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a b s t r a c t

∼SbVO4 is a well known catalyst used for the ammoxidation of propane to acrylonitrile. However, lit-
tle importance is usually given to the structural flexibility exhibited by the ∼SbVO phase, which has
eywords:
atalyst
ropane ammoxidation
bVO4/Sb2O4 system

4

rutile-type structure and can accommodate up to 1/8 of cation vacancies. In this work we highlight the
great structural flexibility exhibited by this phase accommodating the changes in the oxidation state of
vanadium which is accompanied by the introduction of cation vacancies. Besides, it presents a wide range
of compositional non-stoichiometry, ranging from a 1/1 vanadium/antimony molar ratio to almost 1/0.
It is carried out in a soft way and does not involve the creation of extended structural defects but more

such

on-stoichiometry
tructural flexibility subtle structural changes

. Introduction

Acrylonitrile is an important intermediate for the preparation
f fibres, rubbers and other valuable products. At present, acryloni-
rile is produced by the catalytic ammoxidation of propylene [1–3].
ecently, much effort has been invested in new catalysts that could
nable the efficient direct synthesis of acrylonitrile from propane
ince it would decrease the acrylonitrile price by 20% [4].

A high selectivity in these processes has been exhibited
y vanadium–antimony mixed oxides as catalysts for propane
mmoxidation. Vanadium site isolation as well as cooperation
ith Sb2O4 is considered to be important for the catalysis [5–17].

hese catalysts typically contain several phases such as rutile-type
SbVO4, Sb2O4 and V2O5, depending on the preparation method
sed and on the Sb/V ratio. Rutile-type ∼SbVO4 has been demon-
trated to be cation deficient [18,19].

The rutile structure is one of the first crystal structures described
s Vegard determined in 1916 the structures of TiO2 and SnO2
20]. A great variety of compounds exhibit this structure and many
erivatives are known consisting either of cation ordering, anion
rdering or on distortions of the coordination polyhedra [21]. Non-
toichiometric compounds are well known when anion deficiency
s introduced. In these, the rutile structure accommodates the non-

toichiometry by means of Crystallographic Shear Planes (CSPs)
here locally the rutile structure collapses into corundum-type

tructure, i.e., edge-sharing octahedra change to face-sharing ones
22].

∗ Corresponding author.
E-mail address: landa@icmm.csic.es (A.R. Landa-Cánovas).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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as long-range order, structural modulations and short-range order.
© 2010 Elsevier B.V. All rights reserved.

The purpose of this work is to show the remarkable structural
flexibility exhibited by ∼SbVO4 phase under different conditions,
accommodating different vanadium oxidation states and up to 1/8
cation vacancies in a soft way through structural modulation and
without the creation of defects nor any collapse of the structure.

2. Materials and methods

The samples were prepared at 800 ◦C in a quartz tube furnace
under a flow of different mixtures of nitrogen and oxygen ranging
from pure nitrogen to pure oxygen. The samples were primarily
characterised by powder X-ray diffraction methods.

SEM studies were carried out using a JEM 6400 microscope
operating at 20 kV. TEM specimens were prepared from sonical dis-
persions of the corresponding samples in butanol. One drop of each
suspension was deposited on a copper grid covered with a holey
carbon film.

Conventional TEM experiments were carried out on a JEOL
2000FX TEM microscope running at 200 kV and equipped with a
LINK AN10000 analyser system. HRTEM studies were carried out in
a JEM 4000EX microscope working at 400 kV and with 1.8 Å point
resolution.

3. Results and discussion

Rutile-type ∼SbVO4, although apparently exhibiting a very

simple structure, in reality presents an unexpected complexity
imposed by the oxidation states of the cations. Magnetic suscepti-
bility measurements [23] excluded the presence of V5+ and of Sb3+.
Mössbauer spectroscopy confirmed the presence of Sb5+ [24] while
ESR indicated the existence of V3+ or V4+ depending on the reaction

dx.doi.org/10.1016/j.cattod.2010.04.027
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:landa@icmm.csic.es
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ig. 1. (a) SEM micrograph of typically shaped SbVO4 rutile-type crystals and (b)
rystallite agglomeration of oxidized ∼SbVO4.

onditions [25]. Bond-valence summations [18] and X-ray energy-
ispersive spectroscopy (XEDS) [19] revealed that only Sb5+, V4+

nd V3+ were present. The presence of cation vacancies is possible
hrough the existence of V4+.

The first sample series prepared in Ref. [19] aimed directly
o investigate the generation of cation vacancies in the ∼SbVO4
hases:

2O5 + Sb2O3 (1 : 1) → ∼SbVO4 + (Sb2O4)

This series was prepared at 800 ◦C under a flow of gas at differ-
nt oxygen pressures, ranging from pure oxygen-free nitrogen flow
o pure oxygen at 1 atmosphere of pressure. Powder X-ray diffrac-
ion patterns only showed typical rutile-type maxima apart from
he diffraction peaks from the excess of Sb2O4. Although in general
he rutile crystals obtained maintained the well known prismatic
hape typical of rutile, see the SEM micrograph of Fig. 1a, when
he samples were prepared under high oxygen partial pressures
heir morphology changed drastically to arborescent or tree-like
gglomeration of crystallites, see Fig. 1b. This could already sug-
est that subtle changes are introduced in the rutile-type structure
ue to the preparation conditions.

The transmission electron microscopy study of these sample
eveals the complexity of the crystal chemistry of these phases.
part from the Sb2O4 crystals, which consist of disordered inter-
rowths of the �-Sb2O4, and �-Sb2O4 as already described in [26],
ee Fig. 2, the rutile-type crystals revealed a complex behaviour.
ifferent rutile-type ∼SbVO4 samples prepared under different
tmospheres were studied by selected area electron diffraction
SAED) which consists of using an aperture below the objective lens

o select an area of the crystal to diffract and producing very sharp
iffraction spots. At very low oxygen pressures weak superlattice
eflections appeared doubling the rutile-type lattice, see Fig. 3a.

hen very little oxygen was allowed during the synthesis process
hese superlattice reflections smeared out giving rise to weak and
Fig. 2. HRTEM micrograph of a crystal of Sb2O4 showing a disordered intergrowth
of the � and � forms.

diffuse intensity lines running parallel to the b axis, see Fig. 3b.
Any diffraction satellites or diffuse streaks disappear as the oxygen
pressure is increased up to the normal air pressure, Fig. 3c. Then,
weak satellite reflections appear which are at almost 1/4(1 1 1)* but
still incommensurable due to a modulation of the rutile-type struc-
ture, as shown in Fig. 3d. The intensity of these reflections increases
as the oxygen pressure is increased up to pure oxygen flow during
the synthesis procedure.

By changing the oxygen pressure during the synthesis we are
playing with the vanadium oxidation state and introducing cation
vacancies according to the following reaction mechanism:

4V3+ → 3V4+ + �

where � indicates a cation vacancy. Therefore, all the subtle
diffraction phenomena that we are observing are related with the
accommodation of the non-stoichiometry, i.e., of the cation vacan-
cies and the different vanadium atoms with different oxidation
states, in the rutile-type structure. The intense effect observed
in the electron diffraction patterns induce us to attribute the
main cause to the cation vacancies accommodation since electron
diffraction would not be so sensitive to only the change in oxidation
state of the vanadium atoms.

The reduced phase was determined to be Sb0.9V1.1O4 by means
of XEDS experiments [19] and its atomic structure has been solved
by Landa-Canovas et al. [27] using powder X-ray diffraction, elec-
tron diffraction and HRTEM methods. The rutile superstructure was
indexed on the unit cell a =

√
2ar, b =

√
2br, c = 2cr, where subindex

r refers to the original rutile unit cell. The space group I41md was
determined by means of convergent beam electron diffraction and
finally an atomic model fulfilling all the observed data was pro-
posed where antimony and vanadium atoms alternate along the c
axis, see Fig. 4. The superstructure can also be described as two
interpenetrated spirals of vanadium and antimony cations run-
ning clockwise or anticlockwise along c. Notice that the cation
arrangement is the same as observed in zircon but the anion sub-
lattice changes, the cations being either inside oxygen-cornered
bisdisphenoids (eight-cornered polyhedra) or inside tetrahedra
instead of in the centre of oxygen-cornered octahedra [22].

This sample proved to be very unstable under the electron beam
as antimony oxide was leaving the crystals under the observation
in the microscope. From these results it was deduced that most
of vanadium was in oxidation state III, while antimony kept the
oxidation state V and no vacancies were observed. The density of

this phase, measured with helium in a gas pycnometer indicated
the absence of cation vacancies [19].

When a little amount of oxygen was allowed during the synthe-
sis the observed cation ordering was rapidly destroyed leading first
from superlattice spots to diffuse intensity streaks observed only
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ig. 3. SAED patterns of ∼SbVO4 crystals oriented along the [1 0 1] basic rutile direc
iagram.

y electron diffraction, see Fig. 3b. The reason for this rapid degra-
ation of the cationic ordering can be found in the bond-valence
ums carried out by Hansen et al. [18] which revealed that when
e introduce a vacancy in the ∼SbVO4 rutile structure, then the

xygen atoms surrounding it will be underbonded and since they
re coordinated to other two cations, in order to compensate this

nderbonding, they will prefer to be coordinated to two antimony
toms better than to two vanadium atoms. This rearrangement will
apidly destroy the alternation of Sb and V observed in reduced
b0.9V1.1O4. The fact that we observe diffuse streaks as the first
teps of the order degeneration is due to the presence short-range

ig. 4. Schematic drawing of the atomic structure of reduced Sb0.9V1.1O4. Blue and
ellow spheres indicate V and Sb atoms. In red are depicted the oxygen atoms. (For
nterpretation of the references to colour in this figure legend, the reader is referred
o the web version of the article.)
nd prepared at different oxygen pressures indicated in the upper-left part of every

order, i.e., to the permanence of small clusters or islands diluted
inside the basic rutile framework keeping the previous cationic
order.

At high partial oxygen pressures, i.e., from the samples prepared
in air to the pure oxygen flow ones there appear weak satellite
reflections due to an incommensurate modulation of the structure,
complicating very much the SAED patterns, see Fig. 5. This modula-
tion is very close to a commensurate one and the reciprocal lattice
can be described as G ± mq, G being the basic rutile reflections, m
an integer number and q the modulation vector given by:

q ≈ ±
(

1
4

)
a∗ ±

(
1
4

)
b∗ ±

(
1
4

)
c∗

As a commensurate approximation the modulation would lead
to a rutile supercell a = 2

√
2ar, b = 2

√
2 br, c = 4 cr, the subindex r

referring to the basic rutile unit cell. Solving this modulated struc-
ture is quite complicated and requires crystallography in at least
four dimensions but all the evidence we have suggests that the
structural modulation is mainly produced by the arrangement of
the cation vacancies on top of a rutile basic structure [28]. This is
observed in the HRTEM image shown in Fig. 6, where the white
spots can be assigned to the cationic positions in basic rutile
structure and the superimposed dark bands can be attributed to
sinusoidal population waves of vacancies in a similar way as it is
described for La3S4, etc. [29] The modulation contrast runs in a “soft
way” on top of the basic rutile structure and it is not locked to it, i.e.,
the dark bands are not always located on the same position relative
to the basic lattice. Notice as well that in some places, for example at
the centre of the image, small areas can be distinguished displaying
what could be considered as a superstructure contrast, which does

not extend longer than a few unit cells. This is due to the fact that
the modulation is almost commensurate but still incommensurate
and then the modulation periodicity misfits slightly with the rutile
periodicity. Two intensity line scans are also presented, one along
the magenta line is intended to run across the rutile cationic posi-
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Fig. 5. SAED patterns of modulated ∼SbVO4 along four different crysta
ions and the one along the blue line mainly is to run on the vacancy
odulation waves showing a wide dark sinusoidal contrast.
In these conditions most of the vanadium is oxidized to V4+ and

e have to introduce cation vacancies in order to keep the charge

ig. 6. HRTEM image of a crystal of oxidized ∼SbVO4 orientated along the [1 1 0] rutile d
mposed dark bands to sinusoidal waves of cation vacancies. Marked in red almost comm

hose intensity is displayed at the right of the figure. Magenta line runs across the cation
nterpretation of the references to colour in this figure legend, the reader is referred to th
phic orientations indicated at the bottom left corner of each diagram.
balance. If all the vanadium is oxidized the phase composition
has to be close to Sb4V3�O16, where � indicates a cation vacancy.
Therefore, we have introduced 1/8 of vacancies in the cation sub-
lattice, which is, to the best of our knowledge, the highest amount

irection. The white dots correspond to basic rutile cation positions and the super-
ensurate areas are highlighted. The magenta and blue lines indicate the line scans
ic positions while the blue line runs mainly across the cation vacancy waves. (For

e web version of the article.)
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Fig. 8. Scheme showing the domain of existence of ∼SbVO4 as a function of com-
position and partial oxygen pressure at 800 ◦C. The three described sample series
are depicted in magenta, green and dark red lines and their expressions and reac-
tion mechanisms at the left of the scheme in the corresponding colours. The general
ig. 7. SAED pattern of a crystal of Sb0.2V1.8O4 orientated along the [0 3 1] direction
isplaying diffuse intensity between the basic rutile reflections.

f cation vacancies introduced in rutile and still it is accommodated
n the structure in a very soft way without the introduction of any
xtended structural defect as it is common with certain rutiles.

The second sample series studied is:

2O5 + Sb2O3 (1 : 1–10 : 1) → ∼SbVO4

This series is synthesized at 800 ◦C under pure N2 changing
he nominal molar ratio between V2O5 and Sb2O3 from 1:1 to
0:1 [19]. In all the prepared samples the basic rutile structure is
aintained but subtle structural changes occur along the compo-

ition range. For the 1:1 ratio the Sb0.9V1.1O4 phase is formed with
twofold superstructure due to the order between Sb and V as
entioned previously [27]. When the amount of Sb2O4 decreases

he superstructure satellites disappear quickly and for a signifi-
ant range of composition only the rutile reflections remain visible.
owever, for compositions close to V2O4 another subtle diffrac-

ion phenomenon appears. In Fig. 7a SAED pattern from a crystal
f Sb0.2V1.8O4 shows, besides the basic rutile Bragg reflections, dif-
use shapes due to the intersection of the Ewald sphere with diffuse
ntensity three-dimensional surfaces in the reciprocal space caused
y short-range phenomena in the crystal. Apparently, antimony
nd vanadium atoms are not randomly distributed through the
rystal but their ordering is not a long-range one as it occurred
reviously in Sb0.2V1.8O4. Therefore, Sb and V order in clusters
r statistically through the crystal and do not give rise to extra
harp reflections or satellites but to geometrically diffuse surfaces
f diffracted intensity in the reciprocal space.

These series reveal that the existence domain of non-
toichiometric ∼SbVO4 is wider and complicated than previously
hought as it is schematized in Fig. 8. The first series, which is the
mportant one from the catalytic point of view was made with

xcess of Sb2O4 so it really depicts the antimony-rich limit of exis-
ence of the ∼SbVO4 phase as a function of the partial oxygen
ressure and it is defined by the reaction mechanism:

V3+ → 3V4+ + � (1)
expression for the whole domain of existence that consists on the cyan stripped
region of the scheme is formulated at the bottom of the figure. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of the article.)

The composition of ∼SbVO4 along this line is given by the for-
mula Sb8/9V4+

2/9 + 3xV3+
8/9−4x�xO4 (0 ≤ x ≤ 2/9) increasing x, or the

amount of vacancies (�) and of V4+, with the partial oxygen pres-
sure. The limit is given by the total oxidation of V3+ to V4+.

The second series explores the change of composition experi-
enced by ∼SbVO4 in pure nitrogen. Along this line two V4+ replace
an Sb5+ and a V3+ without generating or eliminating any vacancy:

Sb5+ + V3+ → 2 V4+ (2)

The general formula that describes this line is
Sb8/9−yV4+

2/9+2yV3+
8/9−yO4 (0 ≤ y ≤ 8/9). Notice again that vacan-

cies are not involved in this expression. One limit is practically VO2
and the antimony-rich limit has been experimentally determined
to be Sb0.9V1.1O4.

There is a third line limiting the existence region of ∼SbVO4 and
it is defined by the reaction mechanism:

4Sb5+ + � → 5 V4+ (3)

with the general formula Sb4xV4+
2−5x�xO4 (0 ≤ x ≤ 2/9). It is a theo-

retical line since we have not prepared samples along this line, but
it connects the two experimental series.

Therefore, the domain of existence of ∼SbVO4 rutile-type phase
is define by the triangle defined by these three lines as depicted in
Fig. 8. The general expression that defines the composition of this
phase is:

Sb8/9−yV4+
2/9+3x+2yV3+

8/9−4x−y�xO4 (0 ≤ x ≤ 2/9, 0 ≤ y ≤ 8/9).

For samples prepared with starting compositions richer in anti-
mony than the composition prescribed by line (1) we will have
the coexistence of Sb2O4 and of ∼SbVO4. Notice that line 1 is not
strictly vertical since we have observed that Sb2O4 is segregated as
the partial oxygen pressure is lowered in the synthesis. The diagram
of Fig. 8 depicts the important structural flexibility in ∼SbVO4 since
large changes in the phase can take place, like for example intro-
duction of up to 1/8 of cation vacancies, change of the oxidation
state of vanadium atoms from 3+ to 4+ or substitution of almost all

the antimony atoms by vanadium, all of them without breaking the
basic rutile framework and by introducing subtle structural mod-
ifications that adapt to and accommodate the non-stoichiometry
in a remarkably “soft way”, i.e., without any dramatic structural
change.
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A.R. Landa-Cánovas et al. / Ca

This structural flexibility has to be crucial for the catalytic per-
ormance of ∼SbVO4 since during the ammoxidation of propane to
crylonitrile important redox reactions have to occur in the surface
f the rutile crystals which imply changes in the oxidation state
f the vanadium atoms and these changes, even though the reac-
ion takes place at the surface, have to be accommodated by the
ulk of the crystal or at least by a surface layer on it. Besides, dur-

ng many cycles the structure has to accommodate these changes
ithout structural damage and the exhibited structural flexibility

eems a good way to provide the expected performance. This would
e much more difficult if the structure accommodated the non-
toichiometry through planar structural defects since they cannot
e so flexible. Operando Raman Spectroscopy studies during the
ropane ammoxidation reaction indicate changes in the oxidation
tate of vanadium [30–32].

. Conclusions

The rutile-type ∼SbVO4 phase exhibits a unique behaviour
ccepting large changes of composition, oxidation state of the
anadium atoms and the introduction of cation vacancies. This
emarkable structural flexibility is accommodated in a “soft way”
hrough structural modulations, short-range order or even period-
cal long-range order. It surely is related to its good performance
s a catalyst in the ammoxidation of propane to acrylonitrile.
he general overview given here on the complicated crystal
hemistry of this system is expected to clarify some of the compli-
ated mechanisms that are involved in the catalytic performance
f ∼SbVO4.
cknowledgments

Financial support through Spanish research project
AT2008-06858-C02-02 and CSIC PIE project 200860I194 is

cknowledged.

[

[
[
[

s Today 158 (2010) 156–161 161

References

[1] R.K. Grasselli, in: G. Ertl, H. Knözinger, J. Weitkamp (Eds.), Handbook of Het-
erogeneous Catalysis, Wiley-VCH, New York, 1997, p. 2302.

[2] R.K. Grasselli, Catal. Today 49 (1999) 141.
[3] R. Nilsson, T. Lindblad, A. Anderson, Catal. Lett. 29 (1994) 409.
[4] M.M. Bettarhar, G. Costentin, L. Savary, J.C. Lavalley, Appl. Catal. A 145 (1996)

1.
[5] G. Centi, R.K. Grasselli, E. Patanè, F. Trifirò, Stud. Surf. Sci. Catal. 55 (1990) 515.
[6] R.K. Grasselli, G. Centi, F. Trifirò, Appl. Catal. 57 (1990) 149.
[7] G. Centi, R.K. Grasselli, F. Trifirò, Catal. Today 13 (1992) 661.
[8] J. Nilsson, T. Lindblad, A. Andersson, C. Song, S. Hansen, Stud. Surf. Sci. Catal. 82

(1994) 293.
[9] J. Nilsson, T. Lindblad, A. Andersson, J. Catal. 148 (1994) 501.
10] G. Centi, S. Perathoner, Appl. Catal. A 124 (1995) 317.
11] J. Nilsson, A.R. Landa-Cánovas, S. Hansen, A. Andersson, J. Catal. 160 (1996) 244.
12] J. Nilsson, A.R. Landa-Cánovas, S. Hansen, A. Andersson, J. Catal. 186 (1999) 442.
13] A. Wickman, L.R. Wallenberg, A. Andersson, J. Catal. 194 (2000) 153.
14] T. Shishido, T. Konishi, I. Matsuura, Y. Wang, K. Takaki, K. Takehira, Catal. Today

71 (2001) 77.
15] A. Andersson, S. Hansen, A. Wickman, Top. Catal. 15 (2001) 103.
16] H. Roussel, B. Mehlomakulu, F. Belhadj, E. van Steen, J.M.M. Miller, J. Catal. 205

(2002) 97.
17] M.O. Guerrero-Pérez, J.L.G. Fierro, M.A. Vicente, M.A. Bañares, J. Catal. 206
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