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iron antimonate, prepared by the calcination of precipitates at elevated temperatures, has been
examined by X-ray powder diffraction, 3’Fe and '*'Sb Mossbauer spectroscopy, energy dispersive
X-ray microanalysis, X-ray photoelectron spectroscopy, and Auger electron spectroscopy. The
nature of iron antimonate is critically dependent on the environment in which the dried precipitate
is calcined. Although iron antimonate prepared from iron-rich reaction mixtures is formed in the
presence of «-Fe,0,, the iron antimonate prepared by the calcination of equimolar mixtures of iron
and antimony and of antimony-rich reactants in air where the excess antimony oxide can volatilise
is formed as a rutile-related solid containing iron(in) and antimony(v). Iron antimonate prepared
by calcination of antimony-rich reactant mixtures in evacuated sealed silica tubes is covered by a
layer of antimony oxide which can be removed by treatment with hydrochloric acid. The rutile-
related iron antimonate prepared under these conditions contains iron (i), iron (i), antimony(v),
and antimony (i) with the iron(11) species being accommodated in both lattice and surface sites.

Although a material described as iron antimonate was first
reported ! in 1943 during an investigation of rutile-related solids
of composition ABO,, subsequent studies>~!3 have failed to
achieve complete unanimity in their descriptions of a material
of formula FeSbO,. It appears that whilst there is general
agreement that the X-ray and neutron diffraction data recorded
from iron antimonate are consistent with a material best
described in terms of a rutile-related structure containing a
random distribution of iron and antimony ions in octahedral
sites within the oxygen lattice,!**7-!3 the iron-57 and antimony-
121 Mossbauer spectra have been interpreted2—38-'! in
different ways with some uncertainty persisting over the nature
of the cationic oxidation states and confusion as to the origin of
magnetic hyperfine interactions. Similarly, studies of the surface
properties of iron antimonate, which have frequently been
performed during the characterisation of iron-antimony oxide
catalysts, have yet to produce a detailed description of the
surface regions of the rutile-type solid.!®=!!-14=!7 Although
several of these investigations have involved studies of the
nature of surface oxygen,!*"!” some examinations'!® by
X-ray photoelectron spectroscopy have reported that iron
antimonate may be enriched at the surface by antimony.

It would seem that the current uncertainty over the funda-
mental solid-state properties of iron antimonate is, at least
partially, a reflection of the different preparative procedures
which have been used to synthesise the solid. We have therefore
prepared samples of iron antimonate by the calcination of
precipitates at elevated temperatures and have investigated the
products by a range of techniques. In this paper we describe how
the nature of iron antimonate, FeSbQ,, is critically dependent
on the character and composition of the reactant mixture, and
the temperature and environment of the thermal treatment.

Experimental

Iron—antimony oxides, with nominal antimony to iron ratios of
1:5,1:2, 1:1, 3:1, 5:1, and 10:1 were prepared by adding
aqueous ammonia (sp. gr. 0.88) to stirred mixtures of iron(1in)
nitrate nonahydrate and antimony(v) chloride in nitric acid

t Non-S.1. units employed: Torr = (101 327/760) Pa, eV = 1.60 x
1019 J.

(sp. gr. 1.42). The precipitates were removed by filtration,
washed with water until the washings attained a pH between 6
and 7, dried at 110 °C (18 h) in air, ground, and heated at 500 °C
(8 h) in air. The solids were finally calcined at either 1 000 °C
(96 h) in air or at 1 000 °C (24 h) in evacuated sealed silica tubes.

X-Ray powder diffraction data were recorded with a Philips
PW 1050/70 diffractometer using Cu-K, radiation and X-ray
powder diffraction photographs were obtained with a Debye—
Scherrer camera using the Straumanis method of film loading.

Maossbauer spectra were recorded with a Cryophysics MS-
102 microprocessor-controlled Mossbauer spectrometer. Iron-
57 Méssbauer spectra were obtained at 298 K using a 3’Co/Rh
source and absorbers containing ca. 10 mgiron cm~2, Antimony-
121 Mdssbauer spectra were obtained using a Ca!?!™SnQO,
source and absorbers containing ca. 10 mg antimony cm™2 with
both the source and absorber at 77 or 4.2 K. The drive velocity
was calibrated with a 3"Co/Rh source and a natural iron foil
absorber. All the spectra were computer fitted, the 37Fe
chemical isomer shift data were calculated relative to metallic
iron and the '?!Sb chemical isomer shifts relative to the calcium
stannate source. Transmission electron microscopy and energy
dispersive X-ray microanalysis (e.d.x.) were performed with a
Philips EM400T electron microscope interfaced with an EDAX
energy dispersive X-ray analysis system.

X-Ray photoelectron spectra (x.p.s.) were recorded with a
Vacuum Generators ESCA3 (Mk.1) spectrometer operating at a
base pressure of ca. 2 x 10-° Torr using Al-K, exciting
radiation (hv = 1486 eV). The samples were investigated as
fine powders mounted on double-sided Sellotape and examined
at room temperature. All binding energies were obtained by
reference to the C 1s binding energy of 285 eV arising from
carbon impurity on the sample surfaces.

Auger electron spectra (A.e.s.) were recorded with a Vacuum
Generators Fast-scan Auger electron spectrometer operating
at 2.5kV and a base pressure of ca. 5 x 10~° Torr. The samples
were examined as fine powders secured on copper mounts by
conducting silver paint.

Results and Discussion
The yellow-brown to mid-brown products obtained from the
calcination of the dried antimony-rich and equimolar reaction
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Figure 1. Mossbauer spectra recorded from iron antimonate prepared
from a precipitate (Sb:Fe = 5:1) calcined at 1000 °C (96 h) in air.
(a) 3"Fe Méssbauer spectrum recorded at 298 K. (b) '2!Sb Méssbauer
spectrum recorded at 77 K

mixtures at 1 000 °C in air gave X-ray powder diffraction
patterns which were very similar to that previously attributed ’
to monophasic iron antimonate, FeSbO,,. The X-ray diffraction
patterns recorded from the darker brown solids formed from the
iron-rich reactants contained additional peaks which could be
assigned '8 to «-Fe, 0.

The iron-57 Mossbauer spectra recorded from all materials
contained a quadrupole split absorption, 8 0.41 + 0.02 mm
s', A 074+ 002 mm s, characteristic of high-spin
iron(in) [Figure 1(a)] and similar to those previously associ-
ated 2381011 with jron(im) in FeSbO,. The spectra recorded
from the darker brown products also contained a magnetically
split pattern, H 515 + 5 kG, characteristic !® of «-Fe,0,. The
antimony-121 Mossbauer spectra recorded at 77 K showed
[Figure 1(b)] a single absorption, 8 0.05 + 0.05 mm s, typical
of antimony(v) and similar to those previously reported 2*-° for
antimony(v) in FeSbO,. Hence the X-ray diffraction data and
Mossbauer spectra indicate that biphasic products containing
FeSbO, and «-Fe,O; are obtained from iron-rich reactant
mixtures. It is also pertinent to note that the presence of the
antimony oxide SbsO,; could be determined in the X-ray
diffraction patterns recorded from products obtained from
antimony-rich reactants after their initial calcination at 500 °C.
It would seem that the antimony oxide volatilises when these
materials are heated at 1 000 °C in air to form products which
give well resolved X-ray diffraction patterns and narrow line
Maossbauer spectra characteristic of monophasic crystalline
iron antimonate containing iron(i1) and antimony(Vv).

The mid-brown products obtained when equimolar or
antimony-rich reaction mixtures were calcined at 1 000 °C in
an evacuated sealed silica tube also gave X-ray powder
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Figure 2. MGssbauer spectra recorded from iron antimonate prepared
from a precipitate (Sb:Fe = 5:1) calcined at 1000 °C (24 h) in an
evacuated sealed silica tube. (a) *"Fe Mdssbauer spectrum recorded at
298 K. (b) '2!Sb Méssbauer spectrum recorded at 4.2 K

diffraction patterns characteristic’ of crystalline monophasic
iron antimonate. However, the antimony-rich reaction mixtures
gave, in addition to the iron antimonate phase, a highly
crystalline opaque solid at a cooler region of the tube which
was characterised2° by X-ray powder diffraction as B-Sb,0,.
This antimony tetraoxide phase presumably arises from the
oxidation of the excess antimony when the reaction mixture is
heated at 500 °C and its volatilisation and subsequent con-
densation when calcined in the sealed tube at 1 000 °C.

The mid-brown solids gave 3"Fe Mdssbauer spectra, com-
posed of a quadrupole split absorption, 8 0.40 + 0.01 mm
s', A 074 + 001 mm s™!, similar to that previously at-
tributed 2-3-81%-11 to jron(in) in FeSbO,. However, and in
contrast to the iron antimonate formed in air at 1 000 °C, the
57Fe Mossbauer spectrum of the iron antimonate formed in
sealed silica tubes also showed a quadrupole split absorption,
5 1.18 + 0.06 mm s~*, A 3.16 + 0.06 mm s~!, characteristic of
a high-spin iron(11) species and indicative of ca. 5% of the iron
being present in the reduced form [Figure 2(a)]. The !2!Sb
Mossbauer spectrum recorded from these solids at 42 K
showed an absorption, 3 0.28 + 0.06 mm s~!, characteristic of
antimony(v) and similar to that previously reported 2*-° for
antimony(Vv) in iron antimonate, and another absorption, 8
—12.27 + 0.06 mm s™!, ¢2¢gQ 17.14 + 0.10 mm s~!, charac-
teristic of a similar amount, ie. ca. 5%, of antimony(i)
[Figure 2(b)].

It is important to note that the X-ray powder diffraction
patterns recorded from the crystalline iron antimonate prepared
in the sealed tubes were composed of well defined peaks and
gave no evidence for the presence of any other crystalline
phases, such as FeSb,0, or FeSb,O¢, which might contain the
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Figure 3. Energy dispersive X-ray spectrum recorded from a single
particle of iron antimonate prepared at 1 000 °C (24 h) in an evacuated
sealed silica tube

iron(u1) or antimony(in) species. The possibility that these, or
other, phases were present as non-crystalline materials was
also eliminated by an examination of the products by trans-
mission electron microscopy which found no evidence for any
amorphous material. In this respect it is pertinent to note that
energy dispersive X-ray microanalysis gave spectra (Figure 3)
in which the relative areas of the peaks characteristic of the Sb
L- and Fe K-X-rays were indicative of materials composed of
approximately equal concentrations of iron and antimony.
Given that similar e.d.x. spectra were obtained from the iron
antimonate formed by the calcination of precipitates at 1 000 °C
in air and that other iron—-antimony oxides such as FeSb,0,
and FeSb,0, would be expected to give e.d.x. spectra with
antimony to iron ratios of 2:1, the results, taken together, are
consistent with the formation in the sealed tubes of another
form of iron antimonate containing iron(il), iron(i), anti-
mony(V), and antimony(iir), but in which the total iron to total
antimony ratio is 1:1.

The iron antimonate containing iron(ill) and antimony(v)
formed at 1 000 °C in air gave an X-ray photoelectron spectrum
(Figure 4) in which the Fe 2p, peak at a binding energy of
714 eV is characteristic 2! of iron(u). Although the presence of
oxygen in iron antimonate cannot be directly detected by x.p.s.
because of the coincidence 222 of the Sb 3d; and O 1s peaks
at 531—532 eV, the O KL, ;L, ; Auger electron peak at a
binding energy of 976.5 eV confirmed 2425 the presence of
oxygen in the sample. The peaks in the x.p.s. spectrum at 541.2
and 531.5 eV can be ascribed to Sb 34, and Sb 34 respectively.
However, the peaks reveal an anomalously high intensity ratio
of ca. 1:2.2, as compared with the expected intensity ratio of
1:1.5, and the full width at half height of 1.8 eV of the peak at
541.2 eV is different from the width of 2.2 eV of the peak at
531.5 eV. Both these effects can be associated with the presence
of the O 1s photoelectron peak beneath the Sb 3d; peak.
Detailed investigations 26-29 of the Sb 3d peaks in the x.p.s.
spectra recorded from mixed-valence compounds have shown
that remarkably small ionisation energy changes of ca. 0.5 eV
are associated with the oxidation of antimony(in) to
antimony(v) and that it is difficult to use the Sb 3d chemical
shift data to determine the antimony oxidation state with
confidence.?®3! However, small shifts of the Sb 34 peaks to
lower binding energies can be discerned between the x.p.s.
spectrum recorded from the iron antimonate prepared in air
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Figure 4. X-Ray photoelectron spectrum recorded from iron anti-
monate prepared at 1000 °C (96 h) in air: (a)—(c) are different parts
of the spectrum of binding energies scanned

(Figure 4) and that synthesised in a sealed tube under vacuum
(Figure 5) which are consistent with the presence of
antimony(Vv) in the former sample and of both antimony(v) and
antimony(i1) in the latter. The Auger electron spectrum
recorded from the iron antimonate prepared at 1 000 °C in air
contained signals at 457, 503, and 701 eV characteristic 2* of
antimony, oxygen, and iron respectively.

The x.p.s. spectrum recorded from the iron antimonate con-
taining iron(i), iron(ir), antimony(v), and antimony(ii) which
had been prepared in an evacuated sealed tube failed to show a
peak corresponding to the Fe 2p binding energy (Figure 5) and
thereby indicates that the top 50 A of the surface layer contains
less than 59 iron. In this respect it is also relevant to note the
greater area of the antimony peak in the A.e.s. spectrum of this
solid as compared with that recorded from the iron antimonate
prepared in air. Hence the x.p.s. and A.e.s. data recorded from
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Figure 5. X-Ray photoelectron recorded from iron antimonate pre-
pared at 1 000 °C (24 h) in an evacuated sealed silica tube: (a), (b) are
different parts of the spectrum of binding energies scanned

the iron antimonate prepared in a sealed tube are indicative of a
very high antimony:iron ratio in the surface layers. Despite the
normal shape of the Sb 3d; peak, it is interesting to note the
asymmetry and the increase to 2.5 eV in full width at half height
of the Sb 3d; peak. It is also pertinent to note the increase in the
Sb 3d;:Sb 3d; peak height ratio to 1:2.4. Whilst both peaks
shift to lower binding energies by ca. 0.5 eV as a result of the
presence of some antimony(ill), see above, the behaviour of
the peak at 530—532 eV appears to indicate the presence of
additional oxygen in the surface layers. It is possible that the
additional oxygen might originate from trace quantities of silica
which are deposited on the sample surface during the prepar-
ation at 1 000 °C in the sealed silica tube. Although the almost
exact overlap of the Si 2s and Si 2p photoelectron peaks with
those of Sb 4s and Sb 4p precludes confirmation of this
hypothesis by x.p.s. it is relevant to note that the O 1s peak from
the oxygen in silica is observed 32 at 532.5 eV which coincides
with the position of the asymmetry of the Sb 34, peak in Figure
" 5. If this explanation of the x.p.s. spectrum is correct then the
surface of the iron antimonate prepared at high temperature in
sealed silica tubes is composed of an oxide containing both
antimony(v) and antimony(i11) with some silica contamination.

The enrichment by antimony of the surface of the iron
antimonate formed in a sealed tube may be considered as arising
from incomplete volatilisation of excess antimony oxide such
that a thin layer of antimony oxide, not detectable by X-ray
diffraction, Mssbauer spectroscopy, or e.d.x., is formed on the
surface. Although such a layer could be removed by argon-ion
bombardment and the underlying material analysed by x.p.s., it
must be acknowledged that such treatment is likely to cause
reduction which would compromise any examination of the
antimony oxidation states. However, the removal of the surface
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Figure 6. X-Ray photoelectron spectrum recorded from iron anti-
monate prepared at 1 000 °C (24 h) in an evacuated sealed tube and
treated with hot concentrated hydrochloric acid: (a), (b) are different
parts of the spectrum of binding energies scanned

layer by treatment with hot hydrochloric acid (sp. gr. 1.18)
would not give rise to such reduction and a sample prepared in
this way gave the x.p.s. spectrum shown in Figure 6. Although
the Sb 34 peaks have the same form and the same relative
intensities as those recorded from the iron antimonate produced
at 1 000 °C in air, the peaks are clearly shifted to lower binding
energies by ca. 0.5 eV. The lower intensities of the iron 2p peaks
relative to the Sb 3d peaks as compared with those recorded
from iron antimonate formed in air may reflect the inhibition of
some residual superficial antimony oxide to removal. The most
significant feature of the x.p.s. spectrum depicted in Figure 6
is the shift in the Fe 2p peaks to lower binding energies and
the absence of the weak satellite peak at ca. 721 eV which is
characteristic of iron(itr). The results show that the antimony
oxide-free surface of iron antimonate formed at 1000 °C in
a sealed tube contains both iron and antimony in reduced
oxidation states. Although the quality of the x.p.s. results is
not sufficient to determine a precise antimony:iron ratio, the
relative magnitudes of the antimony and iron peaks in the
Auger electron spectra recorded from the iron antimonate
formed at high temperature in air and that prepared in an
evacuated sealed tube and treated with hydrochloric acid were
very similar. The results are indicative of equal numbers of iron
and antimony species in the surface regions of both samples and
are inconsistent with the presence of other phases such as
FeSb,0, or FeSb,O, as has been suggested in the past.'®
Hence the iron antimonate phase formed in an evacuated
sealed tube would appear to contain iron(11) as an integral part
of the FeSbO, structure. It is therefore pertinent to note the
large M dssbauer quadrupole splitting recorded from the iron(ir)
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species, A 3.16 + 0.06 mm s!, which is characteristic®*® of
iron(11) in near-octahedral oxygen co-ordination and which is
consistent with the occupation by iron(i), at least partially, of
lattice sites. The Mdssbauer and x.p.s. data therefore suggest
that the iron(i1) species exists in the surface regions of FeSbO,
only when iron(n) is also present in the bulk. In this respect
it is relevant to note that the lattice parameters of the iron
antimonate prepared in air containing iron(111) and antimony(v)
which were determined from Debye-Scherrer X-ray powder
diffraction photographs, a = b = 4.633 2(3), ¢ = 3.0722(6) A,
were smaller than those recorded from the iron antimonate con-
taining iron(i), iron(i), antimony(v), and antimony(in1) which
was formed in an evacuated sealed tube, @ = b =4.637 8(3),
¢ = 3.077 1(3) A. The results are consistent with the expansion
of the lattice resulting from the incorporation of the larger 3*
iron(11) species in six-co-ordinate octahedral sites within the
rutile-type structure.

Given that antimony(in) is more stable in four-fold co-
ordination?® it is likely that this species is more favourably
accommodated in the surface of the rutile-type solid whilst the
antimony(V), which prefers 3 six-fold octahedral co-ordination,
is accommodated within the bulk rutile-type iron antimonate
lattice. Hence we conclude that two types of iron antimonate
corresponding to the formulation FeSbO, can be prepared at
high temperatures. Our investigations by convergent beam
electron diffraction have shown that, contrary to the previous
reports based on X-ray and neutron diffraction '**7:!3 which
have described FeSbO,, as a rutile-related structure containing
a random distribution of cations in octahedral sites within
the oxygen lattice, the two modifications of iron antimonate
described in this work contain superlattices composed of
ordered arrays of cations. We shall, in a subsequent report,3°
describe how the cationic ordering in iron antimonate con-
taining iron(m), iron(n), antimony(v), and antimony(in) ex-
tends over a longer range than that which occurs in the iron
antimonate which contains only iron(inn) and antimony(v).
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