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Tin-molybdenum oxides, formed by the calcination of precipitates in air, have been examined by high-
resolution electron microscopy. Low-temperature calcination gives rise to the formation of small
tin(IV) oxide-type crystals amidst an amorphous material whereas higher-temperature treatment
results in the development of a highly crystalline rutile-related phase composed of larger particles.
High concentrations of molybdenum in the initial precipitates inhibits the thermally induced crystal
growth. The common occurrence of superficial disorder in the larger particles is associated with
surface damage resulting from the volatilization of excess molybdenum as molybdenum(VI) oxide.
Planar faults were frequently observed within the particles and, in some cases, these defects were
identified as twin boundaries enriched with molybdenum. The formation of these planar faults is

discussed in terms of the preparative procedure.

Introduction

The initial examinations of planar defects
in pure and antimony-doped tin(IV) oxide
by transmission electron microscopy (I, 2)
have recently been complemented (3-5) by
investigations using a 500-kV high-resolu-
tion electron microscope (HREM). The
availability of lattice resolutions on the
scale of 2 A or better in this instrument (6)
has enabled detailed information about the
structural morphology of these materials to
be obtained, including the nature of planar
defects (4), the coexistence of crystalline,
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disordered, and amorphous phases (3, 5),
and the presence of amorphous surface lay-
ers (3, 5). We have recently prepared some
tin—molybdenum oxides by the calcination
of precipitates at high temperature and
have found them to be amenable to descrip-
tion as crystalline, rutile-related tin(IV) ox-
ide type structures in which molybdenum is
incorporated (7). The examination of these
materials by transmission electron micros-
copy (8) has shown that they also contain
planar defects and that the molybdenum
is located at the twin boundaries. In this
paper we report on the examination by
HREM of some tin—molybdenum oxides,
formed by the calcination of precipitates, to
elucidate their microstructural properties
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including localized irregularities and sur-
face phenomena.

Experimental

The tin-molybdenum oxides were pre-
pared by precipitation techniques. Aqueous
ammonia was added in 1-ml aliquots to
aqueous solutions of hydrated tin(IV) chlo-
ride at 70°C until the white precipitates,
which initially redissolved, persisted as
cloudy suspensions. The addition of aque-
ous solutions of ammonium molybdate,
containing the required proportions of mo-
lybdenum, gave white precipitates which
were removed by centrifugation, washed
thoroughly with water, dried at room tem-
perature, and calcined in air according to
the conditions described in Table I. Sam-
ples for electron microscopy were prepared
by gently grinding the material with an ag-
ate pestle and mortar under ethanol and al-
lowing a drop of the resulting suspension to
dry on a holey carbon film. Specimens were
examined with the Cambridge University
600-kV HREM (6) operated at an accelerat-
ing voltage of 500 kV, with micrographs be-
ing typically recorded at magnifications of
ca. 2.5-4.0 x 10° times. Observations were
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restricted, when ever possible, to crystal
areas projecting over holes in the support
film to avoid overlap interference in the fi-
nal image arising from the support. Calibra-
tion of diffraction pattern camera length
and image magnifications enabled lattice
spacings present in the tin—molybdenum
oxide particules to be identified.

Results

A brief summary of the observations of
the various tin—molybdenum oxides is
given in Table I.

Tin-molybdenum oxide A. This material
consisted of small crystalline particles co-
existing with substantial amounts of amor-
phous material, as seen in the typical field
of view shown in Fig. 1. These micro-
crystallites, which had diameters of ca.
30-50 A, could, by calibration of lattice
fringe spacings, be identified as being of
tin(IV) oxide-type structure.

Tin—-molybdenum oxide B. This sample
was composed of medium-sized SnO, parti-
cles, ca. 500 A diameter, containing large
numbers of planar faults and substantial
crystallographic order. For example, the
particle D shown in Fig. 2 contains a well-

TABLE I
TIN-MOLYBDENUM OXIDES: DETAILS OF CALCINATION AND SUMMARY OF OBSERVATIONS

Nominal
molybdenum
content Calcination
Sample (%) treatment Observations
A 20 400°C/24 hr Small particles, considerable disorder, some amorphous material
B 1 600°C/24 hr Medium size particles, some twinned with varying degrees of
order
C 20 600°C/24 hr Small particles, substantial disorder
D 1 900°C/24 hr Large particles, sometimes twinned, some polycrystalline material,
substantial disorder and faulting, some superficial disorder
E 20 900°C/24 hr Small particles, frequently twinned, some surface disorder
F 5 1000°C/14 days Large particles, often twinned, surface disorder; rare occurrence
of disordered material
G 50 1000°C/14 days Medium size particles, often twinned, some regions of disorder

and faulting, much surface disorder
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FiG. 1. High-resolution image of tin—molybdenum
oxide A showing small crystalline particles coexisting
with small fragments of amorphous material. The par-
ticles are identified as being Sn(IV) oxide by their lat-
tice fringe spacings of 3.2 and 2.6 A corresponding to
the {001} and {011} lattice reflections, respectively.

ordered region separated from a highly dis-
ordered area by a planar boundary. Other
particles were found to be heavily subdi-
vided by planar defects which have the ap-
pearance of inclined twin boundaries.
Many of the particles showed evidence of
stepped surfaces, which possibly arise from
the overlap of different-sized crystals.
However, it is significant to note that, un-
like the edges of particles calcined at higher
temperatures, there was little indication of
surface damage in this material.
Tin—molybdenum oxide C. In compari-
son with Sample B, also calcined at 600°C
but only containing 1% Mo, this material
consisted of much smaller tin dioxide-type
particles of ca. 50 A diameter. As shown in
Fig. 3a, many of the particles were well-
ordered with sharply defined edges, al-
though others were considerably disor-
dered. Some planar defects were visible,
such as the twin boundary shown in Fig. 3b.
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Tin—-molybdenum oxide D. This sample
was generally composed of larger, well-or-
dered, and sometimes twinned particles,
ca. 500-700 A diameter, between which
small particles with highly disordered lat-
tices were often found to coexist as shown
by area D in Fig. 4a. It is also important to
note the apparent misorientation of the lat-
tice planes within ca. 5 A of particle edges
as shown in region S of Fig. 4b. Such nar-
row disordered regions at particle surfaces
were a common feature of this and other
materials calcined at high temperature.
Some particles were heavily faulted.

Tin—molybdenum oxide E. The crystal-
line SnO, particles in Sample E were
smaller, ca. 150-200 A diameter, than those
observed in Sample D calcined at the same
temperature. The particles were frequently

FiG. 2. Tin-molybdenum oxide B. High-resolution
image showing typical particle morphology. The SnO,
particle at D shows a well-ordered region separated
from a highly distorted area by a twin boundary.
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F1G. 3. Tin-molybdenum oxide C. (a) Small SnO, particles with well-defined edges. Lattice fringes
visible have spacings of 3.2, 2.6, and 2.4 A corresponding to {001}, {011}, and {020} reflections. (b)
Similar region showing two small particles with short twin boundary (T) parallel to the beam direction.

Fi1G. 4. Tin—molybdenum oxide D. (a) Small disordered particles (D), between larger crystalline
particles, which were identified by lattice fringe spacings as being Sn(IV) oxide. (b) High-magnification
image showing distorted lattice planes near the edge of a large SnO, crystal.
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F1G. 5. Image of Sample E showing twinned SnO, crystals (T) and region of surface disorder (S).

twinned, as indicated by T, and T, in Fig. 5,
and often contained disordered surfaces as
is shown in region S.

Tin—-molybdenum oxide F. This material
was composed of large SnQ, particles, ca.
2000 A in diameter, which were frequently
twinned. The typical twinned crystal shown
in Fig. 6 exhibits the mirror symmetry rela-
tionship which is expected between the lat-
tice plane across the boundary. Although
the lattice fringes extend right to the edge of

FiG. 6. Crystalline particle in tin—molybdenum ox-
ide F showing mirror symmetry relationship of lattice
planes across twin boundaries.

the particle, and the apparently well-
formed surfaces exhibit no evidence of su-
perficial disorder, other crystals in this
sample displayed considerable surface dis-
order. The particle shown in Fig. 7, for
example, has continuous lattice fringes
characteristic of the bulk structure which
extend to within ca. 5 A of the surface, de-

FiG. 7. Crystal in Sample F showing considerable
surface disorder and Moire fringes (M) resulting from
overlapping Sn(1V) oxide crystals.



HREM OF TIN-MOLYBDENUM OXIDES

spite the disordered area which exists
within the region ca. 100 A from the edge.
The lattice planes in this region do not ap-
pear to be perfectly aligned and also con-
tain Moire fringes (M) which are known to
result from the overlap of misorientated lat-
tice planes. The stepped appearance at L is
also consistent with the crystal being con-
structed from the overlap of crystalline
lamina of different sizes.

Tin—molybdenum oxide G. Sample G was
composed of smaller particies, ca. 500-
1000 A in diameter, than those observed in
Sample F which was calcined under the
same conditions. This material contained
numerous particles with planar defects and
regions of disorder as can be seen in Fig.
8a. Moreover, the surfaces of many parti-
cles were highly disordered. Figure 8b, for
example, shows an area S; where the sur-
face is heavily stepped with irregular lattice
planes while S, shows well-formed crystal
planes which diffuse into a narrow, disor-
dered surface region. It is possible that
some of these differences in appearance of
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the particle edges may result from the dif-
ferent orientations of the crystals in the
electron beam.

Discussion

The development of small crystalline re-
gions in the initially amorphous precipitates
heated at low temperatures may be envis-
aged as the first stage in the growth of the
rutile-type phase with the aggregation of
these smali crystalline regions being the ori-
gin of formation of the planar defects, in-
cluding the occurrence of twin boundaries.
Hence the particle morphology, the extent
of surface disorder, and the development of
planar defects in these tin—molybdenum
oxides requires consideration in terms of
the calcination treatment and the molybde-
num concentration of the initial precipi-
tates.

Effect of calcination temperature. The
changes which are induced at higher calci-
nation temperatures are well illustrated by
the HREM observations recorded from the

F16. 8. Tin-molybdenum oxide G. (a) Low-magnification image showing numerous planar faults and
regions of disorder in medium-sized particles. (b) High-magnification image showing particles, respec-
tively, with heavily stepped surface (S;) and narrow, disordered surface (S,).
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precipitates which initially contained 20%
molybdenum. The coexistence of small,
considerably disordered, tin dioxide-type
crystals, and substantial quantities of amor-
phous material when the initial precipitate
was heated to 400°C (Sample A), is consis-
tent with the X-ray diffraction data which
indicated that crystallization was initiated
in the precipitates heated to low tempera-
tures by the aggregation of SnQO, units
within the partially dehydrated matrix (7).
Heating to 600°C (Sample C) resulted in the
limited sintering of these small particles, al-
though it is relevant to note that the amor-
phous phase observed at 400°C had appar-
ently crystallized at this slightly higher
temperature. Calcination at 900°C (Sample
E) resulted in larger tin(IV) oxide-type
crystals although it is significant that the
particles were generally smaller than those
obtained by the calcination of precipitates
containing 1% molybdenum at tempera-
tures as low as 600°C (Sample B). The pro-
nounced surface disorder seen in the solids
heated at elevated temperatures is dis-
cussed separately below.

Effects of molybdenum concentration.
An inspection of the HREM images re-
corded from tin—molybdenum oxides which
had received identical calcination treat-
ments, namely Samples B and C heated at
600°C, Samples D and E heated at 900°C,
and Samples F and G heated at 1000°C,
shows that the materials with the low con-
centrations of molybdenum are composed,
in all cases, of larger and generally better-
ordered particles. These observations
would appear to reflect the inhibition to
crystal growth and crystallographic order
which arises from the presence of large
concentrations of molybdenum in the initial
precipitate, although the differences in the
particle size of samples F and G which were
heated at 1000°C for 14 days is somewhat
surprising.

Surface disorder. The thermally induced
segregation of molybdenum away from the
crystallizing rutile-related tin(IV) oxide-
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type matrix has been shown (7) to result in
the formation of a macroscopically distin-
guishable molybdenum(VI) oxide phase
which subsequently evaporates at suffi-
ciently high temperatures. This process,
which appears to be associated with the in-
ability of molybdenum to find suitable ac-
commodation within the rutile-type matrix
(7, 8), appears to continue when the mate-
rials are calcined at higher temperatures but
the nucleation at the surface of a discrete
molybdenum(VI) oxide is precluded by the
volatility of MoO; at these elevated condi-
tions. Hence, the surface disorder which is
observed in the tin—-molybdenum oxides
heated at the higher temperatures appears
to be a reflection of superficial damage re-
sulting from the segregation of molybde-
num to the surface and its partial rapid vol-
atilization as molybdenum(VI) oxide. In
this respect it is also significant to note that
the surfaces of these tin—-molybdenum ox-
ides have been shown by X-ray photoelec-
tron spectroscopy (XPS) (9) to be enriched
in molybdenum some of which is in a re-
duced state as a result of the loss of oxygen
from the lattice at high temperatures. How-
ever, the surface disorder observed here,
together with the XPS results (9), give no
evidence for the existence of a discrete
phase consisting of a reduced oxide at the
surface.

Twin boundary formation. Planar de-
fects, including twin boundaries, are not
features of the solids when prepared at low
temperature, especially those in which only
limited crystal growth occurs. However,
following higher temperature calcination,
when extensive particle coalescence takes
place, many crystals may be identified that
contain twin boundaries which have been
shown (8) by X-ray microanalysis to be en-
riched in molybdenum. Indeed, any molyb-
denum remaining in the lattice has been
found to be below the level of detection by
X-ray microanalysis (8). It is also pertinent
to note that our studies of pure tin(IV) ox-
ide made by precipitation methods (8) show
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that the presence of a dopant in the initial
precipitate is not the sole cause of twin
boundary formation. The HREM observa-
tions reported here may be interpreted in
terms of the likely mechanism of twin
boundary formation in these types of
solids. The HREM images of the tin-mo-
lybdenum oxide prepared by the calcination
of a precipitate containing 20% molybde-
num at 600°C showed little evidence for pla-
nar faults but had surfaces which were
shown by X-ray photoelectron spectros-
copy to be enriched in molybdenum (9).
Hence it is possible that some of the molyb-
denum detected at the twin boundaries by
X-ray microanalysis (8) in samples heated
to high temperatures may be trapped when
the faults are formed by the sintering of
small crystals. Further molybdenum may
also segregate to the twin boundaries as a
part of the general migration of molybde-
num at elevated temperatures and remain
isolated while the other molybdenum in the
crystallizing rutile-type lattice is expelled to
the surface where it subsequently volatil-
izes. The migration and segregation of mo-
lybdenum to twin boundaries implies that
molybdenum located at these sites is ac-
commodated in more favorable coordina-
tion than is available within the bulk matrix
and is consistent with theoretical models
with have been proposed for twin boundary
formation (4, 10).

Comparison with tin—antimony oxides.
Some of the structural features of the tin—
molybdenum oxides revealed by the
present HREM study are similar to those
observed previously (3, 5) in tin—antimony
oxides which were also formed by precipi-
tation techniques. For example, both the
thermal treatment and the cation concen-
tration have marked effects on the size of
the rutile-related tin(IV) oxide particles
which develop from the calcination of the
precipitates, with larger crystals resulting
from the higher-temperature treatment of
precipitates with initially lower cation con-
centrations. Planar defects, including twin
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boundaries, are relatively common features
of both systems but, in the case of the tin-
molybdenum oxides, microanalysis has
also established (8) local enrichment of the
twin boundaries with molybdenum, thus
suggesting that similar enrichment with an-
timony might also occur for the tin—anti-
mony oxides, as previously proposed (3)
but not assessed. Finally, in both cases, the
limited dopant solubility in tin(IV) oxide at
higher temperatures results in the evolution
of a separate oxide to the surface of the
SnO, particles. Although thin amorphous
surface layers were seen in the tin—anti-
mony oxide materials (3, 5) it is interesting
that, in the tin—molybdenum oxides, the
crystalline surfaces were found to be highly
disordered as a result of the segregation and
subsequent volatilization of molybdenum
from the surface as molybdenum(VI) oxide.

Acknowledgments

We thank SERC for financial support and Cour-
taulds Ltd. for the award of a studentship to C.H.

References

1. D. R. PykEg, R. ReiD, aAND R. J. D. TILLEY, J.
Solid State Chem. 25, 231 (1978).

2. D. R. Pykg, R. Reip, anp R. J. D. TiLLEY, J.
Chem. Soc. Faraday Trans. 1 76, 1174 (1980).

3. D.J. SmiTH, L. A. BURSILL, AND F. J. BERRY, J.
Solid State Chem. 44, 326 (1982).

4. D.J. SmitH, L. A. BURSILL, AND G. J. Woob, J.
Solid State Chem. 50, 51 (1983).

5. F. J. BErrY AND D. J. SMITH, J. Caral. 88, 107
(1984).

6. D.J. SmitH, R. A. Camps, V. E. CossLETT, L. A.
FReeMAN, W. O. Saxton, W. C. Nixon, H.
AHMED, C. J. D. CarTo, J. R. A. CLEAVER, K. C.
A. SMITH, AND A. E. TimMBs, Ultramicroscopy 9,
203 (1982).

7. F. J. BErrYy AND C. HALLETT, J. Chem. Soc.
Dalton Trans., in press.

8. F.J. BERRY, C. HALLETT, AND M. H. LoRETTO,
J. Solid State Chem. 58, 176-180.

9. F.J. BErrYy, C. HALLETT, AND R. E. MARBROW,
unpublished results.

10. S. ANDERssON AND B. G. Hybpek, J. Solid State
Chem. 9, 92 (1974).



