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A range of tin-antimony oxides, prepared by the calcination of precipitates, were examined by high- 
resolution electron microscopy. Products formed at 600°C contain small crystals of a rutile-type 
material and, depending on antimony concentration, varying amounts of disordered and/or amorphous 
phases. The observations are consistent with a resistivity to bulk phase equilibrium under conditions of 
low temperature and high antimony concentrations. Heating of the tin-antimony oxides to 1OOO’C for 
prolonged periods is accompanied by an increase in the crystallinity and particle size of the rutile-type 
material as a result of the thermally induced aggregation of tin(W) oxide units. The observations are 
consistent with limited antimony incorporation in the bulk tin(W) oxide lattice and a migration of 
antimony to surface sites. There was no evidence for any discrete, readily identifiable, antimony oxide 
phases, although a nonrutile-type material was observed at higher antimony concentration. The rutile- 
type phases often contained planar faults which were identified in some instances as twin boundaries; 
the possibility that these might provide a means of accommodating antimony within the tin oxide 
lattice is briefly considered. The relationship between our observations and the information available 
from other techniques is discussed. 

Introduction 

Despite their commercial development as 
catalysts (I), surprisingly few details of the 
fundamental structural properties of tin- 
antimony oxides formed by the calcination 
of precipitates have been established. Al- 
though recent investigations of these mate- 
rials by X-ray diffraction (2, 3) and electron 
microscopy (3) have been restricted by 

their poor crystallinity and small particle 
size, the X-ray d&-action data (2, 3) have 
revealed the limited solubility of antimony 
in tin(IV) oxide and ESCA (4, 5) has shown 
the thermally induced enrichment of the 
surface with antimony. Furthermore, 
Mossbauer spectroscopy (6 -8) has shown 
the apparent accommodation of anti- 
mony(V) in the bulk tin(IV) oxide lattice 
and antimony(II1) at the surface. Although 
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electron microscopy at low resolution of 
tin-antimony oxides formed by calcination 
of precipitates (3) and of vapor-phase-de- 
posited crystals (9) has found evidence for 
twinned microcrystals, the defect structure 
and the nature of the surface layers of these 
materials remains obscure (2, 3). 

High-resolution electron microscopy is 
capable of elucidating localized irregulari- 
ties and surface phenomena down to the 
atomic level and may therefore reveal mi- 
crostructural detail which has hitherto been 
too fine to resolve. We report here on some 
observations of a range of tin-antimony ox- 
ides of differing compositions, following 
calcination at various temperatures, with 
a high-resolution electron microscope 
(HREM) (IO, 12) having a directly inter- 
pretable image resolution approaching 2 A 
(12). Such electron-optical performance 
provides the capacity to discern structural 
defects at the atomic level and to identify 
crystalline phases directly from the fringe 
spacings and geometry, even for particles 
smaller than 20 A in diameter (13). In a 
subsequent paper (14), we shall relate fur- 

ther observations on other similar materials 
to their catalytic properties. 

Experimental 

The tin-antimony oxides were prepared 
by the simultaneous addition of the re- 
quired proportions of antimony(V) chloride 
and tin(IV) chloride to ammonium hydrox- 
ide solution. The white precipitates were fil- 
tered, washed with water, dried at 12o”C, 
and calcined at 600°C for 16 hr; most sam- 
ples were then subjected to further calcina- 
tion as described in Table I. Samples suit- 
able for electron microscopy were prepared 
by gently grinding the material in an agate 
pestle and mortar under ethanol, and allow- 
ing a drop of the resulting suspension to dry 
on a holey carbon film. 

High-resolution observations were car- 
ried out with the Cambridge University 
600-kV HREM (10, 11), operated at an ac- 
celerating voltage of 500 kV. Magnifications 
for image recording were typically in the 
region of 200,000-300,000 times although 
magnifications as high as 800,000 were com- 

TABLE I 

TIN-ANTIMONYOXIDES:DETAILSOF CALCINATIONAND SUMMARYOF OBSERVATIONS 

Percentage 
Sample antimony Calcination Observations 

A 2 6OOW16 hr/air Small SnO, crystals, some twinned; considerable disor- 
der/defects. 

B 4 6OOW16 hr/air; Medium SnO, crystals, some twinned; disordered/ 
lOOOW17 days/air faulted crystals; some amorphous phase. 

C 10 6OOW16 hr/air; Very small SnO, crystals; much amorphous material. 
600W14 days/sealed 
tube 

D 10 6OOW16 hr/air; Medium SnO, crystals, more twins; less disorder, amor- 
1oooW13 days/air phous layer on SnO, crystals. 

E 20 6OOW16 hr/air Very small SnO, crystals; much amorphous material. 
F 20 600W16 hr/aiq Large SnO, crystals, often twinned; considerable disor- 

1oooW14 days/air der and amorphous surface layer; very large nonrutile 
crystals, beam-sensitive. 

G 40 6CNK/16 hr/air, Large SnO, crystals, often twinned; very large non- 
1oooW14 days/air rutile-type crystals; amorphous/crystalline “conglom- 

erates.” 
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monly used for the initial correction of im- 
age astigmatism. Observations were re- 
stricted, whenever possible, to crystal 
areas projecting over holes in the support 
film in order to avoid overlap interference 
in the image arising from the support. A 
standard optical bench, equipped with a lo- 
mW He-Ne laser, was normally used to 
provide quick and accurate measurement of 
the lattice spacings recorded in the high- 
resolution image. 

Results 

The electron microscope observations 
are briefly summarized in Table I. 

Tin -Antimony Oxide A 

The material consisted primarily of small 
crystals, with diameters of ca. 100-800 A, 
often containing planar faults, which were 
identified in some instances as twin bound- 
aries. In some regions, there was also con- 

siderable disorder and a high density of 
crystalline defects. A typical low-magnifi- 
cation image is shown in Fig. la. Electron 
diffraction patterns consisted of rings char- 
acteristic of i-utile-type tin(IV) oxide (Fig. 
lb) with the strongest reflections corre- 
sponding to the 3.35 (llO), 2.64 (lOl), 2.34 
(200), and 1.76-A (211) lattice spacings. No 
evidence was found in either the high-reso- 
lution images or the diRaction patterns for 
any nom-utile-type crystalline or amor- 
phous phase. 

Tin -Antimony Oxide B 

This sample was polycrystalline with par- 
ticle diameters ranging between ca. 500 and 
3000 A. A typical field of view, together 
with an electron diffraction pattern, is 
shown in Fig. 2. The most prominent rings 
of the diffraction pattern again correspond 
to the (llO), (lOl), (200), and (211) reflec- 
tions of tin(IV) oxide; their sharpness, rela- 
tive to those of Fig. lb, reflects the in- 

FIG. 1. (a) Image of tin-antimony oxide A showing typical particle morphology-the coarse fringes 
(M) are due to moir6 effects from overlapping crystals. (b) Corresponding electron diffraction pattern 
confirming the polycrystalline nature of the sample and the small particle size. Ring diameters corre- 
spond to tin(W) oxide lattice spacings only. 
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FIG. 2. (a) Low-magnification image of tin-al ltimony oxide B: twins (T) and regions of disorder (D) 
are marked. (b) Electron diffraction pattern for sample B. 

creased crystal size. No evidence was 
found for the presence of any antimony ox- 
ide. 

Detailed examination revealed that a sub- 
stantial fraction of these particles contained 
planar faults. Although the particle size dis- 
tribution precluded tilting of the support 
grid to bring the principal axes of a crystal 
parallel to the incident beam, accurate ori- 
entations were achieved in some cases by 
chance enabling some of these faults to be 
identified as twin boundaries. Figure 3, for 
example, shows a well-defined example of 
such a fault which was readily identified 
from the lattice-fringe spacings and geome- 
try as a (lOl)-type twin boundary. It is also 
interesting to note the nearby region of dis- 
ordered planar faults shown in Fig. 4. 

With a slightly defocused objective lens, 
and diffraction contrast (i.e., small objec- 
tive aperture), many other crystals were lo- 
cated which were close to a d&-acting con- 
dition for at least one set of reflections; 
these crystals were subsequently identified 
from the lattice fringes present in high-mag- 

nilication, high-resolution images. Figure 5, 
for example, shows an extended perfect 
crystal of tin(IV) oxide containing a set of 
2.64-A (101) lattice fringes. 

Although no antimony oxide was de- 
tected in this sample heated to 1OOOT for a 

FIG. 3. High-resolution image (sample B) showing a 
(101)~type twin boundary (arrow) in a large SnO, crys- 
tal. 
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FIG. 4. Region of extended planar faults near bound- 
ary shown in Fig. 3. 

prolonged period, it is significant that many 
of the crystalline regions observed, such as 
those in Fig. 6, showed extensive disorder 
with many faults and defects clearly visible. 
We also observed some regions of almost 
complete disorder, as well as areas of amor- 
phous material having no apparent crystal- 
linity except for the odd microcrystallite 
(Fig. 7). 

Tin -Antimony Oxide C 

The material was composed predomi- 
nantly of very small randomly oriented 
crystallites with diameters in the range 30- 
120 A, and dispersed throughout an appar- 
ently amorphous phase (Fig. 8). The poly- 
crystalline nature of the material gave rise 
to broad diffuse rings in the electron diffrac- 
tion pattern which were consistent with 
reflections corresponding to the lattice 
spacings of tin(IV) oxide. Although the 
microcrystals generally appeared to be per- 
fect, often with sharp, well-defined edges 
(Fig. 9a), some defective crystals were also 

FIG. 5. Extended perfect crystal of SnO, from sam- 
ple B with strong one-dimensional lattice fringes of 
2.64-A spacing. 

observed (Fig. 9b). Several different lattice 
spacings could be measured from high-mag- 
nification images of these microcrystallites. 
The most prevalent were the 3.35 (110) and 
2.64-A (101) lattices of tin dioxide. DifIrac- 
tion patterns recorded on the optical bench 
also indicated further spacings of 2.35 
(common) and 1.76 A (occasional), which 
correspond to the SnO, (200) and (211) re- 

FIG. 6. Region of extensive disorder from sample B. 
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FIG. 7. Region of predominantly amorphous mate- 
rial from sample B containing some SnO, microcrystal- 
lites. 

flections. No evidence of a crystalline anti- 
mony oxide phase was observed. 

Tin -Antimony Oxide D 

This material showed the presence of a 
crystalline t-utile-type phase similar to that 

FIG. 8. Low-magnitlcation image of tin-antimony 
oxide C showing microcrystallites of tin(W) oxide dis- 
persed throughout an amorphous phase. 

previously observed in the sample contain- 
ing 4% antimony which had also been 
heated to 1OOOC (sample B). However, 
comparison of the two materials showed 
that this oxide with a higher nominal anti- 
mony concentration exhibited a substantial 
increase in the number of crystals which 
appeared to be twinned and a decrease in 
the amount of disordered material. Further- 
more, amorphous layers were observed on 
the surfaces of the r-utile-type crystals in 
addition to more general regions of amor- 
phous material throughout the sample. Fig- 
ure 10a illustrates a typical specimen region 
which may be compared with Fig. 2a. The 
electron diffraction pattern (Fig. lob) con- 
sisted of sharp rings peaked at the major 
SnO, lattice spacings and, significantly, 
gave no evidence for the presence of any 
discrete antimony tetroxide. 

Tin -Antimony Oxide E 

Electron microscopy revealed crystal 
sizes (ca. 30-100 A; Fig. 1 la) smaller than 
those observed in the material containing 
2% antimony and calcined at 600°C for 16 
hr (sample A). Electron diffraction patterns 
(Fig. Ilb) showed the characteristic broad 
rings, consistent with the small crystal size, 

FIG. 9. (a) Small microcrystallite from sample C 
with sharp, well-defined edge. (b) Region of sample C 
showing small, apparently defective, microcrystallite 
(arrow). 
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FIG. 10. (a) Typical region of tin-antimony ox 
(b) Electron d&action pattern from sample D. 

ide I 

FIG. 11. (a) Low-magnification image of tin. 
microcrystallites of tin(W) oxide. (b) Electron 
rings (cf. Figs. lb and 2b) reflect the very sma 

imony oxide E showing amorphous material and 
*action pattern from sample E-the broad diffuse 
rticle size. 
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FIG. 12. Low-magntication image of tin-antimony 
oxide F-regions of disorder (marked D) remain de- 
spite higher calcination treatment. 

with spacings again corresponding to 
tin(IV) oxide. Substantial amounts of amor- 
phous material in the regions surrounding 
these small, often faceted, crystals were 
also observed. 

Tin -Antimony Oxide F 

Calcination of sample F containing 20% 
antimony for 14 days at 1OOO’C showed the 
development of large crystals (ca. 3000 %i- 1 
pm) which were frequently twinned and 
which gave electron diffraction patterns 
characteristic of tin(N) oxide. Smaller 
crystalline particles with less well-defined 
shape, but which were often twinned, were 
also seen. The sample showed small 
amounts of amorphous material with gross 
disorder (Fig. 12), as well as amorphous 
surface layers on the rutile-type crystals. 

We also observed very large crystals 
(typically several microns) which electron 
diEaction established to be of a nonrutile- 
type structure. These crystals proved to be 
sensitive to the electron beam: with high 
current densities at the specimen (several 

A/cm2), beam damage in the form of local- 
ized defects was observed. These beam- 
sensitive crystals, whose crystal structure 
is not yet determined, are to be the subject 
of further investigation. 

Tin -Antimony Oxide G 

This material showed evidence of three 
phases: large, extensively twinned crystals 
(ca. 2500-4000 8) giving electron ditfrac- 
tion patterns characteristic of tin(IV) oxide; 
very large crystals of a nonrutile nature, 
similar to those observed in sample F; and, 
finally, an interesting phenomenon of some 
smaller crystals (ca. 1000-1500 A) embed- 
ded in a disordered manner into larger crys- 
tals, often in the presence of some appar- 
ently amorphous material (Fig. 13). 

Discussion 

Effect of Calcination on the Formation of 
Tin -Antimony Oxides 

The white precipitates formed by addi- 
tion of antimony(V) and tin(IV) chlorides to 
ammonium hydroxide may be considered 
as amorphous gels containing Sn(IV) and 
Sb(V) in separate octahedral hydroxyl envi- 

FIG. 13. Region of tin-antimony oxide G showing a 
number of small crystals apparently embedded in a 
large crystal. 
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ronments (3, 8). Heating to ca. 600°C for 16 
hr is reported to produce poorly crystalline 
dehydrated solids (3) containing Sb(V) and 
Sn(IV) (6). The small, sometimes disor- 
dered, t-utile-type crystalline material seen 
in samples A, C, and E suggest that low- 
temperature calcination fails to induce 
large-scale aggregation of tin(N) oxide 
units. Moreover, a comparison of our ob- 
servations for samples A and E shows that 
the primary effect of increased antimony 
content (from 2 to 20%) at 600°C is to cause 
a substantial decrease in the size of the 
i-utile-type crystals and an increase in the 
amorphous content. It would appear that 
the amorphous material observed in the 
more antimony-rich solids contains anti- 
mony which, at low temperatures, inhibits 
the development of the crystalline rutile- 
type phase. Furthermore, heating for 14 
days in a sealed tube (sample C) does not 
lead to increased crystallinity, even when 
the antimony concentration is quite low. 
This indicates the difficulty with which bulk 
equilibrium is achieved in the tin-antimony 
oxide system by low-temperature calcina- 
tion. Finally, it is notable that we found no 
evidence for the formation of any separate 
antimony oxide phases. 

The most significant observation from 
samples heated at 1ooo”C for long periods 
of time (samples B, D, F, and G) involves 
the enhanced crystallinity and increased 
particle sizes of the rutile-type phase. 
Moreover, despite prolonged thermolysis, 
it is interesting that all four samples exhibit 
regions of disorder and thereby provide fur- 
ther evidence for the resistivity of these ma- 
terials to the attainment of bulk equilib- 
rium. However, we are unable to confirm at 
present that some of this disorder does not 
arise from the cooling process. It is signifl- 
cant that, although no evidence was found 
in any of these materials heated at high tem- 
peratures for any identifiable antimony ox- 
ides, we observed crystals with a nonrutile- 
type structure in those samples with 

nominally high antimony content (samples 
F and G). 

The material containing 4% antimony, 
heated to 1000°C (sample B), corresponds 
to the limit of antimony solubility in tin(IV) 
oxide (3). Although regions of disorder 
could be observed, the amorphous content 
of this material was far less pronounced 
than in any of the materials containing 
larger amounts of antimony; this is consis- 
tent with the incorporation of only low con- 
centrations of antimony within the bulk 
tin(IV) oxide lattice. The larger concentra- 
tions of amorphous material in the other 
three samples heated at 1000°C suggest that 
the thermally induced enrichment of the 
surface by antimony (4, 5) leads to the for- 
mation of crystalline antimony tetroxide 
which, although volatilized at high temper- 
atures, leaves a noncrystalline residual de- 
posit containing antimony. However, we 
are unable to confirm the suggestion (4) that 
materials heated at similar temperatures, al- 
beit for shorter periods of time, are solid 
solutions of antimony in tin(W) oxide con- 
taining a discrete antimony tetroxide phase 
at the surface. Our results are compatible 
with an alternative model (3, 5) in which 
surface enrichment leads to the formation 
of antimony tetroxide which is volatilized at 
1000°C to give a solid solution in which the 
antimony-enriched surface contains anti- 
mony atoms surrounded entirely by tin at- 
oms in nearest-neighbor sites. 

Comparison with Other Techniques 

Our observations of the tin-antimony ox- 
ides, particularly those relating to the high- 
temperature calcination, are in reasonable 
agreement with the results of other indirect 
techniques applied to their characteriza- 
tion. For example, calcination at 1OOOY is 
reported to correspond to a monophasic 
equilibrated Wile-type solid solution of ca. 
4% antimony in tin(IV) oxide (3), which X- 
ray photoelectron spectroscopy shows to 
be enriched at the surface with up to 25% 
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antimony (5)-the enrichment reflecting 
the thermally induced migration of anti- 
mony from the bulk of the rutile-type 
phase. It seems from ESCA data (4) that 
volatile Sb,O, is formed only at surface an- 
timony compositions greater than ca. 25% 
and that bulk compositions with less than 
4% antimony generate surface composi- 
tions at 1OOOT which are below the critical 
value. Indeed, it appears that only those 
oxides containing less than 4% antimony 
fail to produce biphasic material composed 
of t-utile and Sbz04 phases when heated at 
high temperatures for prolonged periods. 
The deficit of amorphous surface material 
observed here in the material containing 4% 
antimony (sample B) reflects this phenome- 
non. Moreover, it should also be noted that 
our results indicate the presence of the 
Sbz04 phase as an amorphous layer spread 
over the surface of the t-utile-type material, 
rather than in the form of discrete crystals. 

Role of High-Resolution Electron 
Microscopy 

While morphological details of the tin- 
antimony oxides can be inferred from es- 
sentially bulk techniques such as X-ray dif- 
fraction, the utilization of high-resolution 
electron microscopy in the characterization 
of these materials has provided unique in- 
formation at the direct lattice level, as well 
as confirmation, or otherwise, of some of 
the inferences of the bulk methods. Hence 
the existence of the amorphous surface lay- 
ers (samples D and F), the coexistence of 
microcrystallites of tin(IV) oxide with an 
amorphous phase (samples B, C, E, and G), 
and the occurrence of substantial twinning 
in the tin oxide crystals, and of consider- 
able disorder, have all been established here 
by direct observation. High-resolution elec- 
tron microscopy should thus prove invalu- 
able for the structural investigation of re- 
lated materials, particularly in monitoring 
structural changes which take place during 
catalysis. 

Twin Boundaries 

While twinning is most often associated 
with either growth or deformation faults in 
crystals, it is also a means by which cations 
may enjoy an environment other than that 
provided by the bulk material: twinning can 
therefore be a means of accommodating im- 
purities (15). It is significant therefore that 
in studies of pure and antimony-doped 
SnO, (9), twinning was only observed in the 
latter material: it was suggested that the 
twinning could be considered as a means 
whereby antimony could be accommodated 
within the tin(IV) oxide lattice. Indeed, two 
plausible models for the boundary incorpo- 
rating the antimony were proposed, al- 
though it was recognized that no experi- 
mental evidence for the location of the 
antimony relative to the twin planes had 
been obtained. It is relevant here to men- 
tion that a recent neutron diffraction study 
of a mixed antimony-tin oxide has led to a 
proposed model structure based on the oc- 
cupation by Sb(II1) of interstitial sites 
within the tin(W) oxide i-utile-type lattice 
(16). Furthermore, recent computed-image 
simulations of a (011) glide twin boundary 
have given excellent agreement with an 
equivalent experimental series of images of 
a boundary in an antimony-doped tin(IV) 
oxide crystal without requiring the presence 
of any antimony (17). In the present study, 
all materials heated to 1OOOT (samples B, 
D, F, and G), together with the material 
containing 2% antimony and heated to 
600°C for 16 hr, appear to have planar 
faults, some of which we identified as twin 
boundaries. It would therefore appear that 
twinning is not necessarily confined to ma- 
terials calcined at high temperatures. While 
it is tempting and plausible to suggest that 
these represent a site for most of the incor- 
porated antimony, such a model is not justi- 
fied in the light of the studies mentioned 
above. It would seem that microanalysis 
both at and away from some of these 
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boundaries is needed to resolve this ques- 
tion. 
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