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Redox Properties of Vanadium lons in SBA-15-Supported Vanadium
Oxide: An FTIR Spectroscopic Study
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The state of vanadium ions in@,/SBA-15 (2.7 wt % V) was studied with FTIR spectroscopy using CO and NO
as probe molecules. Neither CO (at 85 K) nor NO (at RT) adsorb on the oxidized sample because of the coordinative
saturation of ¥+ ions and the covalent character of the™#O bond. After treatment of the sample in 50 kPa H
at 673 K, the " ions are reduced to two different types of'\sites, as manifested by carbonyl bands at 2189 and
2177 cnt. In the presence of £at 85 K, thus formed ¥ ions are partly oxidized to % sites showing carbonylic
bands at 2202 and 2190 ctaWhen the reduced sample is exposed i@room temperature, the*Vions are fully
oxidized to \F*. The adsorption of NO on the reduceqQy/SBA-15 shows that the ¥ and \#* ions possess two
effective coordinative vacancies and as a result can adsorb two NO molecules forming the resge@i@\and
V4t(NO), dinitrosyls. The introduction of ©to the LO,/SBA-15-NO system leads to reoxidation of thé*and
V4t ions to \P* and formation of bridged (1639 cr¥) and bidentate (1573 cm) surface nitrates. After coadsorption
of CO and NO on the reduced sample the formation of surface mixed carbonyl-nitrosyls (2108 and I728asn
observed for the first time.

1. Introduction for distinguishing different vanadium oxidation states are (i) the
frequency of the absorption bands and (ii) the stability of the
respective adsorbate complexes. It has been shown tabivs

do not form carbonyl complexes due to their coordinative
saturation and the covalent character of tre®bond?7.18.26-28

V4t ions form onlyo-bonds with CO molecules. As a result, the
corresponding carbonyls absorb in the spectral range of-2212
2180 cnt! and are characterized by very low stabifify.8.24-26

A decrease in the positive charge of the vanadium ions, which
is equivalent to an increase in population of the d-orbitals, leads

to higher contributions ot-bonding between the vanadium ions

Vanadium-containing catalysts are used in a large number of
heterogeneous catalytic reactions such as oxidative dehydroge
nation of alkanes;, 4 oxidation of aromatic hydrocarbof$and
selective catalytic reduction of nitrogen oxidesAccording to
the literature, the catalytic behavior of vanadium catalysts strongly
depends on (i) the content and respective distribution of vanadium
specied; 11 (ii) the oxidation state of vanadiufg,and (iii) the
support material®~16 Several studies have reported a correlation
between the oxidation state of vanadium and its reactivity

behaviort217 From this point of view, it is important to have
detailed knowledge of the redox properties of the respective

catalysts. One of the most established techniques for determining

the nature of cationic sites that are accessible for adsorption is
the FTIR spectroscopy of adsorbed &3? On the basis of
previous studi€$:18.26-28on supported vanadia, the main criteria
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and the adsorbed CO moleculéTherefore, ¥+ ions can form
weaks-bonds with CO molecules, and the respective carbonyls
appear at lower frequencies (2197174 cnt1).17.1820.21|n
contrast, V" ions have a smaller charge and a higher d-electron
density, and hence they form stramgponds with CO molecules.
The respective ¥"—CO complexes absorb at about 2150¢ém
and are characterized by very high stabilitgummarizing, these
results show that CO is a good probe molecule for determination
of the oxidation state, but not the coordination state of surface
vanadium ions. Previous studies on NO adsorption on supported
vanadia have shown that both*Vand \#* ions can form
dinitrosyls}”-2%-32and it was concluded that NO is a better probe
molecule for determining the coordination state of vanadium
sites?9

For a detailed understanding of catalyst properties, the use of
materials with well-defined structure is necessary. Proceeding
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in this direction, we have studied a model catalyst consisting of

Langmuir, Vol. 23, No. 4, 2001769

2.2. Instrumental Methods. 2.2.1. Physical Characterization.

highly dispersed vanadia supported on the inner surface of theThe vanadium content of the,/SBA-15 samples was determined

mesoporous matrix of silica SBA-B534SBA-15 is a promising

by atomic absorption spectroscopy (AAS). The surface areas of the

new support material as (i) it possesses a well-defined structurePreépared samples were 826 and 44%gnor SBA-15 and YO/

based on the presence of uniform hexagonally arrayed channel
and a narrow pore size distributié(ii) its large internal surface
area ¢ 800 n¥/g) allows for the dispersion of a high number of
catalytically active site2® and (iii) its thick framework walls
(3.1-6.4 nm) provide considerable hydrothermal stability, which
exceeds those of the thinner-walled MCM-41 materials. Only

BA-15, respectively. They were measured by nitrogen adsorption/
desorption isotherms and standard multipoint BET analysis methods.
For details see refs 33 and 36.

2.2.2. FTIR Spectroscopyhe FTIR measurements were carried
out using a Perkin-Elmer S 2000 spectrometer with a resolution of
4 cmr! and an accumulation of 32 scans. Self-supporting wafers
were obtained by pressing the powdery sample under a pressure of

recently, we have demonstrated the excellent performance of10* kPa. The sample was treated directly in the IR cell connected

this catalyst system in methanol oxidation to formaldehyde and
in propane oxidation to acrylic acid:3” Although of great
potential for catalytic applications, there have been only few
reports on the preparation and reactivity behavior of SBA-15-
supported vanadia catalysts#!

The goal of this work was to investigate the state and redox

to a vacuum apparatus with a residual pressure of aboutkEa.

Prior to the adsorption measurements, the sample was evacuated at
673 K for 1 h. For reduction, the samples were heated in 50 kPa H

at 573 and 673 K, respectively,rfd h and then evacuated at the
same temperature. For low-temperature CO adsorption, the sample
was cooled to 85 K with liquid nitrogen. The evacuated cell with
CaR, windows was used to generate a background spectrum.

properties of highly dispersed vanadia supported on mesoporousresented are difference spectra obtained through subtraction of the
SBA-15. We used FTIR spectroscopy and CO as a probe moleculespectrum of the treated sample in vacuum from the spectrum in

to determine the oxidation state of the vanadium sites after

different pretreatments of the sample. The coordination state of

these sites was studied by adsorption of NO. To obtain more
detailed information about the properties of vanadium, we
investigated also the coadsorption of (i) N©OO, and (ii) CO

+ NO.

2. Experimental Section

2.1. Reagents and MaterialsCarbon monoxide and nitrogen
monoxide were of 99.997% and 99.5% purity, respectively. Silica
SBA-15 was synthesized according to published procedbiBetails
of the catalyst preparation are described elsewffeFeinctional-
ization of SBA-15 was achieved by stirring 2.5 g of SBA-15 in 100
mL of toluene at 338 K2 To this suspension was added 6.5 g of
3-aminopropyltrimethoxysilane (APTMS) with stirring. After stirring
for 12 h, the contents were filtered, washed with toluene, and stirred
in 150 mL of 0.3 M HCl for 12 h. The contents were filtered again,
washed with water, and dried in air overnight. SBA-15-supported
vanadia was synthesized using functionalized SBA-15 and buty-

presence of the probe.

2.2.3. X-ray Photoelectron Spectroscoplye measurements were
carried out using a modified LHS/SPECS EA200 MCD system
equipped with a Mg & source (1253.6 eV, 168 W). The binding
energy scale of the system was calibrated using Ay 4f84.0 eV
and Cu 2p;, = 932.67 eV from foil samples. The powder samples
were placed as-is in a stainless steel sample holder with a 0.6 mm
deep rectangular well covering an area of (4 8) mne. The base
pressure of the ultrahigh vacuum chamber was 1.0~1! kPa.
Charging of the powder samples was accounted for by setting the
peak of the Si 2p signal to 103.6 é¥Further data reduction included
satellite removal and subtraction of a Shirley background. Quantitative
data analysis was performed on the basis of peak areas by fitting
with 30/70 GaussLorentz product functions. Samples were treated
in 20 kPa H for 60 min at temperatures within 29888 K and
subsequently transferred to the analysis chamber without exposure
to air (quasi in situ).

3. Results
3.1. FTIR Spectroscopy-Spectrum of Activated Sample.

lammonium decavanadate as starting material, which was synthesizeqn, the region ofy(O—H) stretching modes, the IR spectrum of

according to a previous repdftFor a 2.7 wt % V/SBA-15 catalyst,

73 mg of butylammonium decavanadate was added to a suspensio

of 1 g of functionalized SBA-15 in 40 mL of water. The contents
were stirred for 12 h, filtered, washed with water, and dried in air.
The resulting orange powder was calcined at 860for 12 h.
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activated SBA-15-supported vanadium oxide exhibits an intense

'band consisting of two components with maxima at 3747 and

3743 cnt! due tov(O—H) vibrations of two types of silanol
groups (spectra not showtPAnalysis of the whole range reveals
that two more bands with low intensity are present at higher
frequencies, namely at 4577 and 4508 émAccording to
literature data obtained for conventional gt&'¢they can be
assigned to a combination mode of the respective stretching (

= 3750-3745 cn1?) and deformation modesgn = 870 cnT?)

of silanol groups; however, the deviation from the calculated
combination frequency is considerable. At lower frequencies,
bands at 1975, 1871, and 1650 ¢hwere registered. These
bands are attributable to overtones and combination modes of
SBA-framework skeletal vibratiorfs.

3.2. Low-Temperature CO Adsorption on Activated O,/
SBA-15.Low-temperature CO adsorption on an activated sample
results in the appearance of three bands with maxima at 2157,
2139, and 2110 cni (Figure 1, spectrum a). Simultaneously
with the formation of these bands, the band of the silanol groups
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The bands at 2139 and 2110 chare assigned to physically
adsorbed CO and H-bondé#O, respectively® A summary
- 3641 05 of the observed bands and their assignment is given in Table 1.

3.3. Low-Temperature CO Adsorption on Reduced YO,/
SBA-15. Initially the sample was treated with ,H50 kPa
equilibrium pressure) at 573 K and then evacuated at the same
temperature. The spectra that were registered after low-
temperature CO adsorption of thus-treated samples are compa-
rable to those obtained after activation in vacuum (not shown).
Hence, no significant reduction of vanadium occurs under these
conditions.

The situation is different after exposure of the sample o H
at 673 K and evacuation at the same temperature. Low-
temperature CO adsorption on the reduced sample results in the
appearance of bands with maxima at 2187, 2156, 2138, and 2110
‘ cm (Figure 2, spectrum a). The bands at 2156 and 2138 cm
, - 3742. , were observed after CO adsorption on the activated sample and
4000 3750 3500 3250 are assigned ta(C—0O) stretching modes of H-bonded and
physically adsorbed CO, respectivéftJpon evacuation at low
temperature, all bands in the spectrum start to decrease in intensity
(Figure 2, spectrum a). The most stable band in the spectra is
the one at 2187 cni. This band was not detected in the spectra
recorded after CO adsorption on vacuum-activatgOyXSBA-
15 or SBA-15 treated with Hunder the same conditions and,
hence, arise from vanadium carbonyls. A more detailed analysis
of the behavior of these species reveals a slight blue shift of the
band at 2187 crmt with decreasing coverage (Figure 2; see inset).
This trend could be explained with the so-called static effect,
which is typical for oxide-supported samples and indicates that
a fraction of the vanadium sites is associdfedowever, this
still leaves the question about the oxidation state of these vanadium
sites open. One of the most frequently used criteria for the
determination of the oxidation state of vanadium ions, besides
the frequencies of the registered bands, is the stability of these
carbonyls. With increasing temperature in dynamic vacuum, the
= = intensity of this band starts to decrease (Figure 3, panel A, spectra
m a—h) but at room temperature the band still retains about 40%
of its original intensity (Figure 3, panel A, spectrum h). After
p evacuation at 373 K, the band at 2189 ¢mlisappears completely

Wavenumber, cm from the spectrum (Figure 3, panel A, spectrum i). The high

Figure 1. FTIR spectra of CO (0.12 kPa equilibrium pressure) stability of the observed complex can be explained with a
adsorbed at 85 K on ¥D,/SBA-15 (a); after reduction of the CO  synergism between- andz-components of the bond between
pressure to 0.074 kPa (b), 0.054 kPa (c), 0.04 kPa (d), 0.03 kPa (e)yanadium and adsorbed G®The phenomenon of-back-
0.02 kPa (f), 0.01 kPa (g), 0.006 kPa (h), 0.004 kPa (i), 0.003 kPa y5nation is typical only for vanadium ions in lower oxidation
(). 0.0015 kPa (k); and after evacuation at 85 K (I, m). state, such as 3 or V2 ions17.18.2021Fgr CO adsorbed on
at 3742 cm? decreases in intensity and a new band with a V/Sj0,, Davydo’ detected a band at a similar position (2185
maximum at 3641 cmt forms in the spectrum (Figure 1, spectrum cm™1) and assigned it to ¥ —CO complexes. A comparable
a). Detailed analysis of the spectra reveals an isosbestic point aband position around 2185 cthwas also observed for CO
3693 cnt! between the band of the silanol group and the new adsorbed on VAPO-8 VMgAPO-52° and V/ALOs—TiO»?
band, which proves the interconversion of these two OH-species.and assigned to% —CO species. On the basis of these literature
The band at 3641 cnt has a complex shape and the two other data7.1820-22 e assign the band at 2187 chto thew(C—0)
components at 3670 and 3618 chare assigned to perturbed  stretching mode of % —CO carbonyls.
v(O—H) stretching modes of silanol groups. The temperature-dependent changes in the reduction behavior

With decreasing CO coverage the bands at 2157 and 2139aswell as the above assignment of the oxidation state are supported
cm ! decrease in intensity and, simultaneously, the bands dueby XPS data. Figure 4 shows XP spectra QDYSBA-15 after
to v(O—H) stretching modes are restored to their original state. H,treatment at 298688 K together with the results of the peak-
The bands at 3641 and 2157 chare attributed to(O—H) and fitting procedure. For analysis, the spectra were fit with three
v(C—O0) stretching modes of the respective ©B0 species  peaks using binding energies typical for vanadium species that
that are formed through interaction of CO with silanol groups  are interacting strongly with silica (518.7 eV), vanadium species
of the SBA-15 support® The value of theAvoy shift (~x—100 as part of extended X0, aggregates such as in@s (517.3 eV),
cmY) is comparable with the respective shift for the silanol and reduced vanadia V) species (515.9 eV#48 The fwhm
groups of SiQ (Avon ~ —90 cnmh) reported in the literatur&®
It follows that the acidity of the respective silanol groups is not _ (47) Horvath, B.; Struntz, J.; Geyer, J.; Horvath, EZGAnorg. Allg. Chem.
influenced by the bulk structure but depends only on the chemical 19?18‘)“&&1'& C. M- Schneider. M. Fabrizioli. P.- Baiker. A. Mater.
composition of the support. Chem.1997 7, 271. T " '
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Figure 2. FTIR spectra of CO (0.13 kPa equilibrium pressure) adsorbed at 85 K on redyOg($BA-15 (a); after reduction of the CO
pressure to 0.074 kPa (b), 0.026 kPa (c), 0.009 kPa (d), 0.004 kPa (e), 0.001 kPa (f); and after evacuation at 85 K (g, h).

Table 1. Assignment of the Bands Observed after Adsorption of CO or NO and after Coadsorption of NG- O, and of CO + NO on
V,O,/SBA-15

band, cnmt probes species assignment site note

Assignment of Bands Observed after Adsorpt|on of G)(I):EO)g = 2143 cnrY57
2202 CO VW—=CO v(C-0) low stability
2190 Cco W=CO r(C-0) V4+ low stability
2189 \B+=CO v(C-0) V3 * decomposed & = 373 K
2177 co =CO »(C—0) V3t decomposed & = 373 K
2157 Cco H-bonded CO v(C-0) H* low stability
2139 ({0 physically adsorbed CO  »(C—0) low stability
2110 CO H-bondedfCO r(C-0) H* low stability

Assignment of Bands Observed after Adsorptlon of NQI‘K O)y = 1876 cnT1]%’
1909 NO VA (NO), Vs decomposed at = 373 K
1830 NO \EH(NO), Vs V3+ high stability
1763 NO VH(NO), Vas V4t decomposed & = 373 K
1686 NO \BF(NO), Vas Vet high stability
1620 NO nitro compounds vadNOy) V5 disappears at excess 0f O

Assignment of Bands Observed after Coadsorptlon of NO and O
1639 NO+ O, bridging nitrates V3 V5t decomposed &t = 573 K
1573 NO+ Oy bidentate nitrates v3 V5t decomposed &t =573 K
Assignment of Bands Observed after Coadsorption of CO and NO

2108 CO+ NO V3HAH(CO)(NO) »(C—0) V3 or VA+ appeared only after interaction of CO and NO
1723 CO+ NO V3HAH(CO)(NO) »(N—0) V3 or 4+ low intensity

was held constantat 2.4 eV. The results of the peak-fitting analysisdetected (Figure 5, spectrum a). The presence of this band shows
are summarized in Table 2. Figure 4 shows an increase in thethat after this treatment the main part of the vanadium sites is
amount of \A* with increasing temperature, which amounts to in their +3 oxidation state. The introduction of, 310 kPa
50% after H treatment at 688 K. Besides the increasing degree equilibrium pressure) into the cell leads to the following changes
of reduction, an increase in the intensity ratio of the peaks at inthe spectra: (i) the intensity of the band at 2189 ¢strongly
518.7 and 517.3 eV is observed, which is a result of changes indecreases and (ii) several new bands with maxima at 2349, 2202,
the oxidation state distribution of vanadia uposti¢atment and 2190, and 2157 cni are observed in the spectrum.
will be discussed in detail in a forthcoming publication. The bands at 2349 and 2157 chare attributed to C@and
Further inspection of the IR spectra shows that the band atH-bonded CO, respectivel§. An interesting change in the
2187 cnt! consists of two components with maxima around spectrum is the appearance of the two bands at 2202 and 2190
2189 and 2177 cmi, with the species at lower wavenumbers cm™1. In this case, it is difficult to determine the oxidation state
being slightly more stable (Figure 3, panels A and B). It follows of vanadium in the respective carbonyls because the ranges of
that two kinds of \#* ions with different electrophilicity are  the positions of different ¥¥—CO or V*™—CO species over-
located in the channels of the support. To obtain additional lap182°One possibility to elucidate the vanadium oxidation state
information about the nature of thesé"\sites, we investigated is to evaluate the stability of these carbonyl complexes. From
their reactivity with Q. Figure 6 it can be seen that upon evacuation at 85 K the bands
3.4. Reoxidation of the Reduced YO,/SBA-15 Sample3.4.1. at 2202 and 2190 cm start to decrease in intensity and finally
Reoxidation of the Sample with,@t 85 K. The sample was  disappear completely. The low stability of these complexes shows
initially reduced with H (50 kPa equilibrium pressure) at 673 that the bonds between the respective vanadium sites and CO
K and then evacuated at the same temperature. After adsorptiormolecules have mainky-charactet’1820These vanadium sites
of small amounts of CO (0.0004 kPa equilibrium pressure) at 85 are in a higher oxidation state than®*Vions because our
K only the band at 2189 cm due to \B*—CO carbonyls was investigations of the stability of % —CO carbonyls show that
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Figure 4. XP V 2ps, spectra of VO,/SBA-15 together with the
results from the peak-fitting procedure after treatment in 20 kiPa H
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Figure 3. Stability of the carbonyls of the reduced®/SBA-15
(A) during a gradual increase of the evacuation temperature to 298
K (a—h), after evacuation at 373 K (i). (B) Spectrum h together with
the results from a least-square fit. - T T T T
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these complexes decompose only upon evacuation at 373 K, p
which is an indication of the synergism between and Wavenumber, cm

s-components in the ¥ —C bond!71826-22On the basis of the  Figure 5. FTIR spectra of CO (0.0004 kPa equilibrium pressure)
different stability of the corresponding vanadium carbonyls we adsorbed at 298 K on reduced®/SBA-15 (a), addition of @(10

can assign the bands at 2202 and 2190 cta two different kPa equilibrium pressure) at 85 K (b), spectrum b together with the
types of W —CO specied’1820An additional argument that ~ "eSults from a least-square fit (dotted lines).

supports this hypothesis is the lower intensity of these carbonyls taple 2. Results of the XPS Analysis of YO,/SBA-15 after H,

in comparison with the intensity of the bands of th&*CO Treatment
species. Itis well-knowA¥that the formation afi-back-donation 518.7 517.3 515.9 A(518.7)/
increases the polarization of the adsorbed CO molecules. As a  gmp (k) (%) (%) (%) A(517.3)
rgsult, the intensity of the bands of the respective carbonyls is 298 310 505 185 061
higher. o , . 461 36.3 453 18.4 0.8
3.4.2. Reoxidation of the Sample with&298 K.The initially 565 32.0 36.1 31.9 0.89
reduced sample was exposed tq @ kPa equilibrium pressure) 660 34.9 29.3 35.8 1.19
at 298 K and subsequently the sample was cooled to 85 K. CO 688 28.3 21.4 50.3 1.32

adsorption on this sample results in the appearance of bands due

to H-bonded and physically adsorbed CO only (spectra not On the basis of the results obtained after reoxidation of the
shown). The absence of any bands in the spectrum due toreduced sample, we can conclude that (i) when the reduced sample
vanadium carbonyls demonstrates that all vanadium ions areis in contact with @ at low temperature,  sites are partly
completely oxidized to ¥". oxidized to \** ions with concomitant formation of Cnd (i)
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Figure 6. Stability of the carbonyls on the reoxidized®/SBA-
15 after evacuation at 85 K with time<{@). Spectra are offset for
clarity.

contact with Q at room temperature leads to complete oxidation
of V3% jons to P,

3.5. Adsorption of NO on Reduced VYO,/SBA-15. Similar

Langmuir, Vol. 23, No. 4, 2001773

the symmetric¥s) and antisymmetric,) modes of \FH(NO)s.

The formation of these dinitrosyl species shows that the respective
V4t and \B* ions possess two effective coordination vacancies
and as aresult can adsorb two NO molectlé8:32 The detection

of V4 and \#" by NO, in contrast to the detection of onlyV

by CO, is explained by partial oxidation of¥with concomitant
formation of nonadsorbing nitrogen compounds.

The band at 1620 cni could either be due to surface nitro
or nitrato complexes, which are obtained as a result of NO
oxidation3? To obtain more information about the nature of the
species responsible for this band, we investigated the reactivity
of these complexes toward,O

3.6. Coadsorption of NO and Q on Reduced \(O,/SBA-
15.NO (0.2 kPa equilibrium pressure) adsorption on the reduced
sample leads to the appearance of a series of bands with maxima
at 1902, 1827, 1759, 1740, 1686 cthas well as a weak band
at 1620 cn! (Figure 8, spectrum a). Analysis of the spectra
shows that the band at 1759 chwhich was assigned to the
vasmode of the V7(NO), species, has a complex character with
ashoulder at 1740 cni(Figure 8, spectrum a). Recently, studying
NO adsorption on VSIBEA zeolite, lvanova et?lobserved a
similar behavior, i.e., the splitting of the antisymmetric mode of
the VW (NO), complexes into two components. On the basis of
these results, the authors suggested the existence of two types
of V47(NO), dinitrosyls. These observations fit well with our
results obtained after the CO adsorption, which show that two
V4T sites with different electrophilicity are present in the SBA-
15 matrix. From this point of view we can assign the band at
1740 cm! to the v,s mode of a second 4/(NO), dinitrosyl

to CO, NO does not adsorb on the oxidized sample. However, species. After introduction of £0.7 kPa equilibrium pressure)

after reduction of the sample with, K60 kPa equilibrium pressure)

into the system all bands decrease in intensity and their maxima

at 673 K and subsequent NO exposure at room temperature are blue-shifted (Figure 8, spectrum b). The fact that after contact
several bands with maxima at 1909, 1830, 1763, 1686, and 1620with O, the band at 1620 cni starts to decrease in intensity
cm~! (Figure 7, spectrum a) were registered in the spectrum. indicates that this band is not due to nitrates but probably due
These bands are very stable and still exist even after more tharto anionic oxo-compounds containing nitrogen in a lower

1 h of evacuation (Figure 7, spectra-f). However, upon
evacuation at 373 K, the bands at 1909, 1830, and 1763 cm
disappear and only the bands at 1686 and 1620 'are still
present (Figure 7, spectrum g). According to the literdftA%32
the bands with maxima at 1909 and 1763 @rare assigned to
the symmetricis) and antisymmetricia9 modes of VF+(NO),,
whereas the bands at 1830 and 1686 tare characteristic for

oxidation state. We assign this band to thgNO,) stretching
modes of nitro compoundd.The evolution of the spectra when
the sample was kept in the mixture of NO angshows mainly

two things: (i) the bands due tQandv,sof V3T (NO), decrease

in intensity and disappear much faster than the bands of the
respective V(NO), species (Figure 8, spectra-h) and (ii)
simultaneously new bands appear with maximaat 1639 and 1573

Absorbance

T T T T T T v
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T T
1800

T M T T T M T T
1750 1700 1650 1600 1550
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Figure 7. FTIR spectra of NO (0.2 kPa equilibrium pressure) adsorbed at 298 K on redyGptEBA-15 (a) after evacuation at 298 K

(b—f) and at 373 K (g).
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Figure 8. FTIR spectra of NO (0.2 kPa equilibrium pressure) adsorbed at 298 K on redyCgtEBA-15 (a), addition of @ (0.7 kPa
equilibrium pressure) at 298 K (b), development of the spectra with tim@,(;ncreasing the amount of Qo 1 kPa (k) and 2 kPa (l) and
(inset) evacuation at 298 K (m), at 373 K (n), at 473 K (0), and 573 K (p) (spectra offset for clarity).
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Figure 9. FTIR spectra of CO (0.56 kPa equilibrium pressure) adsorbed at 298 K on redydg&BA-15 (a), addition of NO (0.5 kPa
equilibrium pressure) at 298 K (b), and development of the spectra with tifrg. pectrum a in the left panel is offset for clarity.

cm~1, which are due to surface nitrates (Figure 8, spectij & sample showed that % and \** possess two effective
The nature and the symmetry of the lGpecies will be discussed  coordination vacancies and as a result can form dinitrosyl species.
later. As the NO and @mixture is a strongly oxidizing medium,  Therefore, it was interesting to investigate the possibility of mixed
we can explain the decrease in intensity of thig(XO),- and V3+H4+(CO)(NO) complex formation after coadsorption of CO
V4T (NO) -related bands by reoxidation of the respectiv& V. and NO on the reduced {@,/SBA-15. For this purpose, we
and V" ions to VP, Thus-formed V' sites are occupied by investigated both (i) CG- NO and (ii) NO+ CO coadsorption.
surface nitrates, which are characterized by bands at 1639 and 3.7.1. Coadsorption of CO and NO on Reduce@ySBA-15.
1573 cn1.30-32 |t should be noted that the®V ions are more ~ CO adsorption (0.5 kPa, equilibrium pressure) on the reduced
stable under these conditions than tHé Sites. Afterincreasing ~ sample at ambient temperature leads to the appearance of a band
the oxygen partial pressure to 1 and 2 kPa, respectively, only at 2187 cmt with a low frequency shoulder, both assigned to
bands due to thes andvasmodes of the ¥"(NO), species and  V3*—CO carbonyls (Figure 9, spectrum a). However, after
the surface nitrates are observed (Figure 8, spectra k,l). Aintroduction of NO (0.5 kPa, equilibrium pressure) into the system
comparison of the corresponding band intensities shows thatthe following changes in the spectra are observed: (i) in the
under these conditions the main fraction of the vanadium sites 2250-2000 cn1? region the band due to%/—CO carbonyls
is in a+5 state and only a negligible amount ofVions is disappears, whereas another low-intensity band with a maximum
present on the surface. The formed nitrates are characterized byat 2108 cm* appears in the spectrum (Figure 9, spectrum b,
very high stability. The bands of these complexes disappearedsuperimposed gas-phase CO visible due to low intensity). With
completely only after evacuation at 573 K (Figure 8; see inset, time the intensity at 2108 cr decreases until the band is barely
spectra m-p). distinguishable (Figure 9, spectra-f). The appearance of a
3.7. Coadsorption of CO and NO on Reduced YO,/SBA- v(CO) stretching band at such a low frequency is quite unusual
15.The results of the NO adsorption experiments on the reducedfor cationic vanadium and, to the best of our knowledge, has not
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Figure 10. FTIR spectra of NO (0.5 kPa equilibrium pressure) adsorbed at 298 K on redyGptbBA-15 (a), addition of CO (0.5 kPa
equilibrium pressure) at 298 K (b), and development of the spectra with timi¢. (8pectra shown in the left panel are offset for clarity.

been reported previously in the literature. As mentioned before, the band at 2108 cm, additional coadsorption experiments of
the lowest-frequency bands of cationic vanadium carbonyls are NO (0.5 kPa, equilibrium pressure) and CO (0.5 kPa, equilibrium
those of VVF—CO complexes, which absorb typically around pressure) were performed. It can be seen from Figure 10 that
2150 cnT?. During their investigation of the adsorption properties  after the initial adsorption of NO (0.5 kPa, equilibrium pressure)
of vanadium atoms deposited on an ultrathin silica film, only bands due to ¥ (NO), and \#*(NO), dinitrosyls (Figure
Immaraporn et at?detected a band at 2075 chat CO saturation 10, spectrum a) appear. No adsorbate-related bands are detected
coverage, which was assigned to V(G@jcarbonyls. We can in the 2306-2000 cn1? region. However, after CO adsorption
expect that the oxidation state of vanadium in our case is either (0.5 kPa, equilibrium pressure) the band at 2108 tappears

+3 or+ 4 because of (i) the existence of the band at 2187'cm  in the spectrum. The fact that this band has not been observed
due to \B"—CO species after initial adsorption of CO and (ii) after adsorption of CO (Figure 9, spectrum a) or NO (Figure 10,
subsequent introduction of NO into the system, which is an spectrum a) but after coadsorption of GONO or NO + CO
oxidizing medium. On the basis of these considerations, we canstrongly supports the idea about the formation of mixed carbenyl
exclude the possibility that this band is due to carbonyls formed nitrosyls. While the intensity of the band at 2108 dndoes not

with participation of vanadium atoms. Another possible explana- change significantly with time, the bands of the dinitrosyl species
tion for the presence of the band at 2108 ¢may be that it at 2006-1550 cnt! decrease in intensity (Figure 10, spectra
is not due to “pure” vanadium carbonyls. Taking into account b—f).

that this band was registered only after coadsorption of CO and

NO, we can propose that it could be due totf€0O) stretching 4. Discussion

mode of \B4+(CO)(NO) mixed complexes, as discussed later. 4.1. Redox Properties of Vanadium lons in YO,/SBA-15
Simultaneously with the afpearan.ce ofthe band at 2108,cm In the. initial state after activation in vacuum, nz) CO or .NO

!oands due to ¥(NO), anld v .(NO)2 dinitrosyls startto Qevelop complexes were formed at 85 K or room temperature, respectively.

in the 20068-1600 cm- region of the spectrum (Figure 9, This observation suggests that vanadium is in a coordinatively

spectrum b). Analysis of the shape of the band Of&mde saturatedt5 state and supports the opinion that\ions do not

of the V**(NO), complexes at 1763 cm shows that initially form carbonyl or nitrosyl complexé€18.26-28 Unfortunately,

theret 'S absn\}s'ltlhsthouldﬁrbat d17'23;hﬁr2(g,lggm%rgog; slee INS€L, e cannot obtain further information about the state of the V
spectrum b). With time all bands in the cm-region ions because the fundamental vibrations of vanads©y groups

increase in intensity while the Intensity o_f the 17_23‘ér1_)anq . overlap with support absorptions and the overtones are apparently
decreases. The temporal behavior of this band is quite S|m|Iartoo weak

to that of the band at 2108 crh therefore, we can propose that .
the band at 1723 cnd is probably due to the(NO) stretching The state of the SBA-15-supported vanadia could be altered
through reduction and oxidation treatments, and the positions

mode ofthe_respgctlve mlxed complexes. However, it should be and assignments of the bands observed after CO and NO
noted that this assignmentis questionable, because of the presence

of very intense bands of the?Y(NO), and \B*(NO), dinitrosyls adsorption are summarized in Table 1. Criteria for the distinction
in that region, which are overlappzing with the riespective band of carbonyl complexes are (i) stability and (ii) band intensity.

. 7 : . -___The VW"—CO complexes are decomposed after evacuation at 85
and hindering the interpretation of the spectra. The comparison he | bilitv of th | indi hat tHe
of the behavior of the bands at 1763 and 1723 tshows that K. The low stability of these complexes indicates that the V

. L S > . sites coordinate to CO mainly viaabond!”:1820which also
anisosbestic pointis located between them, which is an indication . . ; :
- . ! . . . results in a low intensity of the respective carbonyl bands. The
for the interconversion of the respective species (Figure 9; see

3+_ . .
inset, spectra b,c,k). V3t—CO complexes are stable up to 373 K (Figure 3). The high

3.7.2. Coadsorption of NO and CO on Reduce@)SBA-15 stability of these species indicates synergism betweeand
To investigate the nature of the species that are responsible forn-components7o Igt 2(? bond b_etween vanadium ions and adsorbed
CO moleculed? 1820 Formation of thez-component strongly

(49) Immaraporn, B.: Magg, N. Kaya, S.: Wang, J-uBr, M.; Freund increases the polarization of the CO dipole, and as a result, the
H.-J. Chem. Phys. LetR004 392, 127. respective carbonyls are characterized by more intense Bands.
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The V' sites are not reduced through treating the sample in

Venkao et al.

4.3. Heterogeneity of Vanadium lons in O,/SBA-15.As

H, at 573 K, indicating that these sites are very stable. After shown above, after reduction of,®,/SBA-15 with H, at 673

heating the sample to 673 K in,HV>" sites are reduced to®V

K, two bands were observed in the IR spectra, which are due to

ions, probably via elimination of water. This result is consistent V3*—CO carbonyls. The presence of two bands suggests that in
with the results of the XPS experiments, which show that after the channels of the support two different kinds ¢f"\tons are

treatment in Hat 688 K for 1 h, 50% of V" is reduced to V*.
Two carbonyl bands at 2189 and 2177 drindicate two types
of V3t species. In the presence of oxygen at 85 K, thesesites

present. A similar effect has also been observed by other authors
for CO adsorption on V/Si©'"-21Comparison of the results of
these authors and our data shows that the heterogeneity of the

are reoxidized to ¥" ions. Upon exposure to oxygen at room vanadium species is influenced by the chemical composition but

temperature, the¥ sites are fully oxidized to ¥ ions, because

not the structure of the support. On the basis of FTIR and-UV

carbonyl complexes cannot be formed anymore. The milder vis spectroscopic data, Davyddvand Jonson et &L have

oxidizing agent NO leads to partial oxidation ofVto V4" at
room temperature.

proposed that the two vanadium sites are characterized by different
coordination numbers. There are several possible causes for this

The data demonstrate that the release of oxygen from theeffect. One of them is that in the channels of SBA-15 there are

SBA-15-supported vanadia species, at least withald the

(i) isolated and (ii) associated vanadium sites. In this light, Jonson

reducing agent, is difficult and requires a temperature as high et al2* have reported that with increasing vanadium content the
as 673 K. On the other hand, uptake of oxygen and reoxidation position of the main band of the®—CO species is blue-shifted.
of V3" to V4T or VT is facile and rapid. Coordination vacancies After CO adsorption on reduced 0.1 wt % V/Si(815 n?/g)

of the reduced species are easily replenished by oxygen transfethey found a band at 2183 crh while for 2 wt % V/SiQ (265

from molecular @ or NO. A similar type of redox behavior as
described above for ¥0,/SBA-15 has also been observed for
other silica-supported vanadia catalyst32%demonstrating its
more general character.

m?/g) the band of the respective complexes appeared at 2187
cm 121 This indicates that the position of thé*~-CO related
band is very sensitive to the vanadium content. In our case (2.7

wt % V), the band maximum was located at 2189 énwhich

For applications in partial oxidation catalysis, it is expected suggests that the vanadium sites in the matrix of SBA-15 are
that the transfer of oxygen to the substrate is rate-limiting and partly associated.

not the catalyst reoxidation. Indeed, Argyle eP%found that
the rate constant for reoxidation of®,/Al Oz catalyst during
propane oxidative dehydrogenation is8times larger than that
for the C—H bond activation reduction step. In the light of our

Another possible reason for the heterogeneity of the vanadium

sites is that one of these sites is bound to isolated hydroxyl

groups. This model has been proposed in the literature for

VITiO2%2250and V/ALOs—TiO,%2 In this case, the respective

data, the release of oxygen, which s tightly bound to the vanadium, vanadium sites are characterized by different surroundings, which

will pose a significant activation barrier. Hence, the reason for
the slow first step must not be the difficult activation of the

could explain the difference in their electrophilicity. However,
before and after reduction of the sample we did not observe any

substrate. This point can be further elucidated using different additional bands due to-€H vibrations of hydroxyl groups,

reducing agents.
4.2. Coordination State of Vanadium lons in \{O,/SBA-
15. Similarly to other authord? our results show that NO is a

better molecule than CO to determine the coordination state of

the vanadium ions. NO adsorption on reduce@®ySBA-15
(Figure 7) reveals that the®Vand \V** ions possess two effective

which could be assigned to OH coordinated to vanadium sites.

Therefore, we believe that this hypothesis can be ruled out in our
case.
Previous resul# have shown that during the synthesis of

V,O,/SBA-15 the vanadia precursor interacts with the surface

silanol groups of the support. We have observed two different

coordinative vacancies and as a result can form dinitrosyl specieskinds of surface silanol groups, which might play a role as

The formation of \#*(NO), and V**(NO), complexes after NO

adsorption sites for vanadium. Previously, several authét8®

adsorption has been observed before on other vanadium-have proposed the presence of different kinds of silanol groups

containing samples, such as V/SI0) VSIBEA 2% V/TiO,,17:30
V,05/Zr0,,31 and V,Os/Al,03.17 Comparison of these results

on SiQ. Hair and Herf> have proposed that the band due to the
v(O—H) vibrations of silanol groups consists of three components.

indicates that the formation of dinitrosyl species is a property An explanation has been given by other auti8f, who
that depends mainly on the state of the vanadium ions while the suggested that silanol groups could be distinguished into (i)
role of the support is minor. We believe that it is due to these isolated, (ii) geminal, and (iii) vicinal hydroxyl groups. Hence,

properties that the ¥ or V4" ions in the matrix of SBA-15 are
able to coordinate simultaneously CO and NO to form the
respective V4+(CO)(NO) mixed complexes, which are char-
acterized by bands at 2108 and 1723 émAnalysis of the
literature dat&!-52 shows that previously only results for bulk
mixed carbonytnitrosyls of vanadium were presented. There
is no report on mixed carbonyhitrosyl surface species. In 1961,
Hieber et aP?reported the preparation of a V(GO complex,
which is characterized by very low thermal stability. Later this

one would expect the carbonyl complexes of vanadium ions
located on isolated and geminal silanol groups to have slightly
different frequencie&®

4.4. Symmetry of Surface Nitrates.The free NQ™ ion has
Dan symmetry. Therefore, it has only one infrared active mode
vz at 1380 cml. The respectiver; mode is Raman-activ@.
However, nitrates coordinated to the surface have lower symmetry
(Cy). As a result, the respectives mode splits into two
componentsvgNO,) andv,d NO;)—and thev; mode becomes

compound was isolated and characterized by infrared spectrosqir-active. The value of the splitting betweegNO,) andvas

copy. The following bands were reported({NO), 1695 cn?;
v(CO), 2100, 2050, 1990 cri.>! These results show that

(53) Kantcheva, M. M.; Hadjiivanov, K. I.; Klissurski, D. Q. Catal.1992

vanadium is able to simultaneously coordinate CO and NO 134 299.

molecules.

(50) Argyle, M. D.; Chen, K,; Iglesia, E; Bell, A. T. Phys. Chem. B0O05
109, 2414.

(51) Fjare, K.; Ellis, J.J. Am. Chem. Sod.983 105 2303.

(52) Hieber, W.; Peterhans, J.; Winter, Enem. Ber1961 94, 2572.

(54) Boehm, H. PAdv. Catal. 1966 16, 179.

(55) Hair, M. L.; Hertl, W.J. Phys. Chem1969 73, 2372.

(56) Shenderovich, I. G.; Buntkowsky, G.; Schreiber, A.; Gedat, E.; Sharif,
S.; Albrecht, J.; Golubev, N. S.; Findenegg, G. H.; Limbach, H.HPhys. Chem.
B 2003 107, 11924.

(57) Weidlein, J.; MUer, U.; Dehnicke, KSchwingungsspektroskopigeorg
Thieme Verlag Stuttgart: New York, 1988.
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(NO,) and the position of the; mode depend on the (i) symmetry by the results of the CO adsorption experiments, as discussed
and the (ii) strength of the bond between the nitrates and the above.

surface sites. The splitting between théNO,) and v,dNO,)

modes of nitrates decreases in the following order: bridged 5. Summary

bidentate> monodentate nitraté8 From this point of view, the . T,

differences in the position of the(NO,) andv.dNO,) related g\fterdt;e?;ment onr\ny/ SSA{SdQ'._bat 673 K’.\lﬁ sﬁezlar%

bands of the nitrates could be useful for the determination of the 'S2UceA 0 +|_ons. us-obtained’y lons are easily reoxidized,
namely to V** in the presence of £at low temperature (85 K),

symmetry of the respective nitrates. Unfortunately, in our case . A

the bands due to thes(NO,) and v, stretching modes of the Egma en:z;)'r(ltjur;e ZL d\}c/(;/m I(Ier:elthetoggstﬁrr]gs rc])f goata:ogorgm
nitrates are masked by the intrinsic absorbance ¥ BA-15, temperat re’ Hence repo 'dgt'on is m cﬁ more facile than
hindering the determination of the symmetry of the ;NO redl?ctionu ) ’ xidation u '

complexes. However, the symmetry of the nitrates can also be o )
Two types of \A™ or V4* are detected, indicating vanadium

identified solely on the basis of the position of thg{NO,) . ! o . .
stretching mode. Miyata et &.observed a series of bands at sites of different electrophilicity in the matrix of silica SBA-15.

1629, 1180 cm! and at 1581, 1220 cm after adsorption of A fraction of the V sites is most likely associated at a content
NO, on V,0s/ZrOs, which were assigned to bridged and bidentate ©f 27 W% V. _ . o
nitrates, respectively. For the adsorption of Néhto V/TiO,, The V#* and V** ions possess two effective coordinative
Dines et af® observed the formation of nitrate bands at 1643, vacancies. As a result, they can adsorb (i) two NO molecules to
1572, and 1535 cri, which they assigned to bridged, bidentate, form the respective #(NO), and V**(NO), dinitrosyls and (ii)

and monodentate species, respectively. These adtoalieve ~ 0ne COand one NO molecule to form mixed carbemnyitrosyls.

that the respective nitrato species form after interaction of NO

with oxygen from the vanadyl groups. By analogy to these results,  Acknowledgment. The authors are grateful to Jutta Kireert
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