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Abstract The adsorption of CO and NO over VO,-SBA-15
mesoporous materials with different vanadium content was
investigated by FT-IR spectroscopy. Vanadium complexes
were reduced in situ by hydrogen atmosphere at 450 °C for
3 h. Spectra of reduced samples show increasing in inten-
sity of silanol groups, caused by dissociation of V—O(Si)
bonds and formation of new H-O(Si) bonds. Reduction oc-
curs with formation of water. The band corresponds to over-
tone of V=0 stretching modes decreases in intensity be-
cause of oxygen withdrawing from V=0 species.

Presence of V4t and V37 species was observed. Inspec-
tion of CO adsorbed IR spectra evidenced existence at least
two different type of V3T—CO complexes on the silica sur-
face differing in both stretching frequencies and complex
stabilities. We did not found principal difference between
spectra of absorbed CO at —196 °C on the samples with
different concentration of vanadium, probably because of
relative low degree of reduction. As well as heterogeneity
of surface V3T and V4* species was evidenced by adsorp-
tion of NO. Both V3T and V#* ions possess two effective
coordinative vacancies and as a result can adsorb two NO
molecules forming dinitrosyls. A part of V37 cations forms
only mononitrosyls characterize by band at 1724 cm~!. Re-
sults obtained after NO adsorption reveal existence of three
different kinds of vanadium species. Probably two of them
are isolated and associated vanadium sites. The third type
of vanadium has different surrounding than other two types.
It was demonstrated that NO is a better probe than CO for
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testing the oxidation and coordination state of reduced vana-
dium species.
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1 Introduction

Ordered mesoporous SBA-15 silicas, with uniform pores
size distribution and high surface area, are interesting sup-
ports for vanadium-based catalysts with plenty of accessible,
isolated and well-defined active sites (Cavani et al. 2007).
VO,-SBA-15 catalyst exhibits high selectivity to olefins
at high propane conversions in the oxidative dehydrogena-
tion of propane (Bulanek et al. 2012b; Dinse et al. 2009;
Hess 2007; Liu et al. 2004). However, a fundamental under-
standing of the nature and redox properties of the vanadium
species anchored on the surface of the SBA-15 support re-
mained to be established. The presence of the various struc-
tures of the supported vanadium phase has been extensively
characterized by different techniques, especially by spectro-
scopic techniques (FT-IR, Raman, XANES/EXAFS, UV-vis
diffuse reflectance (DR), solid-state 51V NMR, ESR, etc.)
(Tian et al. 2006; Venkov et al. 2007; Bulanek et al. 2011;
Deo et al. 1994). Despite major efforts to examine the struc-
ture of surface vanadia complexes on dehydrated VO, -silica
materials, mainly using Raman spectroscopy, no decisive
picture has been obtained so far. It is generally accepted
that, at very low vanadia loadings the surface vanadium ox-
ide species are isolated tetrahedrally coordinated VO4 units.
However, increasing vanadia loading on the surface leads to
polymerization of surface vanadyls even to bulk vanadium
pentoxide. Existence of oligomeric V-O-V species on the
VO,-silica materials with medium vanadium loading is still

@ Springer


mailto:ndrenchev@svr.igic.bas.bg

340

Adsorption (2013) 19:339-347

under debate. In recent IR study of interaction of CO with
VO,-SBA-15 containing 2.7 wt% of V, formation of two
different type of carbonyls on reduced sample was observed
and ascribed by authors to the presence of VO, isolated and
associated species on the surface (Venkov et al. 2007). In our
previous works we distinguished various vanadium species
differing in degree of polymerization/condensation by DR
UV-vis spectroscopy (Bulanek et al. 2011) and shown on
the wide set of VO,/HMS materials that they differ substan-
tially in activity and selectivity in ODH reaction and this dif-
ference also depend on the type of raw alkane (Bulanek et al.
2012a; Setnicka et al. 2011). It can be ascribed to the differ-
ences in the redox properties of individual vanadium com-
plexes. Unfortunately, deeper investigation of redox proper-
ties by DR UV-vis spectroscopy is not easy due to strong
overlapping of charge transfer signals arising from different
oxidation states of vanadium. Much more convenient spec-
troscopic technique seems to be FT-IR spectroscopy of suit-
able probe molecules. Therefore, we report IR study of CO
and NO adsorption as probe molecules to determine the oxi-
dation and coordination state of vanadium after reduction by
H; at 450 °C for 3 h. We compared our results with results
obtained previously by Venkov et al. (2007) over silica with
low concentration of vanadium. In addition, experimental
data obtained over samples differing in vanadium content
are compared and discussed.

2 Experimental
2.1 Materials

Purely siliceous SBA-15 mesoporous molecular sieve were
synthesized as reported earlier (Zukal et al. 2008) us-
ing a triblock copolymer, Pluronic P123 (EO29PO79EO»,
BASF/Aldrich) as a structure directing agent. TEOS was
used as a silica precursor yielding a typical synthesis mo-
lar ratio TEOS:HCIL:P123:H,O = 1:6.2:0.017:197. The syn-
thesis mixture was vigorously stirred at 35 °C for 5 min
and subsequently aged under static conditions for 24 hours
at 35 °C and 48 hours at 97 °C. The resulting solid was
recovered by filtration, extensively washed out with dis-
tilled water and ethanol, and dried at 100 °C overnight. The
template was removed by calcination in a stream of air at
540 °C for 8 hours with heating rate 1 °C min~!. Vana-
dium oxo-complexes were doped onto silica support by stan-
dard wet impregnation procedure by appropriate amount of
ethanol/H;O solution of vanadyl acetylacetonate (Aldrich).
Impregnated samples were dried at 120 °C in air overnight
and then calcined at 600 °C for 8 hours in the dry air flow.
The same catalysts we have used in our previous paper (Bu-
lanek et al. 2012b), where more characterization details
is reported. Carbon monoxide (>99.997) and nitric oxide
(>99.5) were supplied by Linde AG.
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2.2 Instrumental methods

Physico/chemical characterization is published in more
details in previous work (Bulanek et al. 2012b). Self-
supporting wafers (ca. 5-8 mg/cm~2) were prepared from
the sample powder and treated directly into glass IR cell.
The cell was connected to a vacuum-adsorption apparatus
with residual pressure of 10~ mbar. Prior to the adsorption
measurements, the samples were activated by heating from
ambient temperature to 450 °C for 1 h and 1 h evacuation at
the same temperature. The samples were oxidized by O, at
450 °C for 20 min before reduction and then evacuated for
30 min. The samples were reduced by treatment with hy-
drogen (400 mbar) at 450 °C for 3 h. After reduction, sam-
ples were evacuated for 1 h at the reduction temperature.
Before adsorption, carbon monoxide was purified by liquid
nitrogen trap while NO was additionally purified by fraction
distillation. The FT-IR spectra of CO and NO molecules ad-
sorbed on the VO, species were recorded at liquid nitrogen
and room temperature, respectively, for decreasing surface
coverage due to evacuation using FT-IR Nicolet 6700 spec-
trometer (equipped with MCT detector) at a spectral res-
olution of 2 cm™! and accumulating of 64 scans. Spectra
obtained through subtraction of the spectrum of the treated
sample in vacuum from the spectrum in presence of the
probe molecules are reported here. The spectra are gas phase
corrected.

3 Results and discussion

Spectra of activated samples are presented on Figs. 1 and 2.
In the region of (O-H) stretching modes, the IR spectrum
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Fig. 1 FT-IR spectra of V-SBA-15 containing 3.6 wt% of V after ox-
idation and evacuation (a), after introduction of Hy (400 mbar) (b),
after reduction at 450 °C before evacuation (c) and after evacuation at
450 °C (d)
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Fig. 2 FT-IR spectra of V-SBA-15 containing 9 wt% of V after ox-
idation and evacuation (a), after introduction of Hp (400 mbar) (b),

after reduction at 450 °C before evacuation (c) and after evacuation at
450 °C (d)
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Fig. 3 FT-IR spectra of V-SBA-15 containing 3.6 wt% of V after ox-
idation and evacuation (a), after reduction at 450 °C before evacua-
tion (b) and after evacuation at 450 °C (c)

of activated samples exhibits an intense band at 3745 cm™!

due to silanol groups (Zarubin 2001; Boehm and Knozinger
1983). Silanol band decreases in intensity with increasing
content of vanadium from 3.6 wt% to 9 wt% (see spec-
trum a Figs. 1 and 2). According to the literature data the
band at 3657 cm~! is ascribed to VO-H stretching modes
(Tielens et al. 2009; Berndt et al. 2000; Martra et al. 2000;
Schramlmarth et al. 1991; VanDerVoort et al. 1997; Nguyen
et al. 2000). At lower frequencies, bands at 1971, 1866 and
1623 cm™! were registered. These bands were attributed to
the overtones and combination modes of the SBA-15 skele-
tal vibrations (Figs. 3 and 4) (Boehm and Knozinger 1983).
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Fig. 4 FT-IR spectra of V-SBA-15 containing 9 wt% of V after oxida-
tion and evacuation (a), after reduction at 450 °C before evacuation (b)
and after evacuation at 450 °C (c¢)

The low intensity band at 2054 cm ™! is due to overtones of
V=0 stretching modes (1020 cm’l) (Kantcheva et al. 1992;
Concepcion et al. 1999). It’s intensity increases with in-
creasing concentration of vanadium (cf. spectra denoted a
in Figs. 3 and 4). The band at 1020-1027 cm~! is super-
imposed with the skeletal vibration of SBA-framework and
is, therefore, not usable for analysis. Reduction of the sam-
ples by Hj leads to alterations in spectra of the samples. The
main changes in the spectra are:

e New band at 1602 cm~! was observed.

e The band of silanol groups at 3745 cm™! was increased
in intensity.

e The band corresponds to overtone of V=0 stretching
modes was decreased in intensity.

After oxidation of the samples the band at 1602 cm™!
disappears from the spectra. Probably different bonding of
vanadium after reduction on the surface of the SBA-15 leads
to the appearance of this band. The band of silanol groups in-
creases in intensity caused by dissociation of V-O(Si) bonds
and formation of new H-O(S1) bonds (inset of Figs. 3 and 4).
The band corresponds to overtones of V=0 decreases in in-
tensity because of oxygen withdrawing from V=0 species
accompanied by formation of water (bands at 3590 cm™!
and 1623 cm™!).

3.1 Adsorption of CO on pure SBA-15 sample

Low-temperature adsorption of CO on pure SBA-15 sam-
ples leads to the appearance of four bands with maxima at
2157, 2138, 2134 and 2110 cm™! (Fig. 5). Simultaneously
with the formation of these bands, the band of silanol groups
at 3747-3750 cm~! decreases in intensity and a new band
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Fig. 5 FT-IR spectra of CO adsorbed at —196 °C on SBA-15. Equi-

librium CO pressure of 1.90 mbar and evolution of the spectra during
short evacuation (a—/). The spectra are background corrected
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Fig. 6 FT-IR spectra of silanol groups after CO adsorption at —196 °C
on SBA-15. Equilibrium CO pressure of 1.9 mbar and evolution of
the spectra during short evacuation (a—h). The spectra are background
corrected

with a maximum at 3658 cm™! forms in the spectrum (Fig. 6
spectrum a). This band is due to SiO-H—CO stretching
modes (stretching frequency shift is Av = —89 cm™!). The
band at 2157 cm~! is ascribed to H-bonded CO with silanol
groups. The bands at 2138, 2134, and 2110 cm~! are as-
signed to physically adsorbed CO and H-bonded '*CO (nat-
ural occurrence of '3CO is about 1 %), respectively (Hadji-
ivanov and Vayssilov 2002).
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Fig. 7 FT-IR spectra of CO adsorbed at —196 °C on V-SBA-15 with
3.6 wt% of V. Equilibrium CO pressure of 1.8 mbar and evolution of
the spectra during short evacuation (a—i). The spectra are background
corrected
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Fig. 8 FT-IR spectra of CO adsorbed at —196 °C on V-SBA-15 with
3.6 wt% of V. Evolution of the spectra during evacuation at —196 °C
(a—i) and increasing the temperature from —196 °C to RT (i-l). The
spectra are background corrected

3.2 Adsorption of CO on reduced V-SBA-15 samples

Adsorption of CO at low-temperature on reduced V-SBA-
15 samples provokes formation of a new band at 2189 cm ™!
(Figs. 7, 8, 9 and 10). The other four bands with maxima at
2156,2138,2134 and 2110 cm ™! were discussed previously
(see above). Upon evacuation at low temperature all bands
start to decrease in intensity. The band at 2188 cm™! is the
most stable to evacuation and was assigned to carbonyls
of vanadium (Hadjiivanov and Vayssilov 2002; Concepcion
etal. 1999; Davydov 1993; Gerasimov and Filimonov 1981;
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Fig. 9 FT-IR spectra of CO adsorbed at —196 °C on V-SBA-15 con-
taining 9 wt% of V. Equilibrium CO pressure of 1.95 mbar and evo-
lution of the spectra during short evacuation (a—f) and at condition of
dynamic vacuum (g—o).The spectra are gas phase and background cor-
rected
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Fig. 10 FT-IR spectra of CO adsorbed at —196 °C on V-SBA-15 con-
taining 9 wt% of V. Evolution of the spectra during evacuation at
—196 °C (a—h) and increasing the temperature from —196 °C to RT
(i-n). The spectra are background and gas phase corrected

Jonson et al. 1988a, 1988b). These carbonyls are not stable
during evacuation at room temperature, contrary to observa-
tion by Venkov et al. (2007). This band is blue shifted with
decreasing of coverage for both samples (Fig. 7 and Fig. 9).
This trend could be explained with the so-called static ef-
fect, which is typical for oxide-supported systems and indi-
cates that a fraction of vanadium atoms are associated (Had-
jiivanov and Vayssilov 2002). At low coverage the band at
2189 cm™! consists of three components with maxima at
around 2205, 2189 and 2176 cm™! for both samples (Fig. 8

and Fig. 10). The band at 2205 cm™! was assigned to V4*—
CO species (Hadjiivanov and Vayssilov 2002; Concepcion
et al. 1999; Davydov 1993). The other two bands were as-
cribed to two different types of vanadium species with dif-
ferent electrophilicity (Davydov 1993; Jonson et al. 1988a;
Ivanova et al. 2006). The species of V3T at lower wavenum-
ber are slightly more stable during evacuation. There are
several possibility causes for this different electrophilicity.
One of them is that in the channels of SBA-15 there are (i)
isolated and (ii) associate vanadium sites. In this light, Jon-
son et al. (1988b) have reported that with increasing vana-
dium content the position of the main band of V3*t—CO car-
bonyls is blue-shifted. After adsorption of CO on reduced
V/SiO; (0.1 wt% V) they found a band at 2183 cm~ !, while
for V/SiO; (2 wt% V) the band appeared at 2187 cm™!.
In the paper of Venkov et al. (2007), the band maximum
was registered at 2189 cm™! for V-SBA-15 with 2.7 wt%
of vanadium. Hence on results obtained by Jonson et al.
(1988b) and their results Venkov et al. (2007) suggested that
vanadium site in the matrix of SBA-15 are partly associated.
We observed bands with maxima at 2188 and 2187 cm™!
for the sample containing 3.6 wt% and 9 wt% of vanadium,
respectively. The area of the band at 2188 cm™! is appar-
ently higher for the sample with 9 % (Fig. 9) of vanadium
than the area of the same peak for sample with 3.6 % of
vanadium (Fig. 7). Hence, we evidently created more re-
duced V37 species in the sample with 9 % than in the sample
with 3.6 % and no dependence between the concentration of
vanadium and position of this band can be found.

Another possible reason for heterogeneity of the vana-
dium sites is that one of these sites is bound to isolated hy-
droxyl groups. In this case a part of vanadium sites are char-
acterized by different surroundings, which could explain the
difference in their electrophilicity. However after reduction
and evacuation of the samples we did not observe bands of
HO groups connected to vanadium. These bands with max-
ima at 3657 cm ™! present in the spectra of the samples after
oxidation and evacuation where vanadium exists in +5 oxi-
dation state.

The third possible reason is presence of different kinds of
silanol groups: (i) isolated, (ii) geminal, and (iii) vicinal hy-
droxyl groups (Boehm and Knozinger 1983; Boehm 1966).
Hence, one would expect the carbonyl complexes of vana-
dium ions located on isolated and geminal (Si(OH),) silanol
groups to have slightly different frequencies (Shenderovich
et al. 2003). Spectra of our samples show only isolated and
H-bonded silanol groups.

Nowadays the most acknowledged theory expects the ex-
istence of three different types of vanadium oxide species
on the surface (Tian et al. 2006; Kung 1994; Blasco and
Nieto 1997; Keller et al. 2006): (i) the isolated monomeric
tetrahedrally coordinated VO4 species linked by three V—
O-support bonds to support at dehydrated state, (ii) the
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Fig. 11 FT-IR spectra of NO (1.25 mbar equilibrium pressure) ad-
sorbed at RT on V-SBA-15 containing 3.6 wt% of V. Evolution of the
spectra during evacuation at room temperature (a—1). Spectrum (a) was
collected 50 min after introduction of NO. The spectra are background
corrected

oligomeric/polymeric VO, species of distorted tetrahedral
symmetry bonded by bridging V-O-V bonds to other units,
and (iii) 2D/3D crystalline V,05 nanoparticles (NPs). Some
authors mentioned as fourth (iv) type the mixed oxide com-
pounds or solid solution with some oxide supports at ele-
vated temperatures (e.g., AIVO4, V,Tij_,O3) on the sur-
face (Tian et al. 2006).

Let us mention that after reduction surrounding of vana-
dium is changed because of oxygen withdrawing from V=0
species attendance by formation of water and dissociation of
V-0Si bonds. Oxygen needed for formation of water may
become from V-O-V species (Ferreira and Volpe 2002). It is
reasonably to propose different ratio between structures (i),
(ii) and (iii) after reduction compare this ratio when samples
are oxidized. On the other hand, reduction of different struc-
tures (monomeric and 2D/3D crystalline V,Os nanoparti-
cles) takes place with different rate, because the maxima of
their reduction peaks in TPR experiments shifts in temper-
ature as the different species appears on the surface of the
support (Setnicka et al. 2011). The results of the XPS anal-
ysis of V,0,/SBA-15 after Hy treatment at 415 °C for 1 h
obtained by Venkov et al. (2007) shows 50.3 % of V3+.

3.3 Adsorption of NO on reduced sample at room
temperature

For deeper insight into character of heterogeneity of reduced
vanadium species adsorption of NO was carried out. NO is
suitable probe molecules due to better distinguish of V4+
and V3 complexes. Adsorption of NO on reduced sam-
ples leads to the appearance of a series of bands with max-
ima at 1902, 1830, 1754, 1726, 1688 and 1621 (Figs. 11
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Fig. 12 FT-IR spectra of NO (0.8 mbar equilibrium pressure) ad-
sorbed at RT on V-SBA-15 containing 9 wt% of V. Evolution of the
spectra during evacuation at room temperature (a—h), at 50 °C for 3, 5
and 10 min (i—k), at 80 °C 3 min (/), at 100 °C 3 min (m), at 110 °C 5,
10 and 10 min (n—p) and at 150 °C 5 and 10 min (g—r). The spectra are
background corrected

and 12). It is well known that both V4T and V3% cations
form dinitrosyl species characterized by asymmetric and
symmetric vibrations. The V4 (NO), complexes display vy
at 1920-1880 cm™~! and vy, at 1785-1753 cm™~! (Ivanova
et al. 2006; Hadjiivanov and Vayssilov 2002; Hadjiivanov
2000). The vy modes for V31 (NO), are observed at 1835—
1822 cm~! and the respective asymmetric modes, at 1705—
1685 cm~!. Evacuation at ambient temperature (Fig. 11
and spectra a-h Fig. 12) provokes decreasing in inten-
sity of V4T (NO); and V3t (NO), complexes. The bands at
1621 cm~! and 1614 cm™! remain relatively stable upon
evacuation at ambient temperature. These bands were as-
signed to nitro (Venkov et al. 2007; Hess 2009) or nitrato
compounds (Ivanova et al. 2006). Let us take a look on spec-
trum f on Fig. 12. The intensities of the bands at 1907 cm™!
and 1757 cm~! (V4 (NO), complexes) are half of their ini-
tial intensity. The intensities of the bands characterizing vy
and v,y modes of V3+(NO)2 complexes have different be-
havior. Intensity of the band at 1832 cm™! is half of ini-
tial intensity but intensity of the band at 1693 cm~! remains
82 % of its initial intensity. Similar behavior in the spectra
was observe for the sample with 3.6 wt% of V. This phe-
nomenon was observed previously by Ivanova et al. (2006)
and can be explained by a larger angle between the NO
molecules at low coverage. The band at 1754 cm ™! was split
at low coverage in two component with maxima at 1765 and
1751 cm~!. The same splitting was observed in the spectra
of the sample containing 9 wt% of V (Fig. 12). The bands
at 1902 cm™! and 1907 cm™! also consisting of two com-
ponents, but the splitting being very low (~2 cm™!). This
splitting of the band was observed by Venkov et al. (2007)
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Fig. 13 FT-IR spectra of NO (0.8 mbar equilibrium pressure) ad-
sorbed at RT on reduced V-SBA-15 containing 3.6 wt% of V (a), ad-
dition of O> (7 mbar) at RT (b), development of the spectra with time
(c—e), increasing the amount of O, to 20 mbar (f), 50 mbar (g) and
156 mbar (k) and after evacuation at 200 °C for 5 min (i). The spectra
are background corrected

on V-SBA-15 and Ivanova et al. (2006) on VSiBEA. The
authors suggested the existence of two types of V4t (NO),
dinitrosyls. In our work we were observed a new band at
1726 cm~!. We will debate behavior of this band later. In
conclusion we can say that both samples contain the same
or very similar species of vanadium.

3.4 NO and O, co-adsorption on reduced sample
(3.6 wt% V)

In order to obtain information on the reactivity of the nitro-
syls species, we studied their interaction with O,. The sam-
ple was reduced again at 450 °C by H, and initially NO
(0.8 mbar equilibrium pressure) was adsorbed on it. The
same species of vanadium nitrosyls were observed in the
spectra (Fig. 13 spectrum a). After addition of O> (7 mbar)
all bands decrease in intensity and their maxima are blue-
shifted. The band at 1725 cm™! dramatically decreases in
intensity and almost disappears from spectrum. This fact
indicates that this band is associated with individual com-
pound which is very reactive and oxidize easier compare
to V3T (NO), complexes. Taking into account frequency,
stability and behavior of the band after NO and O, co-
adsorption we assigned it to V3TNO (Gerasimov and Fil-
imonov 1984). The evolution of the spectra with time shows
that the bands due to vy and v, of V3T(NO), decrease in
intensity and disappear much faster than the bands of the
respective V4 (NO), species.

The band at 1626 cm™! starts to decrease in intensity
and new bands at 1630 cm™! and 1653 cm~! appears in
the spectra. Venkov at al. assigned the band at 1620 cm™!

to the v,3(NOy) stretching modes of nitro compounds of
V3. In their work they observed two bands at 1639 cm™!
and 1573 cm™! raised after NO and O, co-adsorption and
ascribed them to bridging and bidendate nitrates of vana-
dium in oxidation state +5. As we mentioned the ratio be-
tween monomeric and associated species was changed after
reduction. In any cases concentration of bridging vanadium
species is lower compare to monomeric. For that reason, in-
tensity of the band corresponding to bridging nitrates has to
be less intense than the band of bidendate nitrates but it is
not observed in the spectra obtained by Venkov et al. In our
case we did not observed band at 1573 cm™! in the spectra
of the samples. One possible explanation of that observation
is that bridging nitrates generate not only on V-O-V species.
If monomeric vanadium sites are close to each other, they
may form bridging nitrates too. The results obtained by
Venkov et al. (V,O,/SBA-15) (Venkov et al. 2007), Ivanova
et al. (VSiBEA) (Ivanova et al. 2006) and Hadjiivanov et al.
(VO,/TiO,) (Hadjiivanov et al. 2000) after adsorption of
NO and introducing of O, has shown formation of nitrates
bands at 1639 cm™!, 1633 cm™! and 1622 cm™! respec-
tively. These bands were increased in intensity with time
and pressure of oxygen and had higher intensity compared
to the intensity of the band at around 1900 cm~! character-
izing vy of \ass (NO); complexes. Vanadium in +5 oxida-
tion state does not form nitrates. Nitrates form only on V13
and V1 species. After co-adsorption of NO and O, on ox-
idized V-SBA-15 containing 9 wt% of vanadium we did not
observed bands of nitrates on the surface. It is well known
that mixture of NO and O is a strong oxidizer therefore we
ascribe the bands at 1630 cm™! and 1653 cm™! to two dif-
ferent kind of nitrates which may form on vanadium in the
same or different oxidation state. The band at 1653 cm™! re-
mains in the spectrum upon evacuation at 200 °C for 5 min
while the band at 1630 cm™! disappears in the spectrum.
The frequency of the band at 1626 cm™! is too high for ni-
tro compound of vanadium and in our case has relatively
high intensity. Topsoe et al. (1995) observed doublet band
centered at 1617 cm ™! of adsorbed NO;, on V,05/TiO,. We
can speculate that the band at 1626 cm™! corresponds to ni-
trates of V3 or V4T, V*+ NO, complexes or both. Presence
of water on the surface of the sample will lead to the appear-
ance of the band at the same position. Probably in 1630—
1614 cm™! region we observed overlapping of the bands
of different compounds. As ionic compounds nitrates has a
higher thermal stability compared to NO» complexes. Their
thermal stability depends on the structure and on the kind of
the cation to which they are bonded. If we accepted that this
band is caused by nitrates of V3% then after introduction of
O, vanadium will oxidize to +5 (which form does not gen-
erate nitrates) and intensity of the band at 1626 cm™! will
start to decrease. The new bands in the spectra with maxima
at 1630 cm™! and 1653 cm™! should be caused by nitrates
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of V4t . The same effect will be observed if NO» complexes
are formed on V31 and V4+,

4 Conclusions

Carbonyls and nitrosyls of vanadium on fully oxidized sam-
ple are not observed because of covalent character of the V-
O bonds and coordinative saturation of V3 cations. Differ-
ent oxidation states (V** and V*3) and two different species
of V3* are established after CO adsorption at —196 °C. We
did not found principal difference between spectra of ab-
sorbed CO at —196 °C on the samples with different con-
centration of vanadium. This can be caused by relative low
degree of reduction obtained after reduction in hydrogen at-
mosphere of 400 mbar at 450 °C for 3 h.

Analysis of the spectra obtained led to conclusion that
the main part of reduced V atoms are in 43 oxidation state.
Spectra of reduced samples show increasing in intensity of
silanol groups, caused by dissociation of V-O(Si) bonds and
formation of new H—O(Si) bonds. Reduction occurs with
formation of water. The band corresponds to overtone of
V=0 stretching modes decreases in intensity because of
oxygen withdrawing from V=0 species.

Different oxidation states (V% and V*3) and two differ-
ent species of V4* and V3* are established after NO adsorp-
tion at ambient temperature. A part of V3T cations forms
only mononitrosyls characterized by band at 1724 cm™!
whereas other part of V3% cations is able to bind two NO.

Results obtained after NO adsorption reveal existence of
three different kinds of vanadium species. Probably two of
them are isolated and associated vanadium sites. The third
type of vanadium has different surrounding than other two
types. It was demonstrated that NO is a better probe than CO
for testing the oxidation and coordination state of reduced
vanadium species.
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