1981

2447

A Neutron Diffraction Investigation of the Defect Rutile Structure of

Tin—Antimony Oxide

By Frank J. Berry and Colin Greaves, Department of Chemistry, University of Birmingham, P.O. Box 363,

Birmingham B15 2TT

The defect structure of tin—antimony oxide has been investigated by profile refinement of powder neutron diffraction

data.

The structure, based on the occupation by antimony(itt) of interstitial positions within the tin(iv) oxide

rutile-type lattice, is described and the model used to rationalise some of the properties of the mixed oxide.

THE structural properties of tin-antimony oxides have
been the subject of confusion for many years with
materials prepared by apparently similar methods having
been given different descriptions.! Even recent studies
by electron microscopy ? and X-ray diffraction 3¢ are,
as has been acknowledged,® not unequivocal in their
interpretation. Poor crystallinity 4 precludes accurate
structural investigation by X-ray diffraction and the
absence of long-range defect ordering limits investigation
by electron microscopy. The lack of clarity concerning
the fundamental structural details inhibits complete
rationalisation of other recent studies of surface %% and
electrical properties.” These physical characteristics
are technologically important since tin-antimony oxides
have been developed as catalysts for the selective
oxidation and ammoxidation of hydrocarbons ! and are
potential electrode materials for the photoassisted
electrolysis of water® The absence of an accurate
structural description has prevented elucidation of the
relationship between these properties and fundamental
structural features.

The use of neutron diffraction is, in principle, a
powerful means by which the structure of tin-antimony
oxides may be investigated since it enables the acquisi-
tion of reliable structural data from powder samples
using profile refinement techniques. We have therefore
conducted a powder neutron diffraction study of tin-
antimony oxide from the monophasic rutile-type region
of the phase diagram recently established by a compre-
hensive X-ray investigation.® We have also attempted
to rationalise other properties of the material in terms of
the structural model we propose.

EXPERIMENTAL

Tin-antimony oxide with a nominal antimony : tin ratio
of 1:10 was prepared by the simultaneous addition of
anhydrous tin(rv) chloride and antimony(v) chloride to
ammonium hydroxide solution. The alkalinity of the
mixture was maintained by addition of NH,OH. The
white precipitate was removed by filtration, washed, dried
at 120 °C, ground, and calcinated in air for 6 h at 600 °C.
The mean crystallite size, estimated from X-ray diffraction
line broadening, of ca. 7 nm was considered too small for
accurate structural analysis by neutron diffraction. Heat-
ing for 72 h at 800 °C induced crystal growth to ca. 14 nm.
Despite the inherently reduced resolution of neutron
diffraction relative to X-ray diffraction, such materials

would still be expected to give broadened neutron diffraction
peaks. However, given the significant loss of antimony
which occurs at elevated temperature 35 the sample was not
subjected to further thermal treatment.

Chemical analysis for Sn and Sb of the product by
atomic absorption spectroscopy showed an antimony
content, relative to that of tin, of 10.6 + 0.39, which
corresponds to an overall stoicheiometry for the material of
MO, g9 + 0.06 (M = Sn, Sb).

Neutron diffraction data were collected at ambient
temperature on the PANDA diffractometer at A ERE,,
Harwell using neutrons of wavelength 1.5397 A from the
115 planes of a germanium monochromator with a 90° take-
off angle. Scattering lengths of (0.61, 0.56, 0.58) x 10712
cm respectively were used for tin, antimony, and oxygen.
Absorption corrections were not necessary. Structural
parameters were refined by standard profile techniques ®
involving a least-squares procedure to minimise a profile
index Rpy, based on the appropriately weighted observed
counts at each point of the profile and the counts calculated
for the particular model. An unweighted residual R, was
calculated after each refinement cycle. The observed and
calculated peak intensities estimated from the peak half-
width parameters enabled the calculafion of a more con-
ventional Ry index.

118Sn and 121Sb Mossbauer data were recorded with a
conventional constant-acceleration spectrometer with source
and absorber at identical temperatures. 11%Sn spectra were
recorded with a Cal*mSnO,; source (m donotes metastable
isotope) at 77 K and !'2ISb spectra were obtained with a
Bat?2lmSnO, source at 4 K. The drive velocity was cali-
brated with a 5’Co/Rh source and iron foil. The spectra
were computer-fitted.

RESULTS AND DISCUSSION

The antimony content of 10.6 4 0.39%, in a material of
composition MOy g9 4 .6 15 insufficiently precise to differ-
entiate between structural models based on SbUT or
SbY in a tin oxide matrix for which the 1%Sn Mossbauer
spectrum shows the presence of only SnIV.

The neutron diffraction profile was consistent with a
single rutile-type phase; the peak half-widths did not
correspond with the instrumental resolution but were
consistent with broadening as expected for a mean
crystallite size of ca. 14 nm. Refinement was based on a
tetragonal unit cell, space group P4,/mnm, Z = 2.

Initially a statistical distribution of 10.6%, Sb on tin
sites was assumed and the total metal occupation para-
meter refined relative to oxygen being 2.0. Thermal
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parameters were assumed isotropic. The refined occup-
ation number, 0.919(12), clearly indicated a metal deficit.
Refinement indexes Ry = 0.122, R, = 0.139, and R; =
0.060 were obtained; the Ry, value expected for dis-
crepancies from counting statistics was 0.080. Although
the indexes were satisfactory the model was considered
unacceptable on grounds of charge balance. The refine-
ment implied that the antimony content of 10.6%, would
be associated with the unsatisfactory mean antimony
oxidation state of 7.7(6). An alternative interpretation
based on SbY would demand an Sb : Sn ratio of ca. 50 : 50

J.C.S. Dalton

observed, calculated, and difference profiles are shown in
Figure 1.

The antimony occupation parameter [{equivalent to
Sb/Sn = 11.8(1.2)9%,] is in agreement with the chemical
analysis. The refined atomic co-ordinates indicate that
the antimony atoms are displaced by 1.2 A from the
octahedral interstice (0, 0.5, 0.5) to a position (—0.055,
0.283, 0.326) which is 1.0 A from an oxygen site (—0.1954,
0.1954, 0.5) and 1.7 A from the tin site at the origin.
The refined antimony position does not allow the occup-
ation of either the tin or the oxygen site. In this respect

TABLE 1

Structural parameters for tin—antimony oxide, with estimated standard deviations in parentheses

Atom Position x y
Sn 2a, 0 0
Sb 16k —0.055(13) 0.283(18)
o 4f 0.304 6(3) x

Cell parameters a = b = 4.737 3(5), ¢ = 3.181 6(5) A

Bond distances (A)

Sb—0(1) 2.00(12)
Sb—0(2) 2.74(12)
Sb—0(3) 2.51(12)
Bond angles (°)
0O(2)-Sb—0(3) 66.9(2.3)
0O(3)—Sb~0(4) 66.0(3.2)
0(4)-Sb—0(5) 63.1(3.0)
0O(5)~Sb—0(6) 65.5(3.0)
0O(6)—Sb—0(2) 100.5(1.2)

which is also totally unrealistic in view of the chemical
analysis. Moreover, a model involving substitutional
SbY and metal vacancies would be inconsistent with n-
type semiconductor behaviour.

An alternative model may be envisaged involving
interstitial antimony within the chains of vacant octa-
hedral sites of the rutile-type structure. Such a model
requires charge balance by vacant sites on the tin sub-
lattice. Since the electrical properties of tin—antimony
oxide imply the presence of Sb!!l rather than SbV, the
incorporation of 10.6%, Sb may be associated with the
creation of ca. 79, unoccupied tin sites which is consistent
with the initial refinement.

Further refinements using this model produced im-
proved profile residuals. The antimony isotropic
temperature factor was highly correlated with the
antimony occupation parameter and in the final refine-
ment was constrained equal to that of tin. An addi-
tional constraint was applied to maintain charge balance
in accordance with the presence of only SbII. The
residuals Rpy = 0.117, R, = 0.132, R; = 0.055 were
obtained after refinement of the scale factor, zero-point
error, three half-width parameters, two cell parameters,
four positional parameters, two isotropic temperature
factors, and one occupation parameter. Removal of the
charge balance constraint was deemed unwarranted by
the very slight improvement in the resultant residuals.
Refined structural data are given in Table 1. The

Absolute
occupation
Relative for
occupation proposed
2 BjAz per cell model
0 0.29(8) 0.918(7) 0.871(7)
0.326(18) 0.29(8) 0.109(10) 0.103(10)
0 0.68(5) 2.0 1.897(10)
)
Sb—0(4) 2.79(12)
Sb—0(5) 2.74(12)
Sb—0(6) 2.62(12)
0O(1)-Sb—0(2) 3.6(2.0)
O(1)-Sb—0(3) 5(1 9)
O(1)-Sb—0(4) 3(3 0)
O(1)-Sb—0(5) 2.8(1.0)
O(1)—Sb~0(6) 6.6(3.0)

it is significant that the anomalously low densities of
many B-metal materials have been explained ° by lone-
pair occupation of anionic sites about 1 A away from the
B-metal atom. Hence, the close proximity of an anionic
vacancy to an SbII species in the structure proposed
here may be associated with the accommodation of a
stereochemically active lone pair. The vacant proximal
cationic site is consistent with charge balance in a system
containing antimony(111)-oxygen vacancy pairs with a
net charge of 54-. The absolute site occupancies appro-
priate to this model are included in Table 1.

The above model may also be visualised in terms of the
substitution of SbI™ for SnIV in tin(1v) oxide, the intro-
duction of oxygen vacancies to accommodate the stereo-
chemical requirements of the lone pairs on Sbill, and of
cationic vacancies to maintain charge balance. The
migration of SbH! to the lower symmetry sites close to
the anionic vacancies would in itself create additional
cationic vacancies.

The above refinement based on an average unit cell
implies a co-ordination about tin which is essentially
the same as that in tin(1v) oxide. However, on a local
atomic level the presence of oxygen vacancies might
reasonably be expected to give rise to modified co-
ordination for many of the atoms.

The low-symmetry antimony site may be described as
a highly distorted pentagonal prism with O(l) at the
apex. The equatorial angles are equal except for the
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Figure 1  Experimental (- - - -) and calculated ( ) neutron diffraction profiles. The positions of the reflections and the difference

profile (bottom)

larger O(6)-Sb-O(2) angle which reflects the vacant
metal site midway between O(6) and O(2). The lone
pair occupies the seventh position of a pentagonal-
bipyramidal array. The antimony co-ordination is
shown in Figure 2 projected along [010]. Finally, it is
relevant to note that * antimony-metal vacancy-oxygen
vacancy ' clusters may produce relaxation of neighbour-
ing atoms which cannot be totally represented in the
above description.

The refined cell parameters indicate a slight contrac-
tion along the ¢ axis relative to tin(1v) oxide ! (a —
b =4.7373, ¢ = 3.1864 A) and presumably reflect the
reduction by the cationic vacancies of the metal-metal
electrostatic interactions in a structure consisting of
chains of edge-sharing octahedra parallel to the ¢ axis.

The structure described above is unusual in that both
anion and cation sub-lattices are imperfect, and also
differs markedly from other recent descriptions 712
which have sought to explain the electrical behaviour of
tin-antimony oxides. In order to compare the validity
of the different structural descriptions, it is necessary to
examine their compatibility with the reported electrical
properties. The n-type conductivity of pure tin(1v)
oxide, which has been attributed 13 to oxygen vacancy
donor levels, is known to be increased by reduction 12714 or

are also indicated

doping with antimony.”'21517 At low conduction
electron concentrations (<10® c¢m-3) reduced and
antimony—doped tin(iv) oxides have primary donor
levels approximately 30 meV * below the conduction

0(5)

0(1)

e Antimony
o Oxygen

0(2)
FiGure 2 Co-ordination of antimony projected along [010]

band which have been assigned to either oxygen vacan-
cies1® or dopant antimony.’® When the conduction
electron concentrations exceed 101 cm-3 the donor band

* Throughout this paper: 1eV = 1.602 19 x 10 J.
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merges with the main conduction band and gives a
degenerate semiconductor 1214 in which the conduction
electron concentration and resistivity are independent
of temperature. Such a band structure is obtained at
antimony concentrations as low as 300 p.p.m.,'? and
implies complete delocalisation of the donor electrons.
According to our structural model, this is equivalent to
the incorporation of the Sb!!! lone-pair orbitals into the
bonding scheme resulting in partial occupation of the
conduction band.

The previous explanations of the electrical behaviour
of tin-antimony oxides »!? assumed donor centres in

J.C.S. Dalton

Mossbauer spectra of other antimony- 25 and tin-contain-
ing -2 solids. The linewidth of the SbII resonance
peak, although not amenable to fitting according to a
quadrupole-split model, is broader than that observed
in crystalline antimony compounds, and the chemical
isomer shift is more negative than for Sb,0,,3%-31 implying
a higher s-electron density at the Sb!!l nuclei. The
spectrum is therefore consistent with the occupation by
SblT, with predominantly p-character stereochemically
active lone pairs, of more asymmetric sites than those
adopted in Sb,0,. Given the presence of only SbY in a
material of similar composition heated at lower temper-

TABLE 2

Mossbauer parameters of tin—antimony oxides

1215b
195, a Sbv Sbir B
— N — — - Area ratio
3 e/mm s Ajmm st 3 ¢/mm s71 I'/mm s7! 8 ?/mm st I'/mm s7! Sbll/Spv
0.03 4 0.03 0.64 + 0.03 8.41 + 0.1 3.60 —5.38 - 0.1 5.40 0.16

23 Relative to SnO,.

which an electron, associated with an Sb%* ion to main-
tain charge balance, can be promoted into the conduc-
tion band. Since this model implies the formation of
Sb**, which has little chemical significance, our des-
cription appears preferable from a chemical viewpoint.
It also offers a better rationalisation of the similarity
in the band structures of reduced and antimony-doped
materials (see above), since the Sb!!! lone pairs directed
into oxygen vacancies may be envisaged as donor levels
which would be expected to correspond quite closely to
un-ionised oxygen vacancies. In this respect, it is
interesting that e.s.r. signals from antimony-doped
tin(1v) oxide have been interpreted 2 in terms of singly
ionised oxygen vacancies.

Although totally incompatible with our neutron
diffraction study, the model involving (Sb®*-—-e-) donors
can account ? for 12!1Sb Mossbauer data which have
implied SbY as the major antimony species. In view
of this, we have investigated our material by Moss-
bauer spectroscopy. The 1%Sn Mdossbauer chemical
isomer shift 8§ (Table 2) is characteristic of a Sn!V species
in an oxygen environment.?! The quadrupole splitting
A is slightly larger than that of tin(1v) hydroxide gel
dehydrated 21 at 800 °C (3 0.00 mm s, A 0.56 mm s)
and reflects the increased electric-field gradient at the
tin nuclei as a result of antimony incorporation within
the tin(1v) oxide lattice. The two-peaked 121Sb Moss-
bauer spectrum is, on first inspection, indicative of the
presence of both SbY and Sb'!l in the ratio ca. 6:1.
Since AR/R is negative for the 12!Sb transition,?? the
SbUT chemical isomer shifts are more negative than
those of SbY. The species appearing as SbY has a more
negative chemical isomer shift than is normally expected
for SbY in rutile-type structures 23-2¢ which is indicative
of a higher electron density at antimony and consistent
with the delocalisation of the lone-pair electrons on
the interstitial Sb'! into conduction bands. Similar
effects, albeit to a lesser extent, have been observed in the

® 3 Relative to InSb.

ature 32 the presence of Sb!!! in the material investigated
here may be associated with thermally induced surface
enrichment in antimony %% and the more favourable
accommodation of SbIl in asymmetric surface sites.
Indeed, X-ray photoelectron spectroscopy studies %633
have indicated the presence of only Sb!!! at the surface
of antimony-containing oxides and reflect the more
favourable accommodation of these species with stereo-
chemically active lone pairs at surface sites. Although
the neutron diffraction data alone do not suggest such
migration, the uncertainty associated with the refined
antimony occupation parameter is compatible with
antimony depletion to the extent implied by the Méss-
bauer peak-area ratio.

The proposed structure is unusual in that it is based
on rutile in which both anion and cation sub-lattices
are incomplete. However, the inherent instability of
such a structure appears to be offset by the reduction in
¢ due to reduced electrostatic repulsions and the inter-
action of the antimony lone-pair electrons with the
tin(1v) oxide band structure. A related stabilisation
mechanism involving lone-pair participation in bonding
has been proposed for the defect pyrochlore structure of
Pby,Ru,0,_; and related phases.3 Notwithstanding such

'stabilisation, the tin-antimony oxide dissociates at

temperatures exceeding ca. 900 °C to an equilibrated
solid solution of 49, Sb in tin(1v) oxide and an Sb,0,
phase which is volatilised.3

We acknowledge the provision by the S.R.C. of neutron
diffraction facilities at A.E.R.E., Harwell and we are grate-
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