FTIR study of low-temperature CO adsorption on pure Al,O;-TiO,
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Adsorption of CO at low temperature (77 K) on Al,0;-TiO, and V,05(12 wt.%)/A1,0;-TiO, samples was
studied by FTIR spectroscopy. IR spectroscopy of CO adsorbed at low temperature on Al,O,-TiO, samples
suggests an enrichment of TiO, on the catalyst surface. The IR spectra of the calcined (at 773 K) V,04(12
wt.%)/Al,0,5-TiO, sample exhibits two kinds of vanadium species, monomeric tetrahedral V>* = O species
(band at 1035 cm ™ ') and an amorphous VO, monolayer phase (band at 1002 cm~!). CO adsorption at low
temperature on this sample shows the presence of V4"« CO carbonyl species (band at 2197 cm ™ 1). As
reported in the literature no V>* carbonyl species are observed. Reduction of the V,04(12 wt.%)/Al,05-TiO,
sample at 773 K induces a rearrangement of the amorphous VO, phase, as indicated by the disappearance of
the band at 1002 cm~*. Reduced vanadium species, mainly V3* species, were observed by CO adsorption at
low temperature. This V3*« CO carbonyl complex (monitored by a band at 2185 cm ™ !) is highly resistant to
evacuation which suggests some n-back donation. The V3™ species are highly stable towards reoxidation at
low temperature. Reoxidation at room temperature leads to a restoration of the V>* and V** species as
observe in the oxidized samples. Only a small amount of V3™ species can not be completely oxidized
remaining in an oxidation state of 4 4. Hence, two bands at 2197 and 2194 cm ™! were observed and assigned

to two different V4* Lewis acid sites.

Introduction

Supported vanadium oxide catalysts have been studied quite
extensively!™ because of their technological importance in
several industrial heterogeneous catalytic processes, such as
partial oxidation of o-xylene,** ammoxidation of aromatic
compounds,®” and selective catalytic reduction (SCR) of
nitrogen oxides.® A large number of experimental techniques
have been applied by different research groups in order to elu-
cidate the structure of the surface species and their catalytic
properties. However, it is still not possible to give a definitive
description of the surface structure and its relation to the cata-
lytic properties of the vanadium oxide surface species.

Among various supported vanadium oxide catalysts the
V,0,/TiO, combination has attracted much attention
because of its high selectivity in selective oxidations and its
high activity for the SCR of NO, with NH;. The SCR of NO,,
with NH; is mainly employed to reduce atmospheric pol-
lution from stationary power plants and chemicals production
establishments, and this process has gained tremendous
importance recently due to the ever more stringent emission
regulations in many countries. Therefore, several studies were
directed towards the development of new types of catalysts
that satisfy the needs of practical applications and to the char-
acterization of the nature of SCR catalysts and the elucidation
of the structure of the active phase of the catalysts by different
physicochemical techniques. A major disadvantage associated
with the TiO, support in V,0,/TiO, catalysts is its relatively
low specific surface area and low thermal stability of the active
anatase structure at high temperatures. Therefore, titania was
combined with alumina or silica, by taking advantage of the

high thermal stability of Al,O; or SiO, to stabilize the surface
area and the structure of titania. Several studies concerning
the structural and catalytic properties of TiO,—SiO, (ref. 9-15)
or TiO,—Al,0; (ref. 16-22) binary oxides have been reported.
The aim of the present study was to follow the structure
evolution and redox behaviour of the vanadium oxide phase
on the Al,0;-TiO, binary oxide support by low temperature
FTIR spectroscopy of adsorbed CO. Carbon monoxide is one
of the best probe molecules for sensitive determination of the
nature and strength of aprotonic acid sites. Surprisingly, there
are only a few studies available on CO adsorption on
vanadium-containing samples.?3733 It is generally accepted
that V> ions do not form stable complexes with CO even at
low temperature because of their high coordinative saturation
and the covalent character of the V-O bond.>*2¢ Some
authors?+25:27:28 proposed that V4*(d!)« CO carbonyls
absorb in the range 2212-2180 cm 1. Alternatively, a number
of authors?-28-32 have attributed the absorption region of
2190-2178 em ™! to V3* « CO carbonyls. These species are
difficult to eliminate by evacuation®? which indicates some
participation of n-back bonding in the V3*(d?) « CO bond.

Experimental

Catalyst preparation

The Al,0,;-TiO, binary oxide (1 : 1.3 mole ratio) support was
prepared by a homogeneous coprecipitation method using
urea as the precipitation reagent.?! For precipitation with
urea, a mixed aqueous solution of TiCl, (Fluka, AR grade),
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NaAlO, (Loba Chemie, GR grade) and urea (Loba Chemie,
GR grade) was heated to 368 K while stirring vigorously. To
prepare the above mixed aqueous solution, TiCl, was first
digested in cold concentrated HCl and subsequently diluted
with deionized water and then NaAlO,, dissolved separately
in deionized water, was added (pH 2). In about 6 h of heating,
as decomposition of urea progressed to a certain extent, the
formation of precipitate gradually occurred and the pH of the
solution increased to 7-8. The precipitate was aged by heating
at 368 K for 6 h more to facilitate aging. The thus obtained
coprecipitate was then filtered off, washed several times with
deionized water until no chloride ions were detected by addi-
tion of AgNOj;, and then dried at 383 K for 16 h. In order to
remove residual sodium ions the oven-dried precipitates were
again washed several times with ammonium nitrate solution
(5%) and dried again at 383 K for 16 h. The oven-dried
material was finally calcined at 773 K for 6 h in an open-air
furnace.

The V,0,5/A1,0;,-TiO, catalyst, containing 12 wt.% V,0O;
was prepared by a standard wet impregnation method. To
yield supported vanadia, the required quantity of ammonium
metavanadate (Fluka, AR grade) was dissolved in 1 M oxalic
acid, and the finely powdered calcined Al,0,-TiO, support
was added to this solution. The excess water was evaporated
on a water bath with continuous stirring. The resulting
impregnated sample was then dried at 383 K for 12 h and
calcined at 773 K for 5 h in a closed electrical furnace in a
flowing oxygen atmosphere.

Catalyst characterization

X-ray powder diffraction patterns have been recorded on a
Philips PW 1051 instrument, using monochromatized Fe-Ka
radiation and standard recording conditions. XRD phases
present in the samples were identified using the ASTM
powder data files. The BET surface areas of the samples were
determined on a conventional standard static volumetric high
vacuum (1 x 10~* Pa) system by N, physisorption at liquid
N, temperature and by taking 0.162 nm? as the molecular
area of N, . Before the measurements, the samples were dried
in situ at 473 K for 2 h under vacuum. The XPS measure-
ments were made on a VG-ESCALAB 210 spectrometer
working in the fixed analyzer transmission (FAT) mode with a
pass energy of 50 eV and Mg-Ka radiation as the excitation
source. The binding energies (BE) were referenced to the Ti
2ps,, peak of Ti** at 458.5 eV.3*

IR spectroscopic studies were carried out with a Bruker
IFS-66 FT-spectrometer at a spectral resolution of 1 cm™?!
and collecting 128 scans. Self supporting wafers (ca. 10 mg
cm~?) were prepared from the sample powders and heated
directly in the IR cell. Prior to the measurements all samples
were activated for 1 h in a flow of oxygen at 773 K followed
by 1 h evacuation (1073 Pa) at the same temperature.
Reduction of the samples was carried out for 1 h in a flow of
hydrogen at 773 K followed by evacuation (10”3 Pa) at the
same temperature for another hour. A specially constructed
cell allowed the IR measurements to be performed at tem-
peratures between 85 K and room temperature (rt).>*

Results and discussion

The calcined (773 K) Al,0;-TiO, support had a BET surface
area of 159 m? g~ 1. The quantity of V,O required to cover
this support surface with a single monolayer can be estimated
from the area occupied per VO, 5 (10.3 x 10* pm?) unit of
V,05.3° However, the experimentally observed maximum
amount of V,05 that can be formed as a two-dimensional
monolayer on many support oxides was found to depend not
only on the support surface areas but also on the concentra-
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tion of reactive surface hydroxy groups.? Hence, the mono-
layer capacity of V,05 was always less than the theoretical
estimation and ranged from 0.1 to 0.07 wt.% m~?2 of support
surface. Therefore, in the present investigation 12 wt.% of
V,05 (corresponding to 0.075 wt.% m~2) was impregnated on
the Al,05-TiO, support. The BET surface of the calcined 12
wt.% V,05/Al,05,-TiO, catalyst was 122 m? g~!. The
decrease in the surface area of Al,O;-TiO, from 159 to 122
m? g~ ! after impregnating with V,05 is probably due to the
penetration of dispersed vanadia into the micropores of the
support. The XRD measurements revealed that the
Al,0;-TiO, support calcined at 773 K was in an amorphous
state with broad background diffraction lines due to a poorly
crystallized TiO, anatase phase. Further, the Al,0,-TiO,
support was found to be thermally stable even up to 1073 K
calcination temperature.?! Only the intensity of the TiO,
anatase lines was increased and became sharper with increase
in temperature when this sample was subjected to thermal
treatments from 773 to 1073 K.?! No characteristic XRD lines
of a crystalline V,05 phase were detected in the case of 12
wt.% V,05/Al,0;-TiO, catalyst. This observation reveals
that the vanadia is in a dispersed and amorphous state on the
support surface or that the size of microcrystallites is below
the detection limits of the XRD technique (<5 nm). The XPS
atomic intensity ratio measurements (Ti : Al) showed that the
Al,0;-TiO, support, calcined at 773 K, is enriched in TiO,
on the surface. This is primarily due to a slight excess of TiO,
in the Al,05-TiO, binary oxide support. In the case of the 12
wt.% V,0,/Al,0,-TiO, catalyst, calcined at the same tem-
perature, the V:Ti intensity ratio was found to be almost
equal to the V: Al one indicating a uniform distribution of
vanadia on this binary oxide support.>” The binding energy of
V 2p;,, was found to be 516.8 €V, indicating the presence of
V#* and increases to 517.5 when this sample was subjected to
1073 K calcination because of the oxidation of V4* to V3*.37

IR spectroscopy of Al,0,-TiO,

The IR spectrum of the activated binary oxide support
(calcined at 773 K in O,) exhibited a complex spectrum con-
taining a set of low-intensity bands in the v(OH) region. Three
main bands were observed at 3770, 3724 and 3684 cm ™ !. They
characterise OH stretching modes of different types of surface
hydroxy groups. It should be noted that low signal/noise ratio
can be achieved in the v(OH) region because of the low trans-
mittance of the wafers in this spectral regime. Therefore, exact
frequency shifts induced by CO adsorption cannot be deter-
mined, although the characteristic effects of H-bonding on the
O-H band are clearly detectable. In the low frequency region
one band is observed at 965 cm ™! (see Fig. 1, spectrum a). We
must indicate that this band was not observed when the
spectra were recorded by the KBr technique.?! Otherwise this
band is shifted by CO adsorption, and is absent in the
Al,05,-TiO, sample after impregnation with vanadium
(V,05/A1,05-TiO,) (see Fig. 1, spectrum b). According to
these facts this band cannot be attributed to lattice vibrations
of the Al,0;-TiO, support. Therefore assignment to surface
vibrational modes is inferred. Indeed, this kind of surface
vibration has already been observed by Morterra and
Magnacca®® on alumina samples and by Hadjiivanov et al.3°
on TiO, (anatase) samples.

The spectra of different amounts (equilibrium pressure
1-0.01 kPa) of adsorbed CO at low temperature on the acti-
vated sample, and after evacuation under dynamic vacuum
(1073 Pa) for increasing periods of time, are presented in Fig.
2. The introduction of small amounts of CO leads to the
appearance of two bands in the CO-stretching region with
maxima at 2208 and 2190 cm~!. A gradual increase of the
adsorbed amounts of CO resulted in a broadening and a weak
intensity increase of the higher frequency band and a shift of
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Fig. 1 FTIR spectra in the low frequency region of (a) calcined

Al,0;-TiO,; (b) calcined V,0,/Al,0,-TiO,; (c) reduced

V,0,/A1,05-TiO, and (d) V,0/Al,0,-TiO, reoxidized at room

temperature.

its maximum to lower frequencies, namely to 2206 cm ™. In

contrast to this band, the intensity of that at 2190 cm ™! con-
tinued to increase and shifted to lower frequencies, namely to
2179 cm™!. New bands were also observed at 2165, 2156 and
2140 cm ™. The latter band is assigned to physically adsorbed
CO and vanished completely after short evacuation. The
intensity change of the band at 2156 cm ™! occurred simulta-
neously with a shift of the bands characterizing surface
hydroxy groups, and can thus be assigned to CO adsorbed on
OH groups. The frequency shift of the OH bands can be esti-
mated to be ca. 125 cm ™. The bands at 2206 and 2179 cm ™!
were highly resistant to evacuation at low temperature and
their intensity slowly decreased under dynamic vacuum up to
183 K for the band at lower frequency (2179 cm ™! shifted to
2190 cm™!) and up to 233 K for the higher frequency band
(2206 cm 1! shifted to 2208 cm~!). Adsorption of 5 kPa of CO
at room temperature on the same sample led to the appear-
ance of only two bands at 2208 and 2190 cm 1.

Absorbance (arbitrary units)

2250 2200 2150 2100
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Fig. 2 FTIR spectra of CO (1-0.01 kPa equilibrium pressure)
adsorbed at 77 K on calcined Al,05-TiO, and after evacuation in
dynamic vacuum (10”3 Pa) for increasing time.

It must be pointed out that the overall behaviour of the
spectra and the stability of the bands after long evacuation
and with increasing temperature is similar to that observed for
TiO, anatase samples.*® Consequently, the bands at higher
frequencies (2206, 2179 and 2165 cm™!) can be assigned to
CO coordinated to Ti** Lewis acid sites having differing acid
strength. Only one additional very weak band highly resistant
to evacuation was observed at ca. 2238 cm ™!, It can probably
be attributed to surface defects with strong Lewis acid charac-
ter. The above results seem to indicate a coverage of the
AL,O; by TiO,. This is in agreement with the XPS results
which indicated an enrichment of Ti on the catalyst surface.3”

Reduction of the Al,05-TiO, sample in a flow of H, at 773
K for 1 h, led to similar IR spectra as for the calcined sample,
also after addition of CO at low temperature. Only one new
band appearing at 2199 cm~! as a broad shoulder was
observed after addition of small amounts of CO at low tem-
perature (see Fig. 3). This band remained stable even after
reoxidation of the reduced sample at room temperature (2
kPa O,, 20 min). The assignment of this band is not clear at
present. One possibility is to attribute this band to the forma-
tion of Ti** ions after reduction. However, there are many
discrepancies in the literature about the Ti®* « CO band.
Some authors attributed a band at 2115 cm™! to CO
adsorbed on Ti** ions.*!**? We did not observe a carbonyl
band around 2115 cm™~!. Other authors attributed the lack of
this band to an oxidation of the reduced sample after the
introduction of small amounts of CO. They assumed that CO
is dissociated, the carbon atom being localized on the sup-
ported metal, while the oxygen atom oxidizes the Ti** ions.*°
However, it cannot be excluded that the presence of AI3* sta-
bilized some Ti3* ions in the structure. Temperature pro-
grammed reduction (TPR) results of the Al,O;-TiO, sample
indicated a small reduction of the structure at ca. 723 K.3”
Another possible assignment of the band observed at 2199
cm ! could be to new Lewis acid sites due to a slight dehy-
droxylation of the surface or to the formation of small
amounts of rutile after reduction. Results from the literature
indicate the appearance of only one band at 2193 cm ™! after
introduction of small amounts of CO on TiO, rutile
samples.*3 It is also possible to attribute this band to AI3*
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Fig. 3 FTIR spectra of CO adsorbed at 77 K on Al,0,-TiO, (a)

calcined at 773 K and (b) reduced at 773 K. The spectra are taken
after short evacuation of CO.
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Lewis acid sites,***> which become accessible to CO mol-
ecules after reduction of the binary Al,O;-TiO, oxide
support.

IR spectroscopy of V/Al,O,-TiO,

Sample calcined at 773 K. The IR spectra of the
V/AlL,0;-TiO, sample exhibited bands with very low inten-
sity, as compared to the pure support, in the v(OH) region
with a maximum at ca. 3707 cm ™~ 1. The very low intensity of
hydroxy bands indicates an interaction of the vanadium
species with the hydroxy groups of the support during impreg-
nation, which is in agreement with the formation of a mono-
layer of vanadia on the Al,O;-TiO, support. In the low
frequency region, two bands at 1037 and 1002 cm ™! due to
V=0 stretching vibrations were observed.*—52 The band at
965 cm ™! observed on the free support disappeared (Fig. 1,
spectrum b). This is in concordance with the assignment of
this band to surface vibration modes (as discussed in the pre-
vious section), which are modified by vanadia interaction with
the surface of the A1,0,-TiO, catalyst. According to the liter-
ature the band at 1002 cm~! can be assigned to an amorp-
hous two dimensional VO, monolayer phase.*®#7 The higher
frequency of the 1037 cm™! band indicates the absence of
polymer structures and of a separate V,0O5 phase (sharp
absorption bands expected at 1020 and 824 cm™1!).*8 Data in
the literature report a band at 1035 cm ™! which was attrib-
uted to the V=0 stretching frequency for VOCIl;, where iso-
lated V3*=0 groups exist and V°* ions are four
coordinated.**-5°

Introduction of 1 kPa of CO at low temperature resulted in
the appearance of three bands with maxima at 2197, 2167 and
2142 cm™! (Fig. 4A, spectrum a). The latter band is attributed
to physically adsorbed CO and vanished completely after
short evacuation. The increase in intensity of the band at 2167
cm ™! is accompanied by a bathochromic shift of the hydroxy
bands. Therefore the band at 2167 cm ™! can be ascribed to
CO adsorbed on OH groups. The position of this band is at
higher frequencies than that in the sample without vanadium,
which may indicate a higher acidity of the hydroxy groups of
V-containing materials. The frequency shift due to the adsorp-
tion of CO on the OH groups can be estimated to be ca. 150
cm ™!, The assignment of these OH groups to V-OH species is
not unequivocal. The stretching mode of isolated V-OH
surface hydroxy groups®3:3* has been reported to be located
at 3660 cm 1.

Because of the low transmission in the v(OH) region, a
detailed analysis is not possible. Otherwise the absence of this
band could be attributed to a delocalization of the proton as
indicated below.

Evacuation of the sample at low temperature led to the
presence of only one band at 2197 cm ™!, which is stable under
dynamic vacuum until approximately 183 K. The position of
this band and its stability with increasing temperature under
dynamic vacuum is similar to the band at 2190 cm™!
observed in the pure Al,O;-TiO, sample, which was assigned
to CO adsorbed on Ti** ions. CO adsorption on V**
species?+25:27:28 5 expected to give bands at approximately
2212-2180 cm !, with similar thermal stability. Therefore it is
not possible at present to assign this band to CO adsorbed on
either Ti** or V#* Lewis acid sites. However, XPS results of
the calcined V,0,/A1,0,-TiO, sample indicated the presence
of V#* species. The bands in the low-frequency region at 1037
and 1002 cm ™! were also slightly shifted to lower frequencies
after CO adsorption. The frequency shift in both cases is
about 2 cm~!. The shift of these bands occurred simulta-
neously with a shift of the OH bands. A restoration of the
spectrum of the unperturbed hydroxy groups led to a resto-
ration of the initial positions of both bands (Fig. 4B and C).
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Fig.4 A. FTIR spectra of CO adsorbed at 77 K on

V,0,/A1,0,-TiO, calcined at 773 K. Equilibrium pressure of 1 (a)
and 0.01 (b) kPa CO and after evacuation of the sample for increasing
time (c, d, ). B. FTIR spectra in the low frequency region after CO
adsorption at 77 K on calcined V,05/Al,0,-TiO,. Sample without
CO (a), in the presence of CO with equilibrium pressure of 1 (b) and
0.01 (c) kPa CO and after evacuation of the sample for increasing time
(d, e, f). C. FTIR spectra in the hydroxy region of calcined
V,0,/A1,0,-TiO, . Same notation as in Fig. 4B.

The shift of both bands was independent of CO adsorbed on
Lewis acid sites. These results suggest the presence of species
like I in Scheme 1. From the above considerations we can
infer the existence of two kinds of vanadium species on the
calcined V,0,/A1,0,-TiO, catalyst: (i) monomeric vanadium
surface species with the following structures (I and II in
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Scheme 1

Scheme 1), and (ii) an amorphous two-dimensional VO,
monolayer phase. These species have already been proposed
in the literature for vanadium oxide on TiO, support.’>=>7

Samples reduced at 773 K. The IR spectra of the reduced
sample showed an increase in the hydroxy band intensity as
compared to the calcined sample, with maxima at 3770, 3722
and 3682 cm ™. This observation could be due to the forma-
tion of hydroxy groups during the reduction process which
are not eliminated during evacuation. In the low frequency
region a decrease of the initial band at 1037 cm™!, its
maximum being shifted to 1029 cm ™!, and a complete disap-
pearance of the band at 1002 cm ™! were observed. In con-
trast, the band at 965 cm~! (observed in the free support)
reappeared (Fig. 1, spectrum c). The decrease of the intensity
of the band at 1037 cm™! and its shift to lower frequencies
could be due to a partial reduction of the V>* species to lower
oxidation states and to the formation of V-OH groups at the
expense of the V=0 bonds. The disappearance of the band at
1002 cm ™! indicated a rearrangement of the VO, amorphous
monolayer phase after reduction of the V-containing sample.
This could explain the reappearance of the band at 965 cm ™!
observed also in the free Al,0,;-TiO, support (Fig. 1, spec-
trum a). However, this band also can be assigned to surface
vanadate species.*6:47-58

Addition of 1 kPa of CO at low temperature led to the
appearance of three bands in the CO stretching region,
namely at 2185, 2158 and 2142 cm ™! (Fig. 5). The latter band
is attributed to physically adsorbed CO. The intensity change
of the band at 2158 cm ™! is related to a shift of the OH bands,
and can therefore be ascribed to CO adsorbed on hydroxy
groups. The position of this band is similar to that observed
for the pure Al,O,-TiO, system. The band at 2185 cm™!
remained unchanged after long evacuation of the sample at
low temperature, indicating a strong M—-CO bonding. This
band is very broad and its intensity remained high even after
long evacuation (Fig. 6A, spectrum b). In order to assign this
band to vanadium species (with an oxidation state lower than
5+), and to achieve information about its redox behaviour,
small amounts of O, (1 kPa) were introduced into the IR cell
at low temperature for 5 min. After evacuation and adsorption
of small amounts of CO at low temperature a new broad
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Fig. 5 FTIR spectra of CO adsorbed at 77 K on V,05/A1,05,-TiO,
reduced at 773 K. Equilibrium pressure of 1 (a), 0.05 (b) and 0.03 (c)

kPa CO and evacuation of the sample for increasing time (d-g) and
under dynamic vacuum (h—j).
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Fig. 6 A. FTIR spectra of CO adsorbed at 77 K on
V,0,/A1,0,-TiO,: (a) calcined at 773 K; (b) reduced at 773 K; (c)
reoxidized at 77 K (5 min) and (f) reoxidized at room temperature (30
min). The spectra are taken after evacuation of CO. B. FTIR spectra
at room temperature of CO adsorbed on V,0,/Al,0,-TiO,: (d) after
reoxidation at 77 K and (e) after introduction of 2 kPa O, at room
temperature. The spectra are taken after evacuation of CO. C. Decon-
volution of the spectra (f), after CO adsorption on V,0,/A1,0,-TiO,
reoxidized at room temperature.

shoulder at 2209 cm~! was observed, as well as a slight
decrease of the band at 2184 cm ™! (Fig. 6A, spectrum c). The
shoulder observed at 2209 cm ™! remained very stable under
dynamic vacuum with increasing temperature (up to 273 K),
while the band at 2185 cm ™! remained stable until room tem-
perature (Fig. 6B, spectrum d). The stability of both bands was
higher than that observed for Ti** ions. We therefore infer
that these bands can be attributed to CO adsorbed on V**
species (with n < 5). The 2185 cm~! band has lower fre-
quency, but the respective species are more stable than that
for the 2209 cm ™! band. However, with cations forming pre-
dominantly o-character bonds with CO, the higher stability of
the carbonyls corresponds to a higher stretching frequency of
the respective band. This implies that both bands (at 2209 and
2185 cm™!) cannot be assigned to carbonyls of vanadium
cations having the same oxidation state. The higher stability
and the lower frequency of the band at 2185 cm™! as com-
pared to the band at 2209 cm ™! suggests some n-back dona-
tion. Hence, the band at 2185 cm ™! must be attributed to
carbonyls formed with the participation of vanadium ions in
an oxidation state lower than 4+, and the band at 2209 cm ™!
to vanadium species with an oxidation state 4 +. However, the
possibility of some Ti** « CO species contributing to the
broad band at 2185 cm ™! is not excluded. In order to rule out
this possibility some additional experiments were performed
at room temperature and are discussed below. Another confir-
mation of the assignment of the bands at 2209 and 2185 cm !
to different oxidation states of the vanadium species is their
behaviour after reoxidation in oxygen at room temperature.
The spectra of the sample (recorded at rt), before and after
introduction of small amounts of oxygen at rt is indicated in
Fig. 6B, spectra d and e. Before introduction of O,, a band
was observed at 2185 cm ™! (Fig. 6B, spectrum d). After intro-
duction of 2 kPa of O, at rt, the band at 2185 cm ™! disap-
peared and new bands at 2194 and 2209 cm ™! were observed
(Fig. 6B, spectrum e). According to the redox behaviour, these
bands can be attributed to CO bonded to V** species, and
the band at 2185 cm ™! to CO bonded to V3* species. After 30
min in an oxygen atmosphere at room temperature, the
sample was evacuated and studied again by CO adsorption at
low temperature. The results of these experiments are dis-
cussed in the following section.
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Samples reoxidized at room temperature

The IR spectra of the sample after reoxidation at room tem-
perature showed an increase in the intensity of the band at
1029 cm ™!, which agrees with a restoration of the vanadium
(V3*) species (species I and II in Scheme 1) by reoxidation of
the sample. However, the band at 965 cm~™! remained
unchanged (Fig. 1, spectrum d) as in the free Al,0;-TiO,
support. We therefore infer that this band is more likely due
to surface vibration modes rather than to vanadium species.

After introduction of 0.6 kPa of CO at low temperature,
two bands were observed in the CO stretching region with
maxima at 2185 and 2162 cm~'. The band of physically
adsorbed CO is not observed because of the low CO coverage
in this experiment. The band at 2162 cm ™! can be assigned to
CO adsorbed on OH groups. This band was also observed for
the calcined sample and was assigned to CO bonded on
V3*—OH species. This is in agreement with a restoration of
these species by reoxidation of the sample. Difference spectra
showed the presence of another band at 2156 cm ™! observed
also in the reduced sample and in the pure Al,O,-TiO,
support without vanadium. This band can be attributed to
CO bonded to hydroxy groups of the support. The band at
2185 cm ™! resulted from a shift to lower frequencies of the
band at 2194 cm™! as can be also observed from the differ-
ence spectra. This band remained stable under dynamic
vacuum (Fig. 6A, spectrum f) and at increasing temperature
up to 163 K. Deconvolution of the band showed two bands,
one at 2197 cm ™!, also observed for the calcined sample (Fig.
6A, spectrum a), and a new one with maximum at 2194 cm !
(Fig. 6C). The latter band can be assigned to some V** species
resulting from an incomplete reoxidation of the V3* species.
The band at 2209 cm™! observed immediately after intro-
duction of O, at room temperature, was not observed because
of a consecutive oxidation of the V4* species to V3* during
the time of exposure of the sample to O, .

As indicated in previous sections the band at 2197 cm™
can be assigned to CO bonded either to V** or Ti** Lewis
acid sites. The possibility of bands due to Ti** species being
superimposed by the broad 2185 cm ™! band in the reduced
samples can not be excluded. Therefore experiments of
adsorption of CO (5 kPa) at room temperature were per-
formed on the calcined, reduced and reoxidized
V,05/A1,0,-TiO, samples. The band at 2197 cm~! was
observed in calcined and reoxidized samples, however, it was
not apparent in reduced samples. If the band at 2197 cm ™1 is
attributed to CO coordinated to Ti** Lewis acid sites, and is
observed in the reduced samples after oxidation, it must also
be observed in the reduced samples, at least if reorganizations
of the structure during reoxidation can be excluded, as in our
case. Therefore, we infer that this band is characteristic of a
V4*-CO complex.

1

Conclusions

Al,05-TiO, calcined at 773 K is in an amorphous state with
a high surface area (159 m2? g~ !). IR spectroscopy of CO
adsorbed at low temperature as well as XPS measurements
suggest a coverage of Al,O; by TiO, .

The IR spectra of the calcined 12 wt.% V,05/A1,0,-TiO,
sample contain bands of two different vanadium species,
monomeric tetrahedral V3*=0 species and an amorphous
VO, monolayer phase. According to XPS results V** species
are also present in the calcined sample,®’ responsible for the
2197 cm ™! band observed after CO adsorption at low tem-
perature. As reported in the literature no V°* carbonyl
species are observed.

Reduction of the 12 wt.% V,05/Al1,05-TiO, sample at 773
K leads to the formation of V3* species monitored by a band
at 2185 cm ™! after CO adsorption at 77 K. The IR spectra
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show a rearrangement of the amorphous VO, phase
(disappearance of the band at 1002 cm '), and reappearance
of a band at 965 cm ™! due to surface vibration modes of the
Al,05-TiO, support.

The V3* species in the 12 wt.% V,05/A1,0,-TiO, reduced
sample are stable towards reoxidation at low temperature (77
K). Reoxidation at room temperature leads to a restoration of
the V3* and V** species observed in the oxidized sample.
However, some V3* species are not completely oxidized
remaining in an oxidation state of 4+ (band at 2194 cm™1).

The frequencies at which V¥* « CO and Ti** « CO car-
bonyls appeared and the stability of these species toward
evacuation at low and increasing temperatures are similar. In
order to discriminate between both kinds of species, a compa-
rative study of CO adsorption at room temperature on cal-
cined, reduced and reoxidized 12 wt.% V,0,/Al,05,-TiO,
samples was necessary.
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