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Tin—antimony oxide catalysts prepared by the calcination of precipitates have been investigated
by high-resolution electron microscopy. The exposure of the catalysts prepared at low tempera-
tures to gaseous atmospheres containing hydrocabon and oxygen results in a segregation of anti-
mony from the poorly crystalline rutile-type solids and the development of an amorphous material.
The catalysts containing low concentrations of antimony are also partially converted to a non-
rutile-type crystalline phase. Prolonged calcination in air of the used catalysts at high temperatures
leads to the attainment of bulk equilibrium and the formation of solid solutions of antimony in
tin(IV) oxide. Treatment of the equilibrated crystalline catalysts prepared at high temperatures in
the hydrocarbon and oxygen gas stream gives rise to disorder within the catalyst structure which is
resistant to further change at high temperatures.

INTRODUCTION

Although the catalytic properties of tin—
antimony oxides for the selective oxidation
and ammoxidation of hydrocarbons have
been known for many years (/) it is only
recently that their fundamental solid state
properties have been subjected to substan-
tial examination. For example, X-ray dif-
fraction has revealed (2, 3) that materials
prepared at high temperatures have a low
tolerance for antimony incorporation
within the rutile-type tin(IV) oxide lattice
whilst X-ray photoelectron spectroscopy
(XPS) (4-6) has shown that such materials
are enriched at the surface in antimony.
Other studies by Mdssbauer spectroscopy
(7-9) have demonstrated that the tin(IV)
oxide contains antimony(V) within the bulk
lattice whilst antimony(III) is located at
surface sites. Despite these recent investi-
gations there is a sparsity of information
concerning the structural changes which
occur in the catalysts during the catalytic
reaction and recent attempts (2—4, 10-14)
to relate solid state properties to catalytic
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performance, which have often involved in-
vestigations by X-ray diffraction, have been
inhibited by the poor crystallinity and small
particle size of the materials prepared at
moderate temperatures.

Electron microscopy is an alternative
technique for the structural study of these
catalysts (2, 13) although the results of
these investigations have not been unequiv-
ocal in their interpretation (2). However,
some recent investigations of tin—antimony
oxides by high-resolution electron micros-
copy (HREM) (15) using an instrument
with a directly interpretable image resolu-
tion approaching 2 A (16) have illustrated
the potential power of this particular tech-
nique for the elucidation of fundamental
structural properties in solid mixed oxides.
We have therefore conducted some further
investigations of tin—antimony oxides to
identify the changes which are induced by
treatment in gaseous atmospheres which
are characteristic of the working environ-
ment of mixed oxide oxidation catalysts.
We have also attempted to monitor the ef-
fect of subsequent calcination of the used
catalysts in air. The results of these investi-
gations are reported here.
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TABLE 1
Treatment of Tin—Antimony Oxides and Summary of Observations
Sample Percentage Treatment Description
antimony
A 2 600°C, 16 h Small rutile-type crystals, sometimes
twinned, disordered, and defective
B 2 600°C, 16 h/used as catalyst Small irregular shaped rutile-type crys-
tals, twinned; significant amounts of
amorphous material; beam-sensitive
non-rutile-type crystals
C 2 600°C, 16 h/used as catalyst/600°C, 16 h Small rutile-type crystals; significant
amounts of amorphous material
D 2 600°C, 16 h/used as catalyst/1000°C, 14 d* Larger rutile-type crystals, less disor-
dered; amorphous material
E 4 600°C, 16 h/1000°C, 17 d/used as catalyst  Medium-sized irregular-shaped rutile-
type crystals, considerable disorder
F 4 600°C, 16 h/1000°C, 17 d/used as catalyst/ Medium-sized irregular-shaped rutile-
1000°C, 12 d type crystals, considerable disorder
G 20 600°C, 16 h Small rutile-type crystals; amorphous
material
H 20 600°C, 16 h/used as catalyst Small facetted rutile-type crystals; sub-
stantial amounts of amorphous mate-
rial
1 20 600°C, 16 h/used as catalyst/600°C, 16 h Small rutile-type crystals; substantial
amounts of amorphous and poorly
crystalline material
J 20 600°C, 16 h/used as catalyst/1000°C, 14 d  Small and large rutile-type crystals;
sometimes twinned; large beam-sensi-
tive non-rutile-type crystals; amor-
phous solid
K 20 600°C, 16 h/1000°C, 14 d/used as catalyst  Large disordered rutile-type and non-
rutile-type crystals
L 20 600°C, 16 h/1000°C, 14 d/used as catalyst/ Large disordered rutile-type and non-
1000°C, 12 d rutile type crystals
Some highly beam-sensitive material
2 d = days.
EXPERIMENTAL within a quartz-glass microreactor of S mm

Tin-antimony oxides containing 2, 4, and
20% antimony were prepared by the simul-
taneous addition of the appropriate propor-
tions of antimony(V) chloride and tin(IV)
chloride to ammonium hydroxide solution.
The white precipitates were filtered,
washed with water, dried at 120°C, and
calcined at 600°C for 16 h. Some samples
were subjected to further calcination as de-
scribed in Table 1. Samples which were
used as catalysts were supported on glass
beads and packed to a depth of 10 cm

internal diameter and supported in a Carbo-
lite 2.67. 1077 oven. The catalysts were
treated with a butene-oxygen—nitrogen
(5:10: 85) gas mixture at 400°C and the oc-
currence of oxidative dehydrogenation to
butadiene and other products was con-
firmed by GLC.

Samples for examination by electron mi-
croscopy were prepared (15) by grinding
the materials in an agate pestle and mortar
under ethanol and allowing a drop of the
resulting suspension to dry on a holey car-
bon film. Observations were made with the
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FiG. 1. Tin-antimony oxide A showing small particles of tin(IV) oxide. Coarse-spacing moiré fringes
(M) due to crystal overlap along beam direction.

Cambridge University HREM (16) oper-
ated at 500 kV with micrographs typically
being recorded at magnifications of ca. 2.5
x 10°. A standard optical bench was nor-
mally used to measure the lattice spacings
observed in the high-resolution images.

RESULTS
The results are summarised in Table 1.

Tin-Antimony Oxide A

This sample, which had been studied pre-
viously (15), provided the starting material
for samples B, C, and D. Examination in
the electron microscope showed the pres-
ence of small irregular-shaped crystals of
ca. 100-800 A diameter (Fig. 1) often con-
taining planar faults which could sometimes
be identified as twin boundaries. The broad
continuous ring-type electron diffraction
patterns (Fig. 2) were characteristic of
small tin(IV) oxide particles with a rutile-

type structure and were consistent with di-
rect measurements of the lattice fringes and
observations performed on the optical
bench. The high-resolution images and the
electron diffraction patterns recorded from
this material gave no evidence for the pres-
ence of an antimony oxide phase.

Tin-Antimony Oxide B

The mixed oxide, which had been used in
the catalytic reaction, consisted mainly of
small irregular-shaped tin(IV) oxide-type
crystals containing planar faults (Fig. 3).
The material differed from sample A in that
the high-resolution images revealed signifi-
cant amounts of amorphous material (Fig.
4) and the electron diffraction patterns
sometimes showed spots away from the
tin(IV) oxide ring positions (Fig. 5). The
identification of the origin of these reflec-
tions was hindered by their rapid disappear-
ance during microscopic observation, even



FiG. 2. Typical electron diffraction pattern from sample A: ring diameters correspond to tin(IV)
oxide lattice spacings only.

F1G. 3. Crystals of the rutile-type phase of various sizes from sample B shown here overlapping with
the carbon support film. The coarse fringes (marked M) arise from moiré interference effects in regions
where crystals overlap. An apparent twin boundary (marked T) and areas of disordered planar defects
(arrowed) are visible in the large crystal.
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FiG. 4. A small amorphous region located on a
tin(IV) oxide-type crystal from sample B.

at low beam current levels, but comparison
with other diffraction patterns failed to re-
veal a correspondence with any known tin-
or antimony oxides.

Tin-Antimony Oxide C

Following calcination at 600°C in air, the
used catalyst was found to contain crystals
of the rutile-type phase of the same general
morphology as those observed in both the
original material and the used catalyst. Fur-
thermore, the amorphous material which
was first observed after use of the catalyst
in the catalytic reactor persisted in this
sample. Electron diffraction, however,
gave no evidence for the presence of the
beam-sensitive non-rutile-type crystalline
phase which had resulted from the expo-
sure of the material to catalytic conditions.

Tin—-Antimony Oxide D

This sample was characterised by the
presence of larger crystals with diameters
typically between 4000 A and 1 um and
with morphologies which varied from well-
rounded particles to irregular-shaped frag-
ments (Fig. 6). Although the sample was
generally less disordered than that ob-
served when the used catalyst was calcined
at lower temperatures, regions of substan-
tially disordered and amorphous material
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could be identified (Fig. 7). The electron
diffraction patterns were composed of rings
of sparsely populated spots consistent with
the presence of larger rutile-type tin(IV) ox-
ide crystals.

Tin—Antimony Oxide E

This material, containing 4% antimony
and used as a catalyst after high tempera-
ture calcination, contained irregular-shaped
tin(IV) oxide-type crystals of ca. 0.1 to 4
um diameter containing regions of consid-
erable disorder as shown in Fig. 8.

Tin-Antimony Oxide F

Calcination of the used catalyst E at
1000°C produced a material consisting of ir-
regular-shaped heavily disordered crystals
which were very similar to the material E.

Tin—-Antimony Oxide G

The sample containing 20% antimony
and prepared at 600°C provided the starting
material for samples H, I, J, K, and L. The
crystals were smaller, ca. 20-100 A diame-
ter, than those observed in the material
containing 2% antimony which had been
subjected to similar thermal treatment
(sample A) and were surrounded by sub-
stantial amounts of amorphous material

FiG. 5. Electron diffraction pattern from sample B
showing short-lived spots corresponding to lattice
spacings of 3.65 and 4.10 A.
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FiG. 6. Typical region of tin-antimony oxide D showing general particle morphology as well as
regions of considerable disorder (arrowed).

(Fig. 9). Measurement of the lattice fringes
and the ring diameters in the electron dif-
fraction patterns showed the crystalline
phase to be of the rutile tin(IV) oxide-type
structure. No evidence was found for the
presence of any discrete crystalline anti-
mony oxide phases.

Tin-Antimony Oxide H

The material, which had.been subjected
to treatment under catalytic conditions,
was somewhat similar to that of the un-
treated sample in that it contained small,
often facetted microcrystallites. However,
these were embedded in a significantly
larger amount of amorphous or disordered

material (Fig. 10). The broad ring-type elec-
tron diffraction patterns were characteristic
of the tin(IV) oxide-type structure of the

crystalline phase. No-evidence was found

for the presence of a separate antimony ox-
ide phase.

Tin—-Antimony Oxide 1

The sample showed no noticeable
changes as a result of calcination in air at
600°C and remained as a particulate mate-
rial with substantial amounts of amorphous
and poorly crystalline material.

Tin—-Antimony Oxide J

After heating to 1000°C in air this catalyst
contained three types of crystalline mate-
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Fi1G. 7. Region of sample D showing disorder (D)
and some amorphous material (arrowed).

FiG. 8. (a) Disordered tin(IV) oxide-type crystal visible in sample E. (b) Enlargement from part of (a)

clearly showing distortion of lattice structure.
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rial: small crystals (ca. 100 A diameter)
which gave electron diffraction patterns
characteristic of rutile-type tin(IV) oxide;
larger rutile-type crystals (ca. 500-2000 A
diameter) which were sometimes twinned;
and very large beam-sensitive crystals (sev-
eral micrometers in diameter) of a non-
rutile-type structure which were previously
observed (15) in samples of this composi-
tion and preparation and which have not
yet been characterised. Small amounts of
amorphous and disordered material were
also observed.

Tin-Antimony Oxide K

The tin-antimony oxide, formed at high
temperature and used as a catalyst, was
composed of large crystals of both tin(IV)
oxide character and of non-rutile-type na-
ture together with areas of disordered mate-
rial. The electron diffraction patterns from
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F1G. 9. Typical region of tin-antimony oxide G showing amorphous material and tin(IV) oxide-type
microcrystallites.

the non-rutile-type phase were similar to
those observed in the electron diffraction
patterns from sample J.

Tin-Antimony Oxide L

The used catalyst which had been heated
at 1000°C consisted predominantly of
rounded tin(IV) oxide-type crystals (ca.
0.2-1.0 um diameter). Some disorder re-
mained in the material and some large non-
rutile-type crystals were observed which
were also similar to those found in sample
J. Some very short-lived spots were seen in
the electron diffraction pattern but their ori-
gin could not be determined.

DISCUSSION
Catalysts Calcined at 600°C

The white precipitate formed by the si-
multaneous addition of tin(IV) chloride and
antimony(V) chloride to ammonium hy-
droxide has been described as an amor-
phous material (2) containing tin(IV) and
antimony(V) in separate octahedral hy-
droxyl environments (9). Studies of the cat-
alytic character of tin—antimony oxide have
demonstrated that calcination of this pre-
cipitate leads to the formation of a selective

oxidation catalyst. Our studies of the mixed
oxides formed at 600°C by high-resolution
electron microscopy (15) have shown them
to consist of small disordered crystals of a
rutile-type solid and, depending on anti-
mony concentration, varying amounts of
amorphous material. Although the rutile-
type phase formed at these temperatures
has in the past been described as a solid
solution of antimony in tin{IV) oxide and
associated with the catalytic properties
(17-22), our studies by high-resolution
electron microscopy (15), like recent inves-
tigations by X-ray diffraction by other
workers (2), have suggested that the low
temperature calcination fails to induce large
scale aggregation of the tin(IV) oxide units
and that it is unreasonable to envisage such
materials as equilibrated solids. It is also
pertinent to record that we have been un-
able to identify any evidence for the pres-
ence of a separate antimony oxide phase in
these materials even though the dehydra-
tion of antimonic acid at similar tempera-
tures is known (23) to give the formation of
Sb6013.

The detection, in the observations re-
ported here, of significant amounts of amor-
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F1G. 10. (a) Region of sample H showing amorphous or poorly crystallised material (arrowed). (b)
Well-facetted microcrystallites seen in sample H.

phous material following the treatment of
the tin-antimony oxide containing 2% anti-
mony and prepared at 600°C in a gaseous
atmosphere containing hydrocarbon and
oxygen suggests that some changes are in-
duced in the solid during the catalytic reac-
tion. In this respect it is relevant that our

previous study of tin—antimony oxides (15)
showed that materials containing larger
concentrations of antimony gave high-reso-
lution images revealing large amounts of
amorphous antimony-containing material
and which were very similar to those re-
corded from the used catalyst containing
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2% antimony. The results recorded in this
work therefore suggest that exposure of the
low-antimony content catalyst formed at
600°C to hydrocarbon and oxygen gives rise
to the segregation of antimony from the dis-
ordered rutile-type phase of the catalyst
which does not nucleate and develop into a
crystalline antimony oxide phase. It is also
relevant to note that this noncrystalline an-
timony-bearing phase was shown by high-
resolution electron microscopy to be un-
changed by subsequent calcination in air at
600°C and therefore to be of quite persistent
nature. The non-rutile-type crystalline solid
which is also formed during the catalytic
reaction was found to be highly sensitive to
the electron beam and therefore not amena-
ble to characterisation by electron micros-
copy. Whether or not this material is a crys-
talline antimony-containing material has
yet to be established; however, the absence
of this non-rutile-type phase from the used
catalyst calcined in air suggests that the
solid undergoes facile conversion under rel-
atively mild conditions.

The tin—-antimony oxide containing 20%
antimony and prepared at 600°C contained
(15) smaller crystals of the rutile-type
phase and appreciable amounts of the anti-
mony-bearing amorphous material. These
properties reflect the higher concentration
of antimony which, at such low tempera-
tures, inhibits the development of the crys-
talline rutile-type solid. The poorly crystal-
line nature of these materials calcined at
600°C has also been recorded during X-ray
diffraction studies (2) and it would seem
reasonable to envisage that these highly
disordered solids support a high concentra-
tion of randomly distributed tin and anti-
mony cations. The increase in the concen-
tration of the amorphous phase following
the use of this tin—antimony oxide under
catalytic conditions and which is un-
changed by subsequent calcination at 600°C
is consistent with the observations re-
corded from the catalyst containing 2% an-
timony.

In assessing the changes which are in-
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duced in the catalysts during the catalytic
reaction it is relevant to note that Moss-
bauer spectroscopy (7) has shown that
treatment of tin—antimony oxides of compa-
rable compositions in atmospheres of bu-
tene and oxygen is accompanied by reduc-
tion of antimony(V) to antimony(III).
Given the description of these tin—antimony
oxides prepared at 600°C as poorly crystal-
line solids which have not attained bulk
equilibrium (2, 15) it may be envisaged that
the changes which are induced in the cata-
lysts by treatment in the hydrocarbon and
oxygen gas flow are associated with the re-
duction of antimony and its segregation
from the highly disordered poorly crystal-
line matrix and the formation of an amor-
phous solid which is unchanged by subse-
quent low temperature calcination in air.
However, it is significant that the calcina-
tion of both the used catalysts at 1000°C in
air for a prolonged period of time gave ma-
terials with similar morphologies to those
observed in the high-resolution study of
pure tin-antimony oxides of comparable
antimony contents and thermal histories
(15). The results suggest that the high tem-
perature conditions which are necessary
(2, 15) for the attainment of bulk equilib-
rium dominate any previous structural or
morphological properties which are in-
duced by chemical processes at lower tem-
peratures.

It is interesting that, in contrast to the
tin-antimony oxide containing 2% anti-
mony formed at 600°C and used in the cata-
lytic reaction, no evidence was found in the
used catalyst containing 20% antimony for
the presence of any uncharacterised crys-
talline non-rutile-type phase except after it
had been heated at 1000°C. In this respect it
is pertinent to note that antimony oxides (2)
and other unidentified phases (2, 15) have
been observed in samples with initially high
antimony contents.

Catalysts Calcined at 1000°C

Recent studies (2-15) of pure tin-anti-
mony oxides have focused attention on the
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changes which are induced by calcination
at high temperature. Indeed, latest struc-
tural studies (2, 15) have indicated that
solid solutions of antimony within the
rutile-type tin(IV) oxide lattice are only
achieved by prolonged calcination of the
dehydrated precipitates at 1000°C. The for-
mation of these equilibriated solid solutions
has been described (2-5) in terms of the
thermally induced aggregation of the
tin(IV) oxide octahedra and the countermi-
gration of antimony to the surface to pro-
duce a solid solution and a surface anti-
mony oxide phase. This antimony oxide is
volatilised at high temperatures (2-5) to
leave the crystalline rutile-type solid solu-
tion containing ca. 4% antimony in tin(IV)
oxide (2) but with a surface antimony com-
position of ca. 25% (5). Hence, in contrast
with earlier proposals (27, 22) that anti-
mony solubility in tin(IV) oxide is enhanced
at higher temperatures, more recent evi-
dence suggests that antimony migrates
from the rutile-type phase under such con-
ditions. In this respect it is relevant that
recent studies have tended to correlate the
catalytic properties with the thermally in-
duced enrichment of the surface with anti-
mony (2-5, 9-12), in particular the high se-
lectivity for the formation of butadiene
from butene has recently been associated
with the tin—antimony oxide solid solutions
which are formed by long period calcina-
tion of the precipitates at 1000°C (10).
Two precipitates, containing 4 and 20%
antimony, were calcined for long periods of
time to give solid solutions for use in the
investigations reported here. The catalytic
properties of these, and the other samples
investigated, in terms of the spectrum of
organic products after identical treatment
in the butene—oxygen-nitrogen gas flow, re-
sembled those reported for materials pre-
pared by similar methods and evaluated by
more sophisticated techniques. The tin-an-
timony oxide containing 4% antimony,
which corresponds to the limit of antimony
solubility in tin(IV) oxide (2), was shown
by our previous high-resolution electron

117

microscope study (/5) to be composed of
large rutile-type tin(IV) oxide crystals
which were frequently twinned and con-
tained only a sparse quantity of amorphous
material. Furthermore, our results, as well
as those of the most recent surface study of
tin~antimony oxide (6) by XPS, UPS, and
HREELS, have failed to identify any dis-
crete crystalline antimony oxide phase at
the surface of the solid solution as has been
described by other workers (4). Hence, the
thermally induced enrichment of the solid
solution surface by antimony which has
been associated with the superior catalytic
performance for the selective oxidation of
butene (10, 12) and propene (4) may, from
high-resolution electron microscopy and
other surface sensitive techniques, be asso-
ciated with a high concentration of anti-
mony, possibly completely surrounded by
tin (5), at the surface of the rutile-type
tin(IV) oxide matrix and which does not in-
volve the formation of a discrete crystalline
superficial antimony oxide phase.

Our observations have also shown (15)
that precipitates containing higher anti-
mony concentrations give, when heated at
1000°C for prolonged periods, the rutile-
type solid solutions, some non-rutile-type
crystalline material, and substantial quanti-
ties of amorphous antimony-containing ma-
terial. This is well illustrated by the high-
resolution image of a tin—antimony oxide
solid solution formed by heating a precipi-
tate containing 209 antimony (I5). The
amorphous phase originates from the anti-
mony which is not accommodated in the
solid solution and which does not nucleate
to form antimony tetroxide which is volati-
lised at high temperatures.

Hence, the larger concentrations of dis-
ordered material observed in the high-reso-
lution images recorded from both the tin-
antimony oxide solid solutions investigated
here after their exposure to the catalytic re-
action and which remains unchanged by
subsequent calcination at moderate temper-
ature resembles the results recorded from
the poorly crystalline catalysts prepared at
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600°C. However, the disordered material
was resistant to change when heated to high
temperatures and the high-resolution elec-
tron microscopy observations suggest that
the solid solutions are less amenable to the
incorporation of antimony-containing mate-
rials generated during the catalytic reaction
than the highly disordered nonequilibriated
catalysts formed at low temperature. Given
that oxidation of the hydrocarbon has been
associated (24-26) with oxygen from the
lattice of the mixed oxide catalyst it seems
likely that the reduction of the tin-anti-
mony oxide solid solution is also accompa-
nied by the segregation of antimony.

It is unclear why the solid solution pre-
pared from a precipitate containing 4% anti-
mony failed to give a crystalline non-rutile-
type phase after treatment under catalytic
conditions as was observed in the catalyst
containing 2% antimony and heated at
600°C. Furthermore, the different, as yet
uncharacterised, crystalline non-rutile-type
phase identified in the catalyst prepared
from a precipitate containing 20% antimony
and calcined at 1000°C (/5) was unchanged
by exposure to the catalytic reaction. The
influence of this phase on the catalytic per-
formance of the tin-antimony oxide must
await subsequent investigation. Further
studies of samples with high antimony con-
tent are also planned since previous work-
ers (2) have only identified pure antimony
oxides in such materials. These studies will
also examine the stability of these oxides in
the electron beam.

ACKNOWLEDGMENT

Financial support from the Science and Engineering
Research Council is gratefully acknowledged.

REFERENCES

1. Hucknall, D. J., “‘Selective Oxidation of Hydro-
carbons.”” Academic Press, New York/London,
1974.

2. Pyke, D. R., Reid, R., and Tilley, R. J. D., J.
Chem. Soc. Faraday Trans. 176, 1174 (1980).

3. Portefaix, J.-L., Bussiere, P., Forissier, M., Fi-
gueras, F., Friedt, J.-M., Sanchez, J. P., and

1.

12.
3.

4.

15.

16.

17.

18.

19.

20.

21.
22.
23.
4.
25.

26.

BERRY AND SMITH

Théobald, F., J. Chem. Soc. Faraday Trans. 1 76,
1652 (1980).

. Boudeville, Y., Figueras, F., Forissier, M., Porte-

faix, J.-L., and Védrine, )., J. Catal. 58, 52 (1979).

. Cross, Y. M., and Pyke, D. R., J. Catal. 58, 61

(1979).

. Cox, P. A., Egdell, R. G., Harding, C., Patterson,

W. R., and Tavener, P. J., Surf. Sci. 123, 179
(1982).

. Berry, F.J., Holbourn, P., and Woodhams, F. W.

D., J. Chem. Soc. Dalron Trans. 2241 (1980).

. Berry, F. J., and Laundy, B. J., J. Chem. Soc.

Dalton Trans. 1442 (1981).

. Berry, F. J., J. Catal. 73, 349 (1982).
10.

Herniman, H. J., Pyke, D. R., and Reid, R., J.
Catal. 58, 68 (1981).

Herrmann, J.-M. J., Portefaix, J.-L., Forissier,
F., and Pichat, P., J. Chem. Soc. Faraday Trans.
175, 1346, (1979).

McAteer, J. C., J. Chem. Soc. Faraday Trans. |
75, 2768 (1979).

Pyke, D. R., Reid, R., and Tilley, R. J. D., J. Solid
State Chem, 25, 231 (1978).

Volta, J.-C., Coudurier, G., Mutin, 1., and Vé-
drine, J. C., J. Chem. Soc. Chem. Commun. 1044
(1982).

Smith, D. J., Bursill, L. A., and Berry, F. J., J.
Solid State Chem. 44, 326 (1982).

Smith, D. J., Camps, R. A., Cosslett, V. E., Free-
man, L. A., Saxton, W. O., Nixon, W. C.,
Ahmed, H., Catto, C. J. D., Cleaver, J. R. A.,
Smith, K. C. A., and Timbs, A. E., Ultramicros-
copy 9, 203 (1982).

Godin, G. W., McCain, C. C., and Porter, E. A.,
in ‘‘Proceedings, 4th International Congress on
Catalysis (Moscow 1968), Vol. I, p. 271. Akad.
Kiad6, Budapest, 1971.

Wakabayashi, K., Kamiya, Y., and Ohta, H.,
Bull. Chem. Soc. Jpn. 40, 2172 (1967).
Roginskaya, Yu.E,, Dublin, D. A., Stroeva, S. S.,
Kulkova, N. V., and Gelpbshtein, Kinet. Katal. 9,
1143 (1968).

Kustova, G. N., Tarasova, D. V., Olenkova, . P.,
and Chumenko, N. N., Kinet. Katal. 17, 744
(1976).

Crozat, M., and Germain, J. E., Bull. Soc. Chim.
Fr. 1125 (1973).

Sala, F., and Trifiro, F., J. Catal. 34, 68 (1974).
Stewart, D. J., Knop, O., Ayasse, C., and
Woodhams, F. W. D., Canad. J. Chem. 50, 690
(1972).

Christie, J. R., Taylor, D., and McCain, C. C., J.
Chem. Soc. Faraday Trans. 1 72, 334 (1976).
Pendleton, P., and Taylor, D., J. Chem. Soc. Far-
aday Trans. 1 72, 1114 (1976).

Sazonova, N. N., Venyaminov, S. A., and
Boreskov, G. K., Kinet. Catal. (Engl. Transl) 15,
364 (1974).



