable entities. 

FIG. 3. The composition of reduced WO, (samples 
4-13) as a function of the preparation oxygen pressure 

The present results clearly show that the at 1270 K. A {102) CS, Cl {103} CS, 0 WZ40e8, and 
reduction of WO, can be carried out coher- W,804,. The oxygen pressure stability ranges indi- 

ently in the bulk all the way to W,,O,, and cated along the right-hand edge of the diagram are 

that this reaction proceeds via the struc- 
those obtained by Rizzo et al. (26) by an emf tech- 

tural types previously observed in this sys- 
nique; the composition range of W,,O,, is from (6). 
Since no actual analysis of the W,,O,, was performed, 

OXYGEN LOSS IN WO, 71 

process will be reported in a subsequent 
paper (23)) No other structural types were 
observed. In particular, since ( 103) CS and 
W,,O,, have been found to intergrow under 
near-equilibrium conditions, it is unlikely 
that other types of CS (for example on 
{ 104) directions) exist at this temperature. 

Although W,,O,, and W,,O,, undoubt- 
edly exist in physical contact, no inter- 
growth regions could be located. This 
seems to indicate that W,,O,, forms inco- 
herently, with a highly distinct phase 
boundary even during the actual reduction 
process. On the other hand, the results 
show that W,,O,, may form with no ob- 
vious change in the original WO, morphol- 
ogy. Thus, there seems to be no need to 

tern. (The structural details of the reduction no range comparison can be made. 
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assume that vapor transport is a necessary 
step in this reaction. This is in conflict with 
a previous study of this subject by Satin 
(24) in which the W19O49 was found exclu- 
sively in the form of whiskers. However, 
that preparation was carried out with hy- 
drogen and under rather more drastic con- 
ditions, which may well have made a mech- 
anistic shortcut possible. This assumption 
is supported by the fact that both Sarin and 
other authors (6) report the reaction to be 
quite fast under strongly reducing condi- 
tions, while it is very slow at near-equilib- 
rium. Further studies on the morphology of 
W,,04, as a function of the conditions of 
preparation are needed.3 

Some information has been obtained 
about the stoichiometry of the various WO, 
phases. The coexistence of { 102) CS (n = 
12) with { 103) CS (n = 22), and the simulta- 
neous absence of lower and higher n 
values, respectively, seems to indicate that 
W,,O,, ({ 103) CS) is marginally more sta- 
ble than W,,O,, ((102) CS), in agreement 
with the calculations of Iguchi and Tilley 
(21). Previous results (6) indicate that in 
the region W02.40-2.915, the oxygen equilib- 
rium pressure varies very little with the 
composition and that a unique sample com- 
position at a particular oxygen pressure 
cannot be attained even in a period of 
several weeks. The composition range of 
the (102) CS structural type may thus 
extend to, or almost to, that of the (103) 
type, but the lower part of this range would 
be preparatively almost inaccessible except 
in the form of microdomains. 

The 740 K transformation of WO, from 
the orthorhombic to the monoclinic struc- 
ture is suppressed by the presence of or- 
dered { 102) CS planes. This stabilization 
explains the presence of orthorhombic 
room-temperature WO, in samples pre- 
pared by other techniques (25). 

There are no previous reports of W,,O,, 
3 More work along these lines is being reported 

elsewhere (27). 

being found in samples prepared by gas 
reduction. Since its detection seems to re- 
quire a high resolution both in defining the 
oxygen pressure and in the phase analysis, 
this is not surprising. 

The role of the planar defects observed in 
W,,O,, in the reported composition range 
of this compound (WOz.,196--2,T224, (6)) and 
in the type of composition variation pre- 
dicted by Pickering and Tilley (8) are prob- 
lems that require further analysis. 

Acknowledgments 

The authors wish to thank Drs. Lars Kihlborg and 
Margareta Sundberg for sharing their extensive experi- 
ence of electron microscopy as well as of structural 
chemistry in general, Mrs. Gunvor Winlof for her 
invaluable practical assistance in the electron micros- 
copy part of this work, and Professor A. Magnili for 
his continued interest and support. 

This investigation has been supported by the Swed- 
ish Natural Science Research Council. 

References 

I. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

J. S. ANDERSON, in “Surface and Defect Proper- 
ties of Solids” (J. M. Thomas and M. W. Roberts. 
Eds), Vol. 1, p. 1. The Chemical Society, London 
(1972). 
J. S. ANDERSON AND R. J. D. TILLEY, in “Surface 
and Defect Properties of Solids (J. M. Thomas and 
M. W. Roberts, Eds.), Vol. 3, p. 1. The Chemical 
Society, London (1974). 
R. J. D. TILLEY, in “M.T.P. Int. Rev. Sci. Inorg. 
Chem.” (L. E. J. Roberts, Ed.), Ser. 1, Vol. 10, p. 
279. Butterworths, London (1972). 
R. J. D. TILLEY, in “M.T.P. Int. Rev. Sci. Inorg. 
Chem.” (L. E. J. Roberts, Ed.), Ser. 2, Vol. 10, p. 
73. Butterworths, London (1975). 
“Gmelin Handbuch der anorganischen Chemie,” 
Wolfram Erg.-Bd. B2. Springer-Verlag, Berlin- 
Heidelberg-New York (1979). 
J. -E. MARUCCO, P. GERDANIAN, and M. DOD&J. 
C&n. Phys. 66, 674 (1969). 
J. G. ALLPRESS AND P. GAD& Crystal Lattice 
Defects 1, 331 (1970). 
R. PICKERING AND R. J. TILLEY, J. Solid State 

Chem. 16, 247 (1976). 



OXYGEN LOSS IN WO, 73 

9. M. SUNDBERG, Chem. Scripta 14, 161 (1978/9). 19. A. MAGNBLI, G. ANDERSSON, B. BLOMBERG, AND 

10. A. MAGNBLI, Arkiv Kemi 1, 223 (1950). L. KIHLBORG, Anal. Chem. 24, 1998 (1952). 

II. M. LUNDBERG, Chem. Common. Univ. Stock- 20. J. G. ALLPRESS, J. Solid State Chem. 4, 173 

helm 12 (1971). (1972). 

12. M. SUNDBERG AND R. J. D. TILLEY, J. Solid State 21. E. IGUCHI AND R. J. D. TILLEY,P~U Trans. Roy. 

Chem. 11, 150 (1974). 
Sot. London A 286, 55 (1977). 

13. R. J. D. TILLEY, Muter. Res. Bull. 5, 813 (1970). 
22. E. IGUCHI AND R. J. D. TILLEY, J. Solid State 

14. S. BERGLUND, Chem. Scripta, in press. 
Chem. 24, 121 (1978). 

15. A. MAGNBLIL, Arkiv Kemi 1, 513 (1950). 
23. W. SAHLE AND M. SUNDBERG, to be published. 
24. V. K. SARIN, J. Mater. Sci. 10, 593 (1975). 

16. M. SUNDBERG, Acta CCVstahP’. B 32, 2144 25. M. SIJNDBERG, to be published. 
(1976). 26. F. E. RIZZO, L. BIDWELL, AND P. F. FRANK, 

17. A. MAGNBLI, Acta Crystallogr. 6, 495 (1953). Trans AIM,?? 239, 1901 (1%7). 
18. J. G. ALLPRESS, R. J. D. TILLEY, AND M. J. 27. W. SAHLE AND S. BERGLUND, J. Less Common 

SIENKO, J. Solid State Chem. 3, 440 (1971). Metals, in press. 


