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Physico-chemical properties of V-Sb-oxide systems and their
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Abstract

Catalysts prepared as bulk VSb0.1Ox and supported V2O5/Al2O3, V2O5-Sb2O3/Al2O3 and Sb2O3/Al2O3 (containing 0.5,
1 or 2 theoretical monolayers of V2O5 or Sb2O3) were tested in the oxidative dehydrogenation of iso-butane at 550◦C in
i-C4H10:O2:He=20:10:70 gas mixture. Fresh and used catalysts were characterised by BET, XRD and XPS. Reactivity and
thermochemistry of active oxygen taking part in the redox cycle with ethane and hydrogene were studied using in situ differen-
tial scanning calorimetry. Temperature-programmed desorption of O2 in He flow was also investigated and in situ DRIFT was
applied to investigate surface species of the catalysts in flows ofi-C4H10, O2 andi-C4H10/O2 mixture. Supported VSbyOx cat-
alysts are more active and selective than bulk one. V-only supported catalysts display a high efficiency due to the high reactivity
of VOX-species. In bulk catalyst, the surface is enriched with antimony. In supported samples, the surfaces V/Sb are close to
the calculated ones. In the presence of antimony, the amount of active oxygen species and their reactivity in redox transforma-
tion is improved. The rates of vanadium reduction and reoxidation are also higher. Compared to V-only catalysts, supported
V-Sb-catalysts display a lower coking activity and higher on-stream stability. © 2000 Published by Elsevier Science B.V.
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1. Introduction

Complex V-Sb oxides are known to be very efficient
as catalysts for oxidative dehydrogenation (ODH) of
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C2–C4 paraffins [1]. Few fundamental studies have
been presented in the literature to explain the role of
each component and the reasons why supported cata-
lysts are more efficient than unsupported ones. From
Ref. [2], there is no doubt about a redox nature of cat-
alytic action of V-containing oxides in hydrocarbon
oxidation processes, but existing information about
factors controlling redox behaviour and catalytic per-
formance of these systems is still scarce. In particu-
lar, although it is known that binding energy of active
oxygen species can determine both activity and selec-
tivity of oxide catalysts [3], no systematic studies on
the relationships between composition, reactivity and
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thermochemistry of V-containing ODH catalysts have
been carried out yet.

On the other hand, the nature of catalytic action is
strongly related to the mechanism of reactant activa-
tion. Despite numerous spectroscopic investigations
of surface intermediates formed during an interaction
of hydrocarbons with oxide catalysts [4], the struc-
ture of surface intermediates and their role in certain
reaction pathways (ODH, total oxidation, coking) is
still under discussion.

The objective of this study is to trace how appro-
priate supports and dopants affect the state of V-based
systems, their reactivity in redox transformations and
catalytic performance. We have chosen alumina as a
support material and antimony as a dopant which sub-
stantially increase the efficiency of vanadia in ODH
of C2–C4 paraffins.

In order to reach this objective, several methods
were used for a physico-chemical characterization of
systems under study. XRD and XPS were used to char-
acterise phase and surface compositions correspond-
ingly. Taking into account the principal role of active
oxygen species in the efficiency of V-containing ODH
catalysts, we focused our attention on their character-
ization using a set of complementary techniques. Rel-
atively weakly bonded oxygen species were identified
using oxygen TPD in an inert gas flow. In situ dif-
ferential scanning calorimetry (DSC) was employed
to measure heats of catalyst reduction by paraffin and
reoxidation by oxygen, to calculate binding energies
of active oxygen species and to correlate them with
sample reactivity and ODH selectivity. Since the V=O
bond is known to vary during redox transformations
of vanadia [5], we applied in situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) to
measure the V=O band intensity under different treat-
ments. DRIFTS could also provide an information
about carbon-containing species on working catalysts
[4].

2. Experimental

Samples used in this study are further denoted
as indicated in parentheses. Bulk catalyst of 84.6%
V2O5-15.4% Sb2O3 (wt.%) (VSb0.1Ox) composi-
tion was prepared by mixing NH4VO3 and SbCl3
solutions with further evaporation and calcination.

Similar mixed solutions were used for impregnation
of alumina. Weakly acidic Aldrich amorphous alu-
mina (A1) (S=165 m2/g, grain size∼0.1 mm) and
g-Al2O3 (A2) (S=85 m2/g, grain size 0.3–0.8 mm)
supplied by the Katalizator company (Novosi-
birsk, Russia) were used to prepare the follow-
ing supported samples: 19.3% V2O5/Al2O3 (A1)
(V19/A1), 9.02% V2O5-1.64% Sb2O3/Al2O3 (A1)
(V9Sb1.6/A1), 16.3% V2O5-2.97% Sb2O3/Al2O3
(A1) (V16Sb3/A1), 27.34% V2O5-4.97% Sb2O3/
Al2O3 (A1) (V27Sb5/A1), 5.83% V2O5/Al2O3
(A2) (V5.8/A2), 15% V2O5/Al2O3 (A2) (V15/A2),
11.9% Sb2O3/Al2O3 (Sb12/A2), 5.83% V2O5-11.9%
Sb2O3/Al2O3 (V5.8Sb12/A2), 15% V2O5-2.73%
Sb2O3/Al2O3 (V15Sb2.7/A2). Calcined samples had
the same granulation as initial alumina. Assuming
monolayer spreading of V2O5 and Sb2O3 on the
support, the number of theoretical monolayers (ML)
was calculated as 0.5ML for V9Sb1.6/A1, 1ML for
V19/A1 and V16Sb3/A1 and 2ML for V27Sb5/A1
samples.

ODH of iso-butane was studied in a fixed-bed quartz
reactor equipped with a thermocouple placed inside
the catalyst bed and operated at 550◦C; initial gas feed
had i-C4H10:O2:He=20:10:70 and HGSV=900 h−1.

BET surface areas were measured with a Micromet-
rics Flow Sorb II instrument by one-point N2 adsorp-
tion at liquid nitrogen temperature after outgassing for
1 h at 150◦C.

X-ray diffraction studies were performed using a
Kristalloflex 805 (Siemens) diffractometer equipped
with a Siemens D-500 detector using the Cu Ka radi-
ation.

The XPS analysis was performed at room tempera-
ture using an SSX-100 model 206 SSI photoelectron
spectrometer. A monochromated Al anode, powered
at 10 keV and 20 mA, was used for X-ray production.
The binding energies (BEs) were calculated with re-
spect to the C 1s peak set at 284.8 eV. The intensities
were estimated by calculating the integral of each
peak after subtraction of the “S-shaped” background.
Atomic concentration ratios were calculated by cor-
recting the intensity ratios with theoretical sensitivity
factors based on Scoffield cross-sections. Deconvolu-
tion of peaks was performed using a fitting routine of
the SSI instrument using literature BE data [6].

DRIFTS spectra were recorded by an IFS 88
Bruker Fourier Transform spectrophotometer (reso-
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lution 4 cm−1). In situ DRIFTS cell consisted of a
cup-shaped ceramic oven with porous bottom and
thermocouple, a water-cooled shell with ZnSe win-
dows, gas inlet and outlet tubes. Samples as rough
powders (d∼0.1 mm) were placed into the cell, heated
for 30 min in air flow at 550◦C for standard pretreat-
ment and cooled down to the temperature of inves-
tigation. DRIFTS spectra were recorded in flows of
i-C4H10, O2, or i-C4H10/O2 mixtures in a 20–550◦C
range. In order to study the effect of adsorbed water,
instead of treatment at 550◦C in air, samples were
treated in a dry He flow at room temperature for
30 min before measurements.

Heats of reduction (Qred) and reoxidation (Qox)
were measured using a Setaram DSC-111 differential
scanning calorimeter with on-line GC analysis. In
order to simplify the analysis of carbon-containing
products and to increase the accuracy of thermo-
chemical calculations, we used C2H6 and H2 as
reducing agents instead of iso-butane. A flow quartz
cell containing 100–200 mg of material under study
(0.5–1 mm grain size is preferable for this set-up)
was placed into the channel of the calorimetric block.
Samples were pretreated for 30 min at 550◦C in
30 ml/min air flow. Pulses (0.5 ml) of reducing gas
mixtures (30% C2H6–He, 10% H2–He) or air were
injected into a pure helium flow (30 ml/min) at 550◦C
with 5 min interval. A GC analysis of reaction mix-
ture was performed on two columns packed with 5 Å
molecular sieves (H2, O2, CO) and Porapak N (C2H6,
C2H4, CO2) using TC detectors. More details about
this procedure are given elsewhere [7].

Heat balance in each pulse was calculated in accor-
dance with the following brutto-equations:

C2H6 + /O/s → / /s + aC2H4 + bCO2 + cCO+ dH2O +Qred (kJ/mol C2H6)

H2 + /O/s → / /s + H2O +Qred (kJ/mol H2)

O2 + / /s → 2/O/s +Qox (kJ/mol O2)

Qred values were recalculated toQox values, using the
scheme:

2/O/s→2/ /s + O2 −Qox (kJ/mol O2)

2C2H6 + 5O2→4CO+ 6H2O +430.8 kJ/mol CO
2C2H6 + 7O2→4CO2 + 6H2O+713.8 kJ/mol CO2
2C2H6+O2→2C2H4+2H2O +101.8 kJ/mol C2H4

Qox = 430.8nCO + 713.8nCO2 + 101.8nC2H4 − Qred

1.25nCO + 1.75nCO2 + 0.5nC2H4

whereni is an amount (mol) of (i)-compound. Bind-
ing energy of reacted oxygen with oxide latticeEO
(kJ/g-at O) is a linear function ofQox value and can
be calculated asEO=12(Qox−EO2), whereEO2 is the
energy of O2 molecule dissociation. Enthalpy changes
1H were calculated by a conventional procedure using
standard formation enthalpies1H o

f for metal oxides.
Oxygen TPD studies were performed in the same

DSC set-up. Samples (100–200 mg) were treated in air
flow at 700◦C, cooled to 50◦C in air and then heated to
650–700◦C in a helium flow at heating rate 10◦C/min
with GC analysis of gas flow after calorimetric cell.

3. Results and discussion

3.1. Catalytic testing

The results of catalytic testing of bulk and supported
samples are given in Table 1. Conversion ofi-C4H10 in
the same reactor filled with quartz was very low, so the
effect of noncatalytic transformation can be neglected.
Activity and selectivity of the bulk V-Sb-oxide is poor.
Sb12/A2 sample displays slightly higher parameters.
V15/A2 demonstrates a good initial ODH activity,
which declines after 2.5 h on stream. V15Sb2.7/A2
sample provides the initial yield ofi-C4H8 close to
that observed over V15/A2, but this value only slightly
decreases after 2.5 h. These observations indicate that
catalytic properties mostly determined by vanadium
oxide are stabilized by antimony in a binary supported
system.

3.2. Phase and surface composition

XRD of fresh VSb0.1Ox sample shows the pres-
ence of V2O5-type phase and of a mixed phase,
close to V1.1Sb0.9O4. The latter was identified by
3.2577, 2.5054, 1.6970 reflexes which are close to
3.2328, 2.5144, 1.7010 values given for V1.1Sb0.9O4
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Table 1
Catalytic properties of selected samples in ODH ofi-C4H10 (550◦C, PiC4H10=20 kPa,PO2=10 kPa,τ (contact time)=4 s)

Catalyst i-C4H10 conversion (%) ODH selectivity (%) i-C4H10 yield (%) S (m2/g)

VSb0.1Ox 12.7 11.0 1.4 7.0
V15/A2

After 1 h 39.5 63.6 25.1 61.3
After 2.5 h 29.5 61.1 18.1

Sb12/A2 14.8 19.5 2.9
V15Sb2.7/A2

After 1 h 39.6 68 26.9 84.7
After 2.5 h 36.5 70.2 25.6

(37-1075) in JCPDS database. After catalytic testing,
the V2O5-type phase transforms into a V2O3-type one.

Pure Al2O3 (A1) is X-ray amorphous. In V9Sb1.6/
A1 only traces of the V2O5-type phase were observed.
In V16Sb3/A1 and V27Sb5/A1 samples reflexes
of V2O5-type phase become more intense and
V1.1Sb0.9O4 phase appears. After catalytic testing,
V2O5 also transforms into V2O3.

Parameters of photoelectron spectra (binding en-
ergies, BEs, peak half widths, PWs, and atomic
concentrations, ACs) are presented in Table 2 along
with V/Sb atomic ratios calculated from XPS data as
AC(V2p3)/AC(Sb3d3) (*) and from formal bulk com-
positions (**). For the V16Sb3/A1 sample, the anal-
ysis of the only V2p3 peak shows that the V2p3 BE
decreases and the PW increases after catalytic runs
indicating the reduction of vanadium. The V2p3 peak
of “used” samples can be fitted, for V(5+), V(4+) and
V(3+) components (Table 2). However, there were
some complications in the analysis of the XPS spectra
of V. The part of XPS spectra with V2p3 peak is over-
lapped with O1s and Sb3d5 peaks. The background
profile should take into account all overlapping peaks,
in particular the influence of the biggest O1s peak. In
this last case, the resulting baseline is lower compared
to that of only V2p3 peak and the reduced species
are overestimated. However, even in this last case,
reduced vanadium (V+4) is observed after reaction.

An increase of carbon concentration in “used”
samples demonstrates the formation of carbonaceous
species (coke) on the catalyst surfaces.

For the unsupported VSb0.1Ox sample, the mea-
sured surface V/Sb atomic ratio is four times less than
that calculated from its formal bulk composition, i.e.
the surface of mixed oxide enriched with antimony. In
the case of supported samples, measured V/Sb ratios

are close to the calculated ones. So, V and Sb are rep-
resented on alumina surface in the ratio which corre-
sponds to the chemical composition of the supported
component.

3.3. Oxygen TPD

V5.8/A2 releases only 0.9mmol O2/g while heat-
ing to 670◦C. Oxygen desorption from Sb12/A2
starts at 580◦C (28mmol O2/g). During O2 TPD from
V5.8Sb12/A2 which starts at 510◦C, 52mmol O2/g
were detected. This clearly shows a synergy between
components and suggests the formation of new active
oxygen species in V-Sb system which are not present
in individual supported oxides.

3.4. DSC measurements

Interaction of C2H6 or C2H6–O2 pulses with
V5.8/A2, Sb12/A2, V5.8Sb12/A2 catalysts at 550◦C
leads to the formation of C2H4, CO2, CO, H2O and to
the reduction of supported oxides. C2H6 conversion
decreases and C2H4 selectivity increases (Fig. 1a)
with the amount of oxygen removed from the oxide
by the reduction. Total amounts of removed lattice
oxygen by 30% C2H6 pulses increases in a series:
Sb12/A2<V5.8/A2<V5.8Sb12/A2.

At the first stage of V5.8Sb12/A2 reduction
(<200mg-at O removed, Fig. 1a, curve B) mostly car-
bon oxides are produced (SC2H4<30%). During this
stage,Qox<320 kJ/mol O2 (see Fig. 1b, curve A). The
second stage of reduction proceeds at nearly constant
ODH selectivity (∼45%) and 320<Qox<360 kJ/mol
O2 (Fig. 1a and b). Values ofSC2H4 vs. degree of
reduction curves are very similar for the experiments
with C2H6 and C2H6–O2 pulses supplied on the sam-
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Fig. 1. (a) C2H4 selectivity (S) as a function of lattice oxygen removed at 550◦C due to interaction of V5.8/A2 (A), V5.8Sb12/A2 (B, C),
Sb12/A2 (D, E) with pulses of 30% C2H6–He (A, B, E) and 15% C2H6–5% O2–He (C, D) mixtures. (b)Qox as a function of the amount
of lattice oxygen removed at 550◦C due to interaction of V5.8Sb12/A2 (A) with C2H6 pulses; Sb12/A2 (B) with H2 pulses; V5.8/A2 (C)
with air pulses.

ple (see Fig. 1a, curves B and C). This suggests that
in both cases C2H4 and carbon oxides are produced
at the expense of the reaction of C2H6 with catalyst
lattice oxygen, and gaseous oxygen takes part only in
the reoxidation of reduced catalyst.

Over V5.8/A2 C2H4, selectivity in the first ethane
pulse was higher (43%, see Fig. 1a, curve A) than
for V5.8Sb12/A2. Based on oxygen TPD data, one
may assume that higher C2H4 selectivity is caused
by a lower content of weakly bonded oxygen in this
sample. Unfortunately, a precise measurement ofQox
over this sample during the reduction with C2H6
is not feasible due to intense coke formation that
was proved by intense COx evolution during cata-
lyst reoxidation by air pulses at 550◦C. Reoxidation
of V5.8Sb12/A2 sample is accompanied by an evo-
lution of small amounts of COx , so in the case of
V5.8Sb12/A2 coke formation is efficiently hampered
in comparison with V-only system.

The content of oxygen which can be removed from
Sb12/A2 is far lower than in V-containing samples
(Fig. 1a, curve D) and only oxygen that desorbs during
TPD (31mmol O2/g) reacts with ethane.1H values
for Sb2O5→Sb2O4+1

2O2 and Sb2O4→Sb2O3+1
2O2

reactions are 171 and 383 kJ/mol O2 correspondingly.
Measured valuesQox∼200 kJ/mol O2 are close to
the1H value of Sb2O5→Sb2O4 transformation. The
sample reduced by C2H6 pulses (Fig. 1a, curve D)
does not undergo efficient reoxidation at 500–600◦C.
In this case, relatively lowQox value (and low binding
energy of lattice oxygen, see Section 2) does not lead

to intense total oxidation, likely due to low content of
reactive oxygen.

Fig. 1a (curve D) demonstrates that when Sb12/A2
sample interacts with C2H6–O2 pulses, theSC2H4 val-
ues are two times lower than in the case of C2H6 pulses
(curve E). This indicates that during catalytic ODH
over Sb12/A2, the formation of products is likely af-
fected by adsorbed oxygen species existing in equilib-
rium with gaseous O2.

3.5. In situ DRIFTS investigation

In DRIFTS spectra of V-containing samples, the
band at 2000 cm−1 is attributed to the overtone of
ν(V=O) vibration of vanadium oxide. Unfortunately,
the main band at 1000 cm−1 overlaps with that of the
alumina support, so we used 2000 cm−1 band for the
characterization of vanadium oxide. Fresh samples
contain adsorbed water which decreases intensities
of this band. Intensities of the band in wet samples
measured at 20◦C are equal to 0, 20 and 44% (for
V9Sb1.6/A1, V16Sb3/A1, V27Sb5/A1, respectively)
of intensities observed on the samples calcined in
DRIFTS cell at 550◦C and cooled to 20◦C for mea-
surements. This could indicate that in V9Sb1.6/A1
(0.5 theoretical monolayer), the supported compo-
nent forms small clusters in which all V=O bonds
are accessible for adsorbed water. In V16Sb3/A1 and
V27Sb5/A1 samples (1 and 2 theoretical monolay-
ers), some V atoms do not interact with water. This
could be due to the formation of bulky crystallites.



V.P. Vislovskiy et al. / Catalysis Today 61 (2000) 325–331 331

Fig. 2. Drift results. Variations of 2000 cm−1 band of V16Sb3/A1
and V19/A1 samples in iso-butane (0–40 min), helium (40–70 min),
air (70–100 min) flows.

V16Sb3/A1 demonstrates higher rates of vanadium
reduction and reoxidation than V19/A1 (Fig. 2). Since
the band at 2000 cm−1 disappeared when vanadium
ions are reduced approximately to V(3+) state [5],
the intensity of this band allows to estimate the reduc-
tion degree of vanadium component. It was shown that
both in iso-butane and ini-C4H10/O2 mixture, vana-
dium undergoes a reduction at 450◦C. The degree of
reduction increases with increasing V-Sb-component
loading.

Interaction of iso-butane flow with V16Sb3/A1 at
20◦C leads to the formation of some adsorbed species.
Appearance of the bandsν(O–H) (3500–3600 cm−1),
δ(O–H) (1630 cm−1), n(C–H) (2955–2875 cm−1),
δ(C–H) (1475, 1370 cm−1), n(C=O) (1577 cm−1)
is observed with simultaneous decrease of the
2000 cm−1 band intensity.

Interaction of iso-butane with V16Sb3/A1 at 250–
450◦C leads to the formation of other species.
At these temperatures, non(C–H) bands were de-
tected, but 1560, 1460 cm−1 bands were observed
by DRIFTS. Similar spectra are usually attributed to
“carboxylates”, which are intermediates in the forma-
tion of coke, or to some part of the coke formed [8].
At 450◦C, the intensity of 1560 cm−1 band observed
over V16Sb3/A1 is more than twice lower than that
observed over V19/A1. This fact is in a good agree-
ment with the conclusion regarding the lower coking
activity of Sb-containing samples made above; it also

can explain a higher stability of Sb-doped catalysts in
steady-state conditions.

On Al2O3(A1), carboxylates are stable in He flow
and undergo slow oxidation in O2 at 450◦C. Over
VSb0.1Ox /A1, corresponding bands slowly disappear
from the spectrum even in He flow. This process
sharply accelerates in O2-containing atmosphere.

4. Conclusions

Alumina-supported V-containing oxides are more
active and selective than bulk ones. V-only supported
catalysts display high efficiency in ODH of light alka-
nes due to the high reactivity of VOx-species un-
der reduction–reoxidation treatments which mimic the
catalytic redox cycle. The amount of active oxygen
species and their reactivity in redox transformation fur-
ther improve in antimony-doped systems. Compared
to V-only catalysts, supported V-Sb-catalysts display
lower coking activity and higher on-stream stability.
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