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Structural Study of a New Hexagonal Form of Tungsten Trioxide
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A new form of tungsten trioxide WO; has been obtained by dehydration of WO; - 1/3 H,O hydrate. The
structural study was carried out from X-ray powder diffraction and selected area electron diffraction data.
The crystallographic characteristics are: the hexagonal system; a = 7.298(2) A, c=77983)A; Z=6.
This hexagonal WO, is built up of slightly distorted (WOg) octahedra sharing their corners arranged in
six-membered rings in layers normal to the hexagonal axis; stacking of such layers leads to formation of
large hexagonal tunnels. Some confirmations of this structure were made by high-resolution electron
microscopy. Powder X-ray diffraction allowed us to determine an average structure. Absence of suitable
single crystals has not permitted us to perform a complete structural determination. Although the
existence of such a hexagonal structure for pure WO; had been considered as likely, it had not been

hitherto observed.

Introduction

Tungsten trioxide, WO3, exists in several
polymorphic forms. They are stable within
well-defined temperature ranges and trans-
form into each other reversibly. All these
forms have structures of the ReQO; type, i.e.,
can be described as constructed from (WOQyg)
octahedra linked by corner sharing, but they
are less symmetrical than ReO; owing to
distortions of the (WQg) octahedra (1).

In the present paper, we report results of a
structural study concerning a new form of
tungsten trioxide which cannot be obtained
from the known forms. The structure is also
built from (WO¢) octahedra sharing their
corners but their arrangement results in a
hexagonal symmetry. We have not suc-
ceeded in preparing large enough single
crystals, so the structural determination was
carried out from X-ray powder diffraction
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and selected area electron diffraction data.
These data allowed us to determine an
average structure but absence of suitable
single crystals has not permitted us to per-
form a complete structural determination.
Some confirmation was obtained by high-
resolution electron microscopy.

Preparation

Hexagonal tungsten trioxide is the product
of total dehydration by dry heating of a
hydrate, WOg-%HZO. This  hydrate
WO3 -3 H,0 was prepared by hydrothermal
treatment at 120°C of an aqueous suspension
of either tungstic acid gel or crystallized
WO;-2H,0.

For further discussion about chemical
composition of hexagonal WO, we recall the
preparations of the starting materials.
The tungstic acid gel was prepared (2) by
mixing solutions of sodium tungstate and
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hydrochloric acid cooled at 5°C. The
yellowish gel obtained was washed with
distilled water and centrifugated; this
washing process was repeated five
times. To obtain the hydrate WO; - 2 H,0,
the washed gel was dispersed in
distilled water and the solution was ripened
at constant temperature (2).

A detailed account of the formation of
WO; -3 H,0, its analysis, and its structure
will be published in another paper.

Hexagonal WO; was obtained by dehy-
dration of WOj3 -3 H,O in a nitrogen—oxygen
(80-20%) atmosphere by an isotherm
treatment at 290°C or by a slow linear heat-
ing up to 420°C.

Due to the method of preparation the most
probable impurity is sodium: Atomic
absorption spectrophotometry within the
limit of sensitivity of this method yielded
information which allowed us to rule out any
sodium impurity. Semiquantitative analysis
by emission spectroscopy did not indicate the
presence of alkaline, alkaline-earth, or tran-
sition metals in significant quantities (K,
Ca=100 ppm, others <50ppm). Due to
these results the formation of hexagonal
tungsten bronzes (3), pseudohexagonal
compounds such as MoW;,_;0,, (4) or
K,WOas.,,,, tungstate (5) can be discarded.

Unlike M,WO; bronzes which are
strongly colored, even for very low values of
x, hexagonal WQOj; occurs as a white powder
which can be slightly yellowish if containing
traces of monoclinic WO;.

Crystallographic Study

Crystallographic data have been collected
with an X-ray powder diffractometer in
reflection mode by the ®-2 scanning tech-
nique using monochromatized cobalt Ka&
radiation. The scanning rate was
1° /20 min. The diffracted intensities were
estimated by planimetry of peak recording
and corrected for Lorentz polarization
effects.
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The powder diagram can be indexed in the
hexagonal system (Table I). A least-squares
refinement of the lattice parameters, using
AKG =1.79021 A, leads to a =7.298(2) A,
¢ =3.899(2) A. As seen in Table I, there is
no systematic absence of reflections, so eight
space groups are possible. The specific mass

TABLE I

X-RAY POWDER DIFFRACTION DATA FOR
HEXAGONAL WO,

hk [a Iepr dobs dcalc
100 55 6.337 6.320
001 52 3911 3.899
110 23 3.655 3.649
101 22 3.318 3.318
200 100 3.165 3.160
111 9 2.667 2.664
201 47 2.455 2.455
210 7 2.388 2.389
300 5 2.109 2.107
211 4 2.040 2.037
002 6 1.953 1.949
10 2} 7 1.864 1.863
301 1.852 1.853
220 22 1.824 1.824
310 9 1.753 1.753
112 3 1.721 1.719
20 2} 3 1.659 1.659
221 1.654 1.653
311 7 1.599 1.599
400 13 1.581 1.580
212 <1 1.511 1.510
401 10 1.464 1.464
320 <1 1.453 1.450
302 <1 1.430 1.431
410 3 1.376 1.379
321 <1 1.358 1.359
222 6 1.332 1.332
312 1.303 1.300
41 1} 6 1.303 1.300
003 1.303 1.299
103 <1 1.274 1.273
40 2} 4 1.228 1.227
113 1.228 1.224
330 <1 1.216 1.216
50 1} <1 1.200 1.202
203 1.200 1.202
420 <4 1.194 1.194

? For the true cell, / must be doubled.
b I, before Lorentz polarization correction.
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of the compound was determined by hydro-
static method in CCL; the measured value,
6.36 gcm >, is in good agreement with the
calculated value for three formula units WO
per cell, 6.43 gcm™>.

The choice of the hexagonal cell has been
confirmed by electron microdiffraction
study. Hexagonal WQO; particles present two
types of habit depending on the starting
reagent. Figure 1 shows the octagonal
platelets characteristic of WO; proceeding
from WOs;-2 H,O; if the starting material is
tungstic acid gel, WO; is obtained as
needle aggregates (Fig. 2). Electron
microdiffraction shows that these two types
of particles lie on the (100) and (001) planes,
respectively (Figs. 3 and 4). Octagonal
particles are well fitted for a study with an
eucentric goniometer stage. By tilting about
the [001] axis, several planes of the recipro-
cal lattice could be explored (Fig. 5). These
selected area electron diffraction patterns
show good agreement for parameter a, but
superreflections appear, indicating that the ¢
parameter must be doubled. These weak
spots are present in all reciprocal sections
containing ¢* (Figs. 3 and 5).

The true cell parameters are then: a =
7.298(2) A, c =7.798(3) A, and Z =6.

The streaks which are observable essen-
tially along c* indicate stacking faults aiong ¢
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Fic. 1. Thin crystals of hexagonal WO; obtained
from the dihydrate (octagonal platelets); particles lying
on the (100) plane.
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F1G. 2. Thin crystals of hexagonal WOQO; obtained
from a tungstic acid gel (needle aggregates); particles
lying on the (001) plane.

and possible disorder within the set of (001)
planes.

In addition, it is to be noted that from the
electron microscopy study, we can forsee
difficulties in X-ray diffraction intensity
measurement owing to orientation caused by
the pronounced anisotropy of particle habit.
(In order to diminish this preferred orien-
tation the samples have been ground.)

Crystal Structure

A too-small number of reflections are
available (only 21 intensities are measurable
with accuracy) for the structure to be deter-
mined ab initio from the X-ray powder data.
Fortunately, the diffraction pattern presents

F1G. 3. Electron microdiffraction taken from a par-
ticle shown in Fig. 1; the (210)* reciprocal section.
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F1G. 4. Electron microdiffraction taken from a par-
ticle shown in Fig. 2; the (001)* reciprocal section.

some analogies with that of hexagonal tung-
sten bronzes. So, we shall use as a likely
model the crystal structure of the latter as it
has been published by Magneli (3). This
structure was described in the space group
P63/mcm with cell parameters a =~7.4 A,
c=7.6A.

The attempts at the resolution of the
structure have been performed with a least-
squares refinement program adapted for
powder data. Atomic scattering factors for
tungsten and oxygen are those given by
Cromer and Waber (6) and Tokonami (7).
Preferred orientation correction has been
applied by dividing all the 4k 0 intensities by
a normalizing factor.

F1G. 5. Electron microdiffraction of hexagonal WO,
taken from a crystal shown in Fig. 1. The crystal has been
tilted around the [001] direction, angle of tilt 30°; the
(110)* reciprocal section.
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Absence in our X-ray data of reflection
with odd values of / cannot give any precision
on determination of parameters of the
atomic positions.

This has led us to determine an average
structure in the most symmetrical space
group possible, P6/mmm, with the half-cell
found by X-ray diffraction. The atomic posi-
tions are listed in Table II; their refinement
will give a first approximation of the true
structure. R; factor decreases rapidly to
0.114 in the hypothesis of isotropic thermal
vibration for all atoms. Introduction of
anisotropic thermal parameters for tungsten
leads to R;=0.098, R,=0.109, and to the
final atomic parameters of Table III.

Table IV shows good agreement between
observed and calculated intensities.

Of course there remain rather important
imprecisions due to the small number of
observed intensities but the structural model
is supported by the X-ray analysis and the
average structure can be considered a good
approximation of the true structure. It is not
possible to go further in the determination of
the real structure without data collected on a
single crystal.

Description of the Structure

Tungsten atoms are bonded to six oxygen
atoms in a near-perfect octahedral coor-
dination as shown by the calculated inter-
atomic distances of Table V. Each oxygen
atom is shared by two octahedra. These
octahedra are arranged in layers normal to
the hexagonal axis; they form six-membered
rings in (001) plane (Fig. 6). In the complete

TABLE II
ATOMIC POSITIONS IN HEXAGONAL WO; HALF-
CELL"
3W 1oo0; 030; 330
30, 303 033 131
60, x2x0; 2%%0; xx0;
x2x0; 2xx 0; ix0

? Space group P6/mmm (Z = 3).
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TABLE 1II

FINAL ATOMIC AND THERMAL PARAMETERS AND THEIR ESTIMATED STANDARD DEVIATIONS
(AVERAGE STRUCTURE IN WO; HALF-CELL)

Atom x y z Biso (A7) B B2z B33 812 Bis B
w i 0 0 2.6 0.0154) 0.013(6) 0.057(9) %Bzz 0 0
o} 3 0 3 6.3(3.5)

0O, 0.212(6) 0.424 0 5.2(3.3)

structure, stacking of such layers along the
hexagonal axis leads to formation of large
hexagonal tunnels with very high occupancy
possibilities: The distance of crystallographic
position (0, 0, 3) to O, atoms being 3.32 A,
even large molecules or ions can be accom-

TABLE 1V

COMPARISON BETWEEN OBSERVED AND
CALCULATED INTENSITIES®

hkl® Multiplicity Tops L
100 6 9.00 13.72
001 2 33.66 30.10
110 6 12.05 11.45
101 12 19.87 14.78
200 6 70.35 72.62
111 12 13.17 12.98
201 12 83.11 82.50
210 12 9.2 8.01
300 6 8.22 9.56
211 24 11.12 9.34
002 2 19.05 21.01
102 12

30 1} 12 25.17 23.32
220 6 53.91 53.89
310 12 25.26 13.96¢
112 12 10.96 9.76
202 12

2 1} o 138.17 138.67
311 24 32.61 18.76¢
400 6 44.78 42.74
401 12 57.06 58.61
410 12 12.05 6.85
222 12 40.40 50.78¢

“ The hkO experimental intensities are divided by
1.44. '

® | values for half-cell

‘ Reflections rejected for final refinement (R;=
0.057, R; =0.052 without these).

modated. The narrowest parts of the tunnels
still have large dimensions: The distance of
(0, 0, 0) position to O, is 2.68 A.

If the presence of metallic ions in the
hexagonal tunnels can be rejected on analyt-
ical grounds, the occupancy by water mole-
cules can be considered. This hypothesis,
compatible with the tunnel dimensions, does
not, however, improve R; and R, factors:
The occupancy factor of the crystallographic
position takes a rather high value (0.17) but
with a very large standard deviation (0.45).
Therefore, presence of water cannot be
ascertained from powder data only. Infrared
absorption spectroscopy and differential
thermal analysis indicate the presence of
only a little adsorbed water.

This crystal structure has been confirmed
by high-resolution electron microscopy (8).
It is well known (9) that under certain
experimental conditions (thin enough and
well-oriented crystals, imaging conditions of
the microscope, etc.), the image contrast in
high-resolution electron microscopy can be
considered as a projection on a plane
perpendicular to the incident electron beam

TABLE V
INTERATOMIC DISTANCES®

WO,;=195A
WO,=1.89A
0,0,=2.724A
0,05=2.66A
0,05=2.68A

¢ The estimated standard devia-
tions are about 0.02 A.
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FIG. 6. Schematic view showing the main features of
the hexagonal WQ; structure; projection along the
[001] axis. The (WQsg) octahedra are shaded.

of a function characteristic of the structure
(electrostatic potentials or charge density
distributions). The needle-like particles of
hexagonal WO; (Fig. 2) are particularly well
fitted for such a study: They are very thin
crystals lying on (001) plane (Fig. 4),i.e.,in a
good orientation for imaging the essential
structural features. Figure 7 presents such a
high-resolution image. The contrast dis-
tribution is in fairly good agreement with the
structural scheme of Fig. 6: Dark regions in
the image represent the metal atom position
in the crystal () and the hexagonal tunnels
appear as large white regions. The values of
the parameters measured by electron
microscopy are also in good agreement with
those calculated by X-ray diffraction.

Conclusion

We have prepared a new form of tungsten
trioxide WO3 and established its hexagonal
structure by means of X-ray powder
diffraction, electron microdiffraction, and
high-resolution electron microscopy.

This hexagonal WO; can only be obtained
from the hydrate WO; - 1H,0.

We have shown that impurities are not
responsible for the structure stability of this
hexagonal form; as will be shown in the near
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F1G. 7. High-resolution electron microscopy image
of a thin portion of a crystal of hexagonal WQ, lying on
the (001) plane (see Fig. 2). The contrast distribution is
in good accordance with the ideal structure projected on
the (001) plane (Fig. 6).

future, the structure of this oxide is closely
related to that of the hydrate WO;-3 H,O.

The existence of this hexagonal form of
WOs; was considered likely by some authors
(4, 10) but, so far, its preparation had not
been achieved.
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