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A phase of approximate composition SbVO, has been reported in the literature as a key component in
new catalysts [or the ammoxidation of propane to acrylonitrile. Sbyg; V9,0, was prepared by heating
equimolar amounts of Sb,0y and V,0; in air at 1073 K for 2 hr. The chemical composition was
determined by thermogravimetry and energy dispersive X-ray microanalysis. The crystal structure at
293 K was determined, from three powder diffraction data sets recorded with CuKe,;, MoKa, and
1.040(1)-A neutron radiation, using the Rietveld method. Crystal data: SbygVeg0y. Z = 1, & =
4.625(4). ¢ = 3.040(2) A, tetragonal space group Pd./mum, M, = 222,87, D, = 5.69 glcm’. All three
data sets yield a cation deficient rutile structure and final profile R-values of 3.5, 6.3, and 1.5%. Bond
valence sums, calculated from the experimentally determined bond lengths, indicate the oxidation
states to be Sb** and V3*/V** leading 1o the formula Sbi %,V 4ViLO, 40, (the square denotes metal
ion vacancies). Bond valence calculations also suggest that OSb,[J is the most favorabte configuration

for an oxygen associated with a metal vacancy.

Introduction

Currcnily there is a great interest in the
development of catalysts for use in the in-
dustrial conversion of natural gas compo-
nents to more refined products, One exam-
ple is the replacement of the older
technology for maleic anhydride production
using benzene feedstock with modern pro-
cesses using butane feed (/, 2). Another ex-
ample concerns the well known SOHIO (BP
America) process for the partial oxidation
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of propylene in the presence of ammonia
(ammoxidation) to acrylonitrile (3). In this
process a multicomponent bismuth molyb-
date-type of catalyst is used (¢}. During the
last decade successful research has been
carried out at SOHIO on propane ammoxi-
dation to acrylonitrile, and a process is tar-
geted for commercialization in the near fu-
ture (5, 6). For the propane process, an
antimony vanadium oxide approaching the
composition SbVQ, is reported as a crucial
catalyst component (7). A few catalytic
studies related to this new process have ap-
peared in the literature (8-/0),
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The SbVQ, phase was reported to have
the rutile structure (11). The authors as-
sumed the valences to be Sb** and V°*.
However, from magnetic measurements
(12), on a sample prepared in a closed tube,
the composition Sb**V3*Q, could be ex-
cluded and the antimony Mdssbauer study
by Birchhall and Sleighi (/3) showed anti-
mony to be in the oxidation state 5+ . These
authors reported the formation of a phase
with the composition Sbyg,V4:04, When
heating a 1: 1 mixture of V,05 and Sb,(); in
air at 800°C. When heating the oxides in a
sealed gold tube, the product was biphasic
and consisted of a phase with the approxi-
mate composition Shy gV, 0., and small
amounts of Sb,O, or amorphous antimony
oxide, depending on the temperature. Berry
et al. (14, 15) reported similar results. They
observed the formation of rutile-type
SbyaVoe Gy, when heating equimolar
amounts of $b,0; and V,0Os in air. Reduced
antimony-deficient rutiles and different anti-
mony oxide phases were formed in experi-
ments performed in strictly oxygen-free ni-
trogen, commercial nitrogen, or closed
tube.

In a study of vanadium doped 8-Sb,0,,
Teller et al. (16) found **SbVQ,”" to be one
of the minor phases in two samples prepared
at 850°C. Lattice and positional parameters
were refined from powder diffraction data,
but no chemical characterization was re-
ported. It was inferred that the deviating
structural features of one sample were due
to epitaxial growth of “*SbV(,’" on the crys-
tal faces of 8-Sb,0,.

From a catalytic point of view, the de-
tailed structure of the oxidized phase is the
most urgent issue, since patents report this
phase as being superior to one prepared in
nitrogen atmosphere (7). In this paper we
report the structure determination of an oxi-
dized form of rutile-type antimony vana-
dium oxide using 2 monophasic sample, pre-
pared by heating a mixture of V,0. and
Sb,0; in air. Based on the structural param-
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eters obtained, the possible oxidation states
of the metal ions and the type of defect sys-
tem present in this solid is discussed.

Experimental

Sample preparation. Powders of V,0,
{Riedel-de Haén, 99.5%) and Sb,0, (Merck,
>99%) in the molar ratio 1:1 were mixed
by shaking in a flask. The mixture was then
ground in an agate mortar and placed in a
silica ship in a chamber furnace. A flow of
air was passed through the furnace, and the
temperature was raised from ambient to
800°C at 10°C/min. The sample was kept at
800°C for 2 hr. After this period, the heating
was stopped and the sample was allowed
to cool slowly to room temperature in the
closed furnace. The sample was investi-
gated as obtained after a light grinding.

Balance experiments. The synthesis of
the sample was repeated in a Cahn Thermo-
gravimetric apparatus, system 113, consist-
ing of a Cahn 2000 balance, a furnace, and
a temperature controiler, The balance and
the sample pan were situated in a glass sys-
tem provided with gas inlet and outlet ports.
About 70 mg of a V,0;—Sb,(; mixture pre-
pared as described above was put in the
sample pan. A flow of dry air was continu-
ously passed through the balance, except at
the moment of weighing when the gas flow
was temporarily stopped. First, the sample
was heated from room temperature to 130°C
at 10°C/min and kept there for 30 min in
order to remove adsorbed water. The sam-
ple was then slowly cooled to room tempera-
ture and the weight was recorded. Thereaf-
ter the sample was heated to 800°C at 10°C/
min, and was kept there for 2 hr before it
again was cooled to room temperature and
reweighed. A weight increase was observed
coupled to the formation of the antimony
vanadium oxide phase. Two measurements
gave a nominal composition of ShVO, 350
or Sby4:Ve0y. The precision inherent in
the formula Sbg 4,V 4,0, is also compatible
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with the stated purity of the reactants Sh,0;
and V,0;.

X-ray microanalysis. Antimony vana-
dium oxide powder was mounted on copper
stubs with conducting polymer. Energy dis-
persive X-ray microanalysis was performed
at an acceleration voltage of 20 keV in a
JSM-840A scanning electron microscope
equipped with a Link An10000 analysis sys-
tem. Most crystal grains were smaller than
[ uwm, but some plates reaching 5 um were
also observed and these were analyzed with
the beam scanning an area of about 2 x 3
pm. When the oxygen content was calcu-
lated, assuming the metal valencies Sb3+*/
V* and four oxygen atoms per formula
unit, a composition of Sby gg, Vi 90204 Was
determined by averaging nine analyses.

CuKay powder diffraction. The diffrac-
tion pattern was collected with an INEL
powder diffractometer equipped with a
CPS120 curved position sensitive detector
covering 120°, using a flat plate rotating
sample holder set for reflection mode. The
CuKej-radiation was obtained using a pri-
mary beam bent quartz monochromator fo-
cusing on the detector and a 0.3-mm exit
slit. The diffraction data was accumulated
for 24 hr. The detector was calibrated from
25 well resolved diffraction peaks from
Pb(NQ,), collected under equivalent condi-
tions, The Pb(NO,), peak positions were fit-
ted to the calculated 26 values using a cubic
spline function, which was then used by the
Rietveld program (/7).

MoK« powder diffraction. The diffrac-
tion pattern was collected on a Huber single
crystal diffractometer equipped with a flat
plate spinning sample holder set up in re-
flection mode, using graphite monochroma-
tized MoKa,a, radiation, a .5-mm point
focus collimator, and a 0.5-mm detector slit.
Data were collected with «-26 step scan in
the range 11° < 28 < 90° in steps of 0.02°,
each step measured for 100 sec.

Neutron powder diffraction. The sample
was packed in a vanadium sample holder
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of 11 mm diameter and 50 mm height. The
diffraction pattern was collected at the pow-
der diffraction beam line at The Neutron
Research Laboratory, Studsvik, Sweden,
using neutron radiation of wavelength
1.040(1) A, as calibrated with an AlLO; stan-
dard. Data were collected in the range 0.02°
<2 28 <2 118.76° in steps of 0.08°; each step
was measured for approximately 2 min
{monitor controlled) with an array of 10 de-
tectors.

The three data sets in the following are
referred to as (C), (M), and (N) for Cu, Mo,
and neutron diffraction data, respectively.

Refinements

The Rietveld analysis program used for all
of the refinements is essentially the LHMPI
program described by Hilt and Howard (/8)
modified to fit local input/output formats
and to include Chebyshev polynomials for
background fitting and a cubic spline cali-
bration function for the CPS120 detector
data (/7). The program minimizes the
quantity 2w, (¥, — ¥, )’ withw; = 1/¥,,. A
pseudo-Voigt function allowing for five-

,beak asymmetry was used with a Lorentzian
component y = vy, + v,28, where y,, ¥,
and one asymmetry parameter were refined.
FWHM was defined as (Utan®8 + Vtané +
W), where U, V and W were refined with
peaks trunkated at twelve halfwidths. In ad-
dition the 26-zero point, one preferred orien-
tation, 8 (C), 10 (M) and 5 (N) background
{Chebyshev type I) and two unit cell param-
eters were refined. The structural parame-
ters comprise one scale factor, one posi-
tional parameter, x(0), one occupancy
factor for Sb/V with a fixed Sb: V ratio of
1.0, and anisotropic temperature factor co-
efficients for Sb/V and O (M) and (N). Si-
multaneous refinements of occupancy fac-
tor and temperature factors led to
unacceptable correlations for (C) and in-
stead the temperature factor coefficients ob-
tained from (M) were used. The refinements
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TABLE 1

DaTa COLLECTION AND REFINEMENT DATA FOR Sby4,Vo0Oy, AT 20°C,
SPACE GROUP Pdofmnm, Z = 1, M, = 222.87, Dy, = 5.69 g/cm?®

Radiation CuKae, MoKaqa, Neutrons

A (A) 1.54060 0.70932 1.040(1)
0.71359

aem™Y 1049.1 126.8 0.0867
26-range (°) 25117 11-90 15-115
No, of steps 3012 3950 1251
Max sin 0/A (A™1) 0.553 0.997 0.811
No. of param. ref. 21 29 24
u (A) 4.6294(2) 4.6258(2) 4.6217(7)
[d (,z\) 3.0414(2) 3.04142) 3.0378(5)
V(AY 65.180(7) 65.080(7) 64.89(2)
R, 0.0347 0.0630 0.0349
R,y 0.0483 0.0836 0.0441
GOF 17.63 1.28 1.29
Ry 0.0181 0.0102 0.0042
No. of Bragg reflections 34 169 96

were considered converged when the maxi-
mum shift/c.s.d was less than 0.2, Neutron
scattering lengths were taken from (/9), X-
ray scattering factors for O°~ were taken
from (20) and scattering factors for Sb**,
V3* as well as anomalous scattering correc-
tion factors from (2/). R-values givcn are
defined as R, = 2|Y, - Y, [l2Y,, R, =
Cw (Y, — YUZw Y2 GOF =
Zw; (Y, — Y )Y(N — P) and the derived
Bragg R-value, Ry = 2|F,, — F|IZF.
Additional information on daia collections
and refinements is given in Tables | and 11.!

! See NAPS document No., 04967 for 28 pages of
supptementary material. Order from ASIS/NAPS.
Microfich Publications, P.O. Box 3513, Grand Central
Station. New York. NY 10163. Remit in advance $4.00
for micrefiche copy or for photocopy, $7.75 up to 20
pages plus %0.30 for additional pages, All orders must
be prepaid. [nstitutions and organizations may order
by purchase order. However, there is a billing and
handling charge for this service of $15. Foreign orders
add $4.50 for postage and handling. for the first 20
pages, and $1.00 for additional 10 pages of material,
$1.50 for postage of any microfiche orders.

The diffraction patterns and their final dif-
ference patterns are shown in Fig. I.

Discussion

In the two X-ray diffraction experiments
Sb and V are the dominating scatterers, with
some differences in the anomalous scatter-
ing terms between the two X-ray wave-
lengths used, It was nevertheless no prab-
lem to identify the oxygen atom as the
highest peak in a difference Fourier synthe-
sis including only the metal atoms. In the
neutron diffraction experiments on the other
hand, Sb and O are the dominant scatterers,
while the scattering length of V is almost
zero, cf. the sample holder of vanadium
metal utilized for the data collection. This
difference between X-rays and neutrons is
clearly manifested in the relative intensities
of the diffraction patterns in Fig. I,

In view of the experimental differences
mentioned above it is encouraging that the
structural parameters presented in Tables 1
and Il are in general agreement, especially
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TABLE If

REFINED STRUCTURAL PARAMETERS, DISTANCES (5\), AND ANGLES
(°} FOR 8by V55,0,

Data set Q) (M) (N}

x(0) 0.2990(4) 0.3022(5) 0.3028(2)
g{Sb/Vvy-16 0.949(6) 0.958(9) 0.917(12)
Bi1(8b/V) 0.0061¢ 0.0061(3) 0.0015(10
B33(Sb/V) 0.0250¢ 0.0250(12) 0.0082(41
BSb/V) —0.0019* —0.0019(8) 0.0003(13)
B,.. (AY 0.66° 0.66(2) 0.21(6)
B1(0) 0.0088° 0.0088(16) 0.0072(5)
B::(0) 0.0160" 0.0160(51) 0.0241(16)
B0} —0.0086" —0.0086(18} —0.0010(5)
B (AD) 0.70° 0.70(9) 0.71(3)
Sb/V-0 (2x) 1.958(3) 1.977(3) 1.979(1)
Sb/V-0 (4x) 2.011(2) 1.997(2) 1.9922(7)
O-Sh/V-0{8x) 90.00 90.00 90.00
O-Sh/V-0(2x) 98.26(13) 99.22(15) 99.36(47)
O-Sb/V-0{2x) BL74(11) 8(.78(13) B0.64(41)
Sb/V-0-8b/V (2x) 130.87(6) 130.39(7) 130.32(2)
Sb/V-0-Sb/V {1 x) 98.26(13) 99.22(15) 99.36(5)

Note. Temperature factor expressions: exp(. . . ~ G- hi-h— . . )

and B,,. = 4[2,—21,8,3-(3!—-&1}-)]/3.
“ Not refined.

the parameters determined using neutron
and MoKea radiation are quite similar. In the
case of CuKa, data, the spectrum contains
only 34 Bragg reflections, and the thermal
parameters could not be refined and the dis-
tances deviate slightly from those deter-
mined with radiation of shorter wavetength.
It is evident that the systematic differences
between the three experiments are consider-
ably greater than the estimated standard de-
viations, which is commonly the case due
to serial correlation (22). Film data obtained
in a Guinier-Hagg focusing camera using
CuKua, radiation and Si as internal standard
gave the refined unit cell: @ = 4.6214(3),
c = 3.0387(3) A, cf. Table 1. The average
unit cell determined by four different meth-
ods is: @ = 4.625(4), ¢ = 3.040(2) A.

The refinements indicate that
Sby 9, Va0, is a cation-deficient rutile-type

structure where the metal site contains a
random mixture of 46% Sb, 46% V, and 8%
vacancies. The three diffraction data sets
gave no indication of a lowering of the ideal
tetragonal symmetry P4,/mnm, which
would allow an ordered cation distribution..
Since it is not possible to refine the Sb/V
ratio from diffraction data, it was fixed to
1:1 in the calculations as determined by X-
ray microanalysis. The total occupancy of
metal ions could be properly refined and
in the neutron case a 92% occupancy was
obtained, which was exactly the value deter-
mined by thermogravimetry. With X-ray
data slightly higher occupancies were ob-
tained.

As can be seen in Table II, the metal site
consists of six oxygens in a rather regular
octahedron, while the oxygen site consist of
three metal atoms forming a planar triangle.
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Fi1G. |. Diffraction patterns recorded with CuKa;
{C), MoKa e, {(M). and neutron (N) radiation. Final
calculated difference patterns are shown below the ex-
perimental ones.

Sby ez Vi 50, exhibits two shorter bonds and
four slightly longer metal-oxygen distances
in the octahedron, while rutile proper (Ti0,)
exhibits four short bonds (1.948 A) and two
long bonds (1.980 A); see Ref. (23).

In order o test the ability of the oxygen
octahedron in Sby ;»V, 0, to accommodate
Sb and V ions in different oxidation states,
bond valence sums of the metal atoms were
calculated using bond valences defined as
v = exp[(R, — R)/0.37 A)]. Bond-valence
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parameters (R} were taken from Ref, (24)
and bond lengths (R) determined by neutron
diffraction were used; see Table 111 for re-
sults, It is evident that regardless of the R,
used in the calculations, the bond valence
sums indicate an atomic valence of 5+ for
Sb and between 3+ and 4+ for V.

A similar conclusion will be reached by
direct comparison with the average
metal-oxygen distances in simple oxides, if
the effect of cation coordination number is
taken into consideration, cf. corundum-type
V,0,,2.01 A,CN = 6(25); rutile-type VO,
CN = 6, 1.94 A (monoclinic, Ref. (26)) and
1.93 A (tetragonal, 360 K, Ref. (27)); V.0,
CN = 5, 1.83 A (28); senarmontite Sb,0,,
1.98 A, CN = 3 (29); and Sh,0;, 1.99 A,
CN = 6(30). The observed average distance
of 1.99 A is compatible with the average
V-0 distances in the V(III) and V{IV) ox-
ides listed, but not that in V(V) oxide, be-
cause here the coordination numbers are
similar. The two antimony oxides have simi-
lar average distances, but the coordination
number for the Sb(III) oxide is only half of
that for the Sb(V) oxide, which means that
six oxygens at a distance of 1.99 A would
lead to an extremely overbonded Sbh(LII).

It can also be argued that the shape of the
oxygen octahedron in itself makes it unsuit-

TABLE TII

BoND-VALENCE Sums OF METAL ATOMS WITH
Bonbp VALENCES CALCULATED AS v = expl(R, — R)/
0.37 A)] USING BOND-VALENCE PARAMETERS (R
FROM REF. {24) AND BoND LENGTHS (R) DETERMINED
BY NEUTRON DIFFRACTIONY

R,/A ) Zu
1.973 (5b°*) 0.984 (2 ) 0.950 (4 %) 5.77
1,942 (Sb**) 0.905 (Zx) 0.874 (4x) 5.30
1,743 (V¥) 0.528 (2 %) 0.510 (4x) 3.10
1,784 (V) 0,590 (2 x) 0.570 (4 x) 3.46
1.803 (V3*) 0.621 {2x) 0.600 (4 %) 1.64

“R=199A(2x)and 1.992 A (4x): average |.988
A.
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able for V>* and Sb**. V(V) usually exhibits
a regular tetrahedral coordination or a dis-
torted square pyramidal coordination with
one short V-0 distance of about 1.60 A, as
in V,05(28). Sb(I1I) exhibits a characteristic
one-sided three or four coordination: see
Ref. (31) for a review. By addition of a lone-
pair of electrons on the empty side of the
coordination sphere, the arrangement can
be described as a tetrahedron or a trigonal
bipyramid (32). Thus, in order to accommo-
date these two lons considerable local
atomic displacements would be required,
but the experimental thermal parameters are
normal and show no indication of excessive
static disorder in the metal or oxygen sites.

Our crystallographic results, which sug-
gest the presence of V{III)/V(IV) and Sb(V)
are in good agreement with the results ob-
tained by magnetic measurements (/2) and
Mossbauer spectroscopy (/3). If all anti-
mony is pentavalent, the average oxida-
tion state of vanadium is 3.70+ and the
unit cell content can be formulated as
Sb3 5 Vit Vit e 160y (the square denotes
vacancies), i.e., about § of the vanadium is
tetravalent.

The bond-valence sum of the oxygen is
more complicated to evaluate since the local
environment consisting of three metal atoms
is variable. Theoretically, the three metal
positions can be occupied by a selection of
the following: Sb(V), V(III), V(IV}, and one
vacancy. More than one vacancy per Q
atom does not secem likely. Nevertheless 16
combinations of species surrounding an ox-
ygen are possible. If the difference between
V({III} and V(1V) is neglected, seven combi-
nations still remain.

Bond-valence sums for oxygen, calcu-
lated as before, are listed in Table IV. The
difference between the calculated valence
sum and the expected value for oxygen, i.e.,
2, gives an idea of the magnitude and direc-
tion of the local distortions of the deter-
mined average structure that are needed in
order to accommodate an oXygen in a spe-
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TABLE 1V
BoND-VALENCE Sums OF OXYGEN CALCULATED?
FOR DIFFERENT COMBINATIONS OF NEAREST
NEIGHBORS
Neighbors 2u
5bV, 1.91-2.04
Sb,01 1.77
Vi 1.55-1.73
S5b,V 2.28-2.34
SbvO 1.40-1.46
Sb; 2.65
V.0 1.03-1.15

¢ Ry for 8B, V3t Vit and R = 1.988 A.

cific crystal environment. Thus for the coor-
dination figure OSbV, no distortion is re-
quired. In the case of OSb,[J, OV,, and
OSb,V slight distortions are predicted. In
the first two cases the oxygen—metal dis-
tances will tend to become shorter, while in
the last case they will become longer. In the
cases of OSbVU, OSb;, and OV, even
larger displacements would be required.
There is a big difference in bond-valence
sum between the three configurations con-
taining a vacancy, which suggests that
OSb,[] is the most favorable arrangement,
followed by OSbV0O and then OV,0. An
oxygen octahedron in a rutile structure is
connected to 10 neighboring octahedra by
corner- and edge-sharing and it is thus likely
that the 10 octahedra surrounding an empty
octahedron (a vacancy) will be occupied by,
more than the five Sb atoms required by
stoichiometry.

In this context it is interesting to note that
the structure of Sb,0; (or B-Nb,0s) can be
described as a rutile structure with a crystal-
lographic shear on (101); see Ref, (33). The
rutile slabs are two octahedra thick and the
slabs are connected by corner-sharing, i.e.,
via Sb(V)-O-5b(V) bridges. By varying the
thickness of the rutile slabs it is possible, in
theory, to change the stoichiometry of the
material from MO, to MO,. A phase with
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an average slab thickness of six octahedra
would have a stoichiometry corresponding
to that of the material studied in this

paper.

In conclusion, our powder diffraction
studies indicate that **SbV(Q,’* prepared in
air is a cation-deficient rutile structure with
the unit cell content Sbj%, V% VatiUy 140s,
though further work is needed in order to
characterize the crystal defects in this mate-
rial. The question of whether extended de-
fects are present will be investigated by elec-
tron diffraction.
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