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The influence of water on the dispersion and structure of silica SBA-15-supported vanadia model catalysts
has been studied using X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy, which were combined
within one experimental setup, as well as Y¥s diffuse reflectance spectroscopy. By performing time-
dependent XPS experiments, the influence of UHV/X-ray radiation could be eliminated by extrapolation of
the observed temporal changestte 0. XPS characterization reveals that the Y2pmission consists of

two contributions, which are assigned to vanadia with distinctly different cluster size. Dehydration by treatment

in oxygen flow at elevated temperatures leads to a significant increase in total intensity and a substantial
redistribution of spectral weight to higher binding energies as a result of an increase in the vanadia dispersion.
The V/Si XPS intensity ratio of the dehydrated samples closely follows the corresponding bulk ratio over the
whole range of vanadium loadings<{@2 wt % V) studied. This observation renders possible a correlation

of XPS and Raman results allowing for quantification of Raman features such as the relative cross sections
of the vanadyl surface species. It is shown that the observed changes in vanadia dispersion are directly associated
with the changes in the molecular structure of the surface vanadia species.

Introduction Raman band in the 950 crhregion, the absence of that band

) ) o ~therefore neither proves nor excludes the presence-edV

Supported vanadium oxide catalysts exhibit a large potential y;_

for a variety of oxidation reactions such as the selective | has been shown that the dispersion of supported metal
oxidation of methane and methanol to formaldehyde and the iges catalysts can be determined by measuring the oxygen
oxidative dehydrogenation of ethane and propahiewever, uptake of the reduced active phase (e.g., vanadium oxide) in
despite extensive research, there are still fundamental aspectg, oxygen chemisorption experiménThis indirect method
of supported metal oxide catalysts, which have not been gjows for evaluation of the fraction of accessible active phase
addressed in thellllterature adequatgly to their |mp0rtqnce, SlfChatoms, but results may be complicated by the uncertainty of
as carbon deposition and changes in catalyst dispersion duringne extent of reduction and restructuring of the active phase. In
reaction” Water is a common product of selective oxidation ¢ontrast, XPS can provide direct information on the dispersion
reactions of alkanes. In addition, water vapor is often added to of sypported metal oxide cataly&tsuch as vanadia supported
the feed to improve the catalyst performance. The conditions o Si0,, Al,05,11 and Ti0.!2 Interestingly, in previous XPS
of operation allow for hydrothermal reactions involving oxola- - stydies on silica-supported vanadia catalysts and vanadia-silica
tion and olation processes leading to polymerization/depolym- mixed oxide systems vanadium species with ¥2pinding
erization of an initial VOy condensate. It is known from the  gnergies of up to 2 eV higher compared to those of reference
literature that the structure of the fully hydrated state of silica- compounds such as,@s were found, which were attributed to
supported vanadia species closely resemblg3;¥H20 gels  yanadium species strongly interacting with sifiéal” However,
with vanadium in pseudo-octahedral coordination forming layers the apove studies were performed on samples exposed to air
of two-dimensional polyvanadatés: Dehydrated vanadia at  pefore being introduced into the XPS chamber without further
low V coverages, i.e., below the coverage at whicjOYis treatment. Despite the well-known influence of water, XPS has
formed, has been proposed to be present as isolated tetrahedrgjnly recently been applied to study the effect of dehydration
VO,4.4~8 However, in recent FT-IR experiments on silica SBA-  on the vanadia dispersidf.
15-supported vanadium oxide using NO as probe molecule, the  The combination of spectroscopic techniques within one setup
formation of V-bon.ded bridged nitrates was observed _imp!ying to study the same sample offers the advantage to obtain
the presence of dimers and/or polyméiBhis observation is  gpectroscopic results which can be directly correlated, as any
consistent with a recent experimental and theoretical model jnfluence of both the particular sample and the reaction cell
catalyst study on alumina and silica-supported vanadia, which geometry, which may affect the heating and gas flow conditions,
has shown that the Raman feature observed around 950 cm s removed. Combining XPS with Raman spectroscopy is of
for the alumina system is due to an-AD—V interface mode  particular interest for the characterization of heterogeneous
rather than -O—V vibrations as has been suggested in the catalysts as these methods provide complementary information.
literature? Regarding the silica system, which does not show a whereas Raman spectroscopy provides bulk information on the
catalyst structure, XPS can give access to the composition,
* Corresponding author. E-mail: hess@fhi-berlin.mpg.de. oxidation state(s) and dispersion of the surface region of the
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TABLE 1: BET Characteristics of the Synthesized SBA-15-Supported Vanadium Oxides Compared to the Blank SBA-15
Support

\Vi \V] \Y Seer do Vo
(wt %) (nn?) (mmol/g) (m?g) (nm) (mL/g)
SBA-15 0.0 0.0 0.0 897 7.0 1.1
SBA-15 (0x) 0.0 0.0 0.0 408 6.2 0.5
2.7 wt % V/SBA-15 2.7 0.7 0.53 445 6.7 0.5
5.4 wt % V/SBA-15 54 1.4 1.05 440 6.6 0.5
10.8 wt % V/SBA-15 10.8 4.7 2.12 273 55 0.3
21.9 wt % V/SBA-15 21.9 47 4.30 55 4.8 0.1
3.6 wt % V/SBA-15 (im) 3.6 0.7 0.71 646 6.8 0.8

catalyst. Previously, Raman spectroscopy has been combinedl5 (ox), was prepared according to the above procedure,
with FT-IR, UV—vis, EPR and ED-XAFS as summarized in a however, in the ion-exchange step potassium oxalate monohy-
recent review articlé? drate (Fluka,>99.5%) instead of decavanadate was used.

For a detailed understanding of catalyst properties, the use Two reference samples with the same vanadium concentration
of materials with well-defined structure is necessary. To proceed (0.7 V/nn?) as 2.7 wt % V/SBA-15 (see Table 1) were prepared.
in this direction, we have prepared vanadium oxide model The first sample, denoted as V/SBA-15 (im), is a SBA-15-
catalysts via controlled grafting/anion exchange, which consists supported vanadium oxide sample prepared in a glovebox by
of functionalization of SBA-15, subsequent anion exchange of incipient wetness impregnation using a 2-propanol solution of
decavanadate into the pores of the silica matrix and thermolysisvanadium isopropoxide (VO(©Pr)s, Alfa Aesar, 95-99%
of the precursor material. As the precursor is tightly held purity). The sample was dried in He flow at 120 for 1 h and
electrostatically within the channels in a prearranged geometry,at 300°C for 2 h. Finally, the sample was calcined in air at
this approach allows to precisely control the amount of 550°C for 2 h. The second sample, denoted as VASO(im),
vanadium introduced into the material over a broad range of was prepared on a flat Si(100) wafer via spin-coating impregna-
vanadia loadings (0-22 wt % V#:** Hence, due to its well-  tion adopting the procedure developed by it als for the
defined preparation and structure, this vanadia model catalystpreparation of silica-supported chromia to vanadia. The silicon
seems very well suited as a three-dimensional model system towafers were calcined in air at 80 to form an amorphous
give new insights into the nature of the active site as well as silica overlayer. The calcined samples were rehydroxylated in
the relation between structure and activity in partial oxidation boiling water fa 1 h and finally dried in air overnight. Spin-
reactions? Only recently, we have demonstrated the catalytic coating was performed in air at 2800 rpm using a 2-propanol
properties of this catalyst system in the propane partial oxidation solution of vanadium isopropoxide. After impregnation the
to acrylic acid as well as methanol partial oxidation to sample was calcined in air at 53C for 2 h. The V loading
formaldehyde?324 was determined based on the model by Hardeveld #t al.

As part of our strategy for understanding the properties of  The hydrated samples studied were in their fully hydrated
silica-supported vanadia in detail, we intend to bridge the gap state in air at room temperature. They were obtained by exposing
between well-defined powder and planar model systems. Asthe as prepared samples to ambient for 2 months. Dehydrated
planar reference samples, surface science models of silica-sammes were prepared by treatment in 20%H® (50 mL/

supported vanadium oxide catalysts have been prepared by spinmin) at 300°C for 60 min and subsequent cooling to room
coating impregnation. These chemically prepared planar systemgemperature.

allow for a close link to the well-defined and well-studied model

system_s prepa_red_ by phy3|cal_ methé&ds. catalyst samples was determined by ICP-AES (inductively
In this contribution, a combined XPS and Raman study of o led plasma atomic emission spectroscopy). Surface areas
the changes associated with the transformation of the fully ot the prepared samples were measured by nitrogen adsorption/
hydrated catalyst into its more dispersed dehydrated state iSjesorption isotherms and standard multipoint BET analysis
presented. We observed dramatic changes in the photoelectronethods. The pore volume was determined from the adsorption
spectra of supported vanadium oxide powder catalysts UpOnpanch of the Nisotherm curve at the/Po = 0.95 signal point.

dehydration, which can be directly related to changes in the the pore-size distribution was calculated from the isotherm
catalyst dispersion and surface structure. The focus of our studyusing the NLDFT method.

is vanadia supported by mesoporous silica SBA-15 with
vanadium loadings ranging from 2.7 wt % V, at which ngD¢

is present, up to 22 wt % V, at which@s represents a
significant fraction of the vanadia in the catalyst.

2. Physical Characterization.The vanadium content of the

3. Combined XPS and Raman setupThe measurements
were carried out using a modified LHS/SPECS EA200 MCD
system equipped with a Mg Ksource (1253.6 eV, 168 W).
The first evacuation cell of this XPS apparatus was modified
to allow for sample pretreatment using continuous gas flow as
well as a Raman fiber probe to be inserted into the cell for in
1. Catalyst Preparation. Details of the catalyst preparation  situ Raman studies. The powder samples were placed as is in a

Experimental Section

are described elsewhet®Briefly, functionalization of SBA- stainless steel sample holder with a 0.6 mm deep rectangular
15 was achieved by adding 3-aminopropyltrimethoxysilane well covering an area of (1& 8) mn?. For each sample, first
(APTMS) to a suspension of SBA-15 in toluene at’€5 After a Raman spectrum and then XP spectra were recorded. All

stirring for 12 h, the contents were filtered, washed, and finally spectra were recorded at room temperature. After the Raman
stirred in 0.3 M HClI for 12 h. For SBA-15-supported vanadium experiments the samples were transferred to the XPS analysis
oxide catalysts (V/SBA-15), appropriate amounts of butylam- chamber without exposure to air (quasi in situ). Raman spectra
monium decavanadate were added to a suspension of functionwere recorded with a fiber probe using 514 nm laser excitation
alized SBA-15 in water. The resulting powder was calcined at (5 mW) of an argon ion laser (Melles Griot) at 5 chspectral
550°C for 12 h. A SBA-15 reference sample, denoted as SBA- resolution (Kaiser Optical, HL5R with CCD). Sampling times
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TABLE 2: Atomic Ratios (%) of the Detected Elements of a
the Synthesized SBA-lS-éugported Vanadium Oxides and 144
Blank SBA-15 as Obtained from the XPS Analysis
Ols V2p, Cls Si2p VISi 994
SBA-15 (hydr) 69.4 0.6 30.0
SBA-15 (dehydr) 70.2 0 29.8
SBA-15 (ox) (hydr) 69.1 0.7 30.2 3
SBA-15 (ox) (dehydr) 70.3 0 29.7 8
2.7 wt % V/SBA-15 (hydr) 70.1 0.7 0.7 28.5 0.025 2
2.7 Wt % V/SBA-15 (dehydr) 682 1.0 0.8 30.0 0.032 2
5.4 wt % V/SBA-15 (hydr) 68.2 15 1.3 29.0 0.052 2
5.4 wt % V/SBA-15 (dehydr)  68.3 23 04 29.0 0.078 =
10.8 wt % V/SBA-15 (hydr) 705 24 0.9 26.2 0.092
10.8 wt % V/SBA-15 (dehydr) 67.8 4.1 05 27.6 0.149
21.9 wt % V/SBA-15 (hydr) 676 5.8 1.9 24.7 0.236
21.9 wt % V/SBA-15 (dehydr)  66.7 7.5 1.1 24.7 0.304
3.6 Wt % V/SBA-15 (im) (hydr) 70.0 0.8 1.0 282 0.027

T M T T T T T T T T
200 400 600 800 1000 1200

were typically 30 min. The binding energy scale of the XPS Raman shift (cm™)

system was calibrated using Aydf= 84.0 eV and Cu2gp, =

932.67 eV from foil samples. The base pressure of the ultrahigh b 14

vacuum (UHV) chamber was st 10719 mbar. During the XPS

experiments, the pressure increased to about 10-° mbar.
Data acquisition time was 100 min. To account for the effect
of UHV/X-ray induced changes on the XP spectra, series of
spectra as a function of time were recorded. The temporal
changes of the contributions of the \g&pcomponents can be
well described by a first-order exponential decay/growth and
were used to determine their valuestat 0. Charging of the
powder samples was accounted for by setting the peak of the
Si2p signal to 103.6 e¥72! For the hydrated (air-exposed)
samples, the C1s signal from adventitious carbon was located
at 284.7 eV, in excellent agreement with the common reference
value of 284.7+ 0.5 eVZ’ Further data reduction included
satellite deconvolution and subtraction of a Shirley background.
Quantitative data analysis was performed on the basis of peak
areas by fitting with 30/70 Gauss-Lorentz product functions.
Atomic ratios were calculated using empirical cross sect#éns. Figure 1. Raman spectra of dehydrated (top) and hydrated (bottom)
4. UV—Vis D.Iﬁuse Reflectance SpeCtrO.SCOpyle.fuse SIgA-15-supported F\)/anadia as )\/Nell as bE\nk SBX-lS (ox). The
reflectance UV-vis spectra were measured with a Perkin-EImer \ anadium loadings are (a) 0, (b) 2.7, (c) 5.4, (d) 10.8, and (€) 21.9 wt
Lambda 950 spectrometer equipped with a Harrick diffuse o4 v. The spectra are offset for clarity.
reflectance attachment. Samples were dehydrated in 5% O

N2 (20 mL/min) at 300°C for 1/2 h before measuring spectra  result of the organofunctionalization of SBA-15 in the course
at room temperature. The Kubetk®lunk function (F(Re)) was of the multistep preparation proced@fe?

used to convert diffuse reflectance data into absorption spectra 14 atomic ratios of the detected elements. as obtained from

using Spectralon as a standard. the XPS analysis, as well as the corresponding V/Si ratios are
listed in Table 2. For the SBA-15 samples, oxygen, carbon, and
silicon were detected. Besides carbon, the deposition of
Physical Characterization. The results of the Nphysisorp- vanadium oxide does not lead to the introduction of any other
tion analysis of the SBA-15- and the SBA-15-supported impurities. Also, there is no significant increase in the amount
vanadium oxide samples are given in Table 1. As discussed©f carbon for the SBA-15-supported vanadia samples compared
previously, the hexagonal structure of SBA-15 is preserved in to the SBA-15 samples. These results indicate that during the
the presence of vanadia. With the deposition of vanadium calcination step essentially all organic residues, which were
oxide, the surface are&fzr), pore diameterdy), and pore introduced during the functionalization of SBA-15, were
volume {/,) shift to lower values, which suggests that the removed?! As expected, treatment in oxygen led to a reduction
vanadia species are located inside the pores of SBA-15, coatingef the amount of carbon.
the inner walls of the mesoporous mattxHowever, phys- Raman Spectra The top panel of Figure 1 depicts the Raman
isorption data also reveal that in the presence of surface vanadiaspectra of SBA-15 (0x) and SBA-15-supported vanadia in their
the mesoporous channels remain accessible for reactants. Atlehydrated state. The Raman spectrum of SBA-15 (0x) is shown
higher loadings ¥5.4 wt % V), a strong decrease in surface as reference as small differences were observed compared to
area is observed. As discussed below, the Raman results shovthat of untreated SBA-15. The spectrum of SBA-15 (ox)
that for the 10.8 wt % and 21.9 wt % V/SBA-15 samples, (spectrum a) is characterized by an intense Raman feature
3-dimensional YOs crystallites are present. Thus, the smaller around 490 cm! as well as weaker features at 603, 803, and
surface areas at higher loadings are most probably caused by77 cnt!. The 490 cm® band can be assigned to cyclic
channel blocking. The lower surface area of 2.7 wt % V/SBA- tetrasiloxane rings of the silica support (D1 defect mafd&he
15 compared to 3.6 wt % V/SBA-15 (im) (see Table 1) is a weaker Raman bands at 603, 803 and 977 cane attributed

994

994 1028

Intensity (a.u.)

d

T T T T T T T T T
200 400 600 800 1000 1200
Raman shift (cm™)

Results



9474 J. Phys. Chem. C, Vol. 111, No. 26, 2007 Hess et al.

to cyclic trisiloxane rings (D2 defect mode), the symmetrical a 504
s . , 10.8 wt% V
Si—O—Si stretching mode and the -SDH stretch of surface dehydrated

hydroxyl groups, respectivef:3°Upon loading of vanadia onto
SBA-15, new Raman bands appear around 915 and 1039 cm
(spectra b and c). The Raman band around 103%'d¢ras an
asymmetric band shape with a shoulder at 1073 ctlt is
assigned to the %O stretch vibration of tetrahedrally coordi-
nated V ions of predominanly small aggregates of polymerized
VO, units’ The features at 915 cmh can either be due to
vibrations of the surface vanadia species or changes related to
the silica surface upon grafting of vanadia. As the Raman band 10
at 1073 cm! is observed only after deposition of vanadia it
can either be due to vibrations of the surface vanadia species
and/or changes related to the silica surface upon grafting of
vanadia such as the formation of -8D~ and Si-07),
functionalities??

With increasing vanadium loading (spectrum d) the intensity ] "
of the 1039 cm?! vanadyl band strongly increases. Moreover, b 108wt% v
new bands appear at 144, 284, 303, 404, 482, 526, 702, and
994 cntl, which are typical for crystalline ¥0s. The latter
bands dominate the spectrum at the highest loading (spectrum
e).

The bottom panel of Figure 1 shows the Raman spectra of
SBA-15 (ox) and SBA-15-supported vanadia in their fully
hydrated state under ambient conditions. The spectrum of
hydrated SBA-15 (ox) (spectrum a) resembles that of dehydrated
SBA-15 (ox), however the feature at 977 chis less pro-
nounced. Deposition of vanadia leads to the appearance of broad
Raman bands around 916 and 1024 tn(spectrum b). At
higher vanadium loading (spectrum c), additional bands are — T T T T T
observed at 160, 267, 414, 516 and 705 &rSpectrum ¢ shows 250 300 350 400 450 500 550 600
some similarity with that of crystalline 3s, however, ad- Wavelength (nm)
ditional bands at 267 and 1024 chare present. The spectrum  Figure 2. UV—vis diffuse reflectance spectra of dehydrated (top) and
is in good agreement with previously recorded spectra of hydrated (bottom) SBA-15-supported vanadia as well as blank SBA-
hydrated vanadia supported by silftlt resembles the Raman %i"gTu,‘f ;ar\‘/ad'um loadings are (a) 0, (b) 2.7, (¢) 5.4, (d) 10.8, and (e)
spectra of the xerogels;@s-nH,0 studied by Abello et ai334 ’ o
At a vanadium loading of 10.8 W% V (spectrum d), an

w e
o o
1 1

Kubelka-Munk Units
N
o

21.9wt% V

T T T T T T T T T T T T T T
250 300 350 400 450 500 550 600
Wavelength (nm)

Kubelka-Munk Units

4 - JeLUUIT Previously, UVvis absorption bands of supported vanadia
additional feature at 994 crhis qbserved wk_nch indicates the catalysts were assigned by comparison with those of vanadium
presence of someXDs. At the highest loading (spectrum €),  aference compound€:2° Absorption bands with maxima at
the spectrum is dominated by bands typical for crystalli®®y around 250/290 nm and at around 280 nm were ascribed to
resembling the situation of the corresponding dehydrated sampleetranedrally coordinated isolated and dimeric vanadates, re-
UV —Vis Diffuse Reflectance SpectralUV —vis spectra of spectively. Band maxima at 288/363 nm (NHD3) and at 281/
dehydrated and hydrated V/SBA-15 are shown in the top and 353 nm (NaVQ) were assigned to tetrahedrally coordinated
bottom panel of Figure 2, respectively. Both sets of spectra polyvanadate, respectivelyCrystalline \bOs shows UV-vis
exhibit broad oxygen~ vanadium charge-transfer (CT) bands. absorption over a broad spectral rang@20—600 nm) with a
It is known from the literature that the position of the CT bands maximum in intensity at around 420 nm. Therefore, the spectra
is a sensitive indicator for the vanadium coordination and the of the dehydrated samples at loading5.4 wt % V suggest
degree of polymerization of the vanadium oxide spe&fesor the presence of tetrahedrally coordinated vanadium, whereas
the dehydrated samples with low vanadium loadigé.@ wt at higher loadings (10.8 wt % V) a small amount ofQ¥ or
% V), one absorption band in the UV regionaR60 nm is pentahedrally coordinated vanadium is present. The appearance
observed. At higher loadings (10.8 wt % V), this band broadens of a Raman feature at 994 cifor 10.8 wt % V/SBA-15 (see
and exhibits an additional absorption tail, which extends into Figure 1) confirms the presence of crystallingOd. For the
the visible region of the spectrum up 4600 nm. For 21.9 wt 21.9 wt % V sample the stronger absorption above 400 nm
% V/SBA-15, a significant increase in the absorption around indicates the presence of a significant fraction afO¥ crys-
400 nm and the intensity ratio of the bands at 370 and 260 nm tallites in agreement with the intensity increase of the Raman
is observed. Note that at the highest loading sample absorptionband at 994 cmt. Hydration of the samples leads to very similar
leads to a noticeable decrease in the overall intensity of the UV—vis spectra with absorption bands at around 260 and
diffusively reflected light as compared to the 10.8 wt % V 370 nm at all loadings indicating the presence of polymerized
sample. All hydrated samples show a similar absorption vanadium oxide species consistent with the Raman results.
behavior, which is characterized by a UV absorption band at X-Ray Photoelectron Spectra.Figure 3 depicts a detailed
~260 nm and a band at+370 nm with an absorption tail XP spectrum of the V2p, region of 2.7 wt % V/SBA-15
extending into the visible region. For the sample with the highest (spectrum b), together with the corresponding spectrum of blank
loading (21.9 wt % V), as in the dehydrated case, an increaseSBA-15 (spectrum a) after satellite subtraction. As the spectrum
in the intensity ratio of the bands at 370 and 260 nm is observed.of SBA-15 shows structure in the V2p region due to inadequate
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Figure 3. XP spectra of (a) blank SBA-15 and (b) 2.7 wt % V/SBA-
15. The resulting background-subtracted spectrum of 2.7 wt % V/SBA-
15 is shown as spectrum c. The spectra are offset for clarity.
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Figure 4. XP V2ps, spectra of (a) V/Si@Si (im), (b) 3.6 wt %
VISBA-15 (im), and (c) 2.7 wt % V/SBA-15, together with least-square
fits to the data. The spectra are offset for clarity. For details see text.

removal of the Kis satellite of the nearby O1s line, it was used
for background subtraction. The resulting spectrum is shown

J. Phys. Chem. C, Vol. 111, No. 26, 2009475

TABLE 3: Results of the V2ps, Analysis of SBA-15- and
SiO,/Si-Supported Vanadium Oxides

position (eV) width (eV) %

V/SiO,/Si (im) 518.7 2.0 48.4
(hydr) 517.4 2.0 46.4

515.9 2.0 5.2
3.6 wt % V/SBA-15 (im) 518.7 2.0 42.4
(hydr) 517.4 2.0 47.6

515.9 2.0 10.0
2.7 wt % V/ISBA-15 518.7 2.0 45.0
(hydr) 517.4 2.0 46.6

515.9 2.0 8.4

which was prepared by impregnation of a 2-propanol solution
of vanadium isopropoxide onto SBA-15 confirms that the
preparation procedure has no noticeable influence on the position
and shape of the V2p spectrum.

Figure 5 shows the normalized Si2p (left) and O1ls (right)
emission of 2.7 wt % V/SBA-15 in its hydrated (spectrum a)
and dehydrated (spectra b) state. For the other V/SBA-15
samples, similar results were obtained. Small changes in the
peak width and position, but no changes in the peak shape were
observed. Quantitative analysis shows that the Si2p spectrum
of the dehydrated sample (fwhm: 2.6 eV) exhibits a slightly
larger width than the hydrated sample (fwhm: 2.5 eV),
respectively. The Ols spectrum of the dehydrated sample is
slightly shifted to higher BE values. Similar changes in the Si2p
and O1s spectra have been explained by different contributions
to differential charging® However, as demonstrated above (see
Figure 4) such differences do not have a noticeable influence
on the shape of the V3p spectra.

The top panel of Figure 6 shows the \g2spectra of 2.7 wt
% VISBA-15 and 5.4 wt % V/SBA-15 in their hydrated (spectra
a and c) and dehydrated (spectra b and d) state, together with
a least-square fit to the data. For clarity, the corresponding
V2ps2 spectra of 10.8 wt % V/SBA-15 and 21.9 wt % V/SBA-

15 are depicted in the bottom panel of Figure 6. As no noticeable
change of the XP spectra and Raman spectra was observed over
several months, we conclude that the hydrated spectra shown
correspond to the fully equilibrated state of silica-supported
vanadia in air at room temperature. Upon dehydration a
significant increase in total intensity and a substantial redistribu-
tion of spectral weight to higher binding energies (BE) are
observed. The extent of these changes in the XP spectra was
dependent on the treatment conditidhs.

on the top of Figure 3 (spectrum c). The same procedure was Quantitative analysis was performed using three fit functions.

applied to all other XP raw spectra.

The results from the peak-fitting analysis are summarized in

The influence of charging and sample preparation on the XP Table 438 By recording time-dependent XP spectra, the effect
spectra was studied using two reference samples with the samef UHV/X-ray induced changes was accounted for and the

vanadium concentration (0.7 V/fnas 2.7 wt % V/SBA-15.
Figure 4 shows the normalized XP spectra of the y2egion

of V/SIO,/Si (im) (spectrum a), 3.6 wt % V/SBA-15 (im)
(spectrum b), and 2.7 wt % V/SBA-15 (spectrum c), together

corresponding contributions of the Vgpcomponents at= 0

min could be determined (see experimental). For the lowest
vanadium loading (2.7 wt % V), the analysis yields an intensity
increase of the band at 518.8 eV from 41% to 83% upon

with the least-square fits to the data. For quantitative analysis dehydration. Similarly, the band centered at 517.4 eV shows
the data was deconvoluted into three peaks with binding energiesan intensity decrease from 58% to 17%. For the 5.4 wt % V

at518.7,517.4 and 515.9 eV, respectively, and a constant fwhmsample, dehydration leads to an intensity increase of the band
(2.0 eV). The results of the peak-fitting analysis are summarized around 518.8 eV from 43% to 89.5%, while the band centered

in Table 3. The V/Si@Si (im) sample represents a surface
science model of silica-supported vanadium oxide for which
charging is largely remove®.The V2, signal of V/SiQ/Si

(im) strongly resembles that of the 2.7 wt % V/SBA-15 powder
catalyst regarding position, width and intensity distribution. Thus

at 517.5 eV shows an intensity decrease from 56% to 10.5%.
Comparison with literature data on Vggpbinding energies (BE)
for binary vanadium oxides and supported vanadium oxide
powder materials allows assigning the bands at 515.9 and
517.4 eV to \*" and \P", respectively?>4° The band at

it is reasonable to conclude that charging does not have a518.8 eV is attributed to the highly dispersed vanadium oxide

significant effect on the V2p emission of the V/SBA-15
powder samples studied. Also, comparison of the yXignal
of 2.7 wt % V/SBA-15 with that of 3.6 wt % V/SBA-15 (im),

as will be discussed below. Note that the widths of the three fit
functions used for quantitative analysis (see Table 4) are lower
than those used to describe well-ordered vanadia fiims
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Figure 5. Left panel: XP Si2p spectra of (a) hydrated (b) dehydrated 2.7 wt % V/SBA-15. Spectra are offset for clarity. Right panel: XP Ols
spectra of (a) hydrated and (b) dehydrated 2.7 wt % V/SBA-15 as well as the difference spectrua).(b

confirming the homogeneity of our powder model system. The a

above assignment is fully consistent with the results of the time-
dependent analysis, which have shown an increase in intensity
around 515.9 eV with time due to UHV/X-ray induced reduction
of the vanadia samples. As room-temperature EPR experiments
on dehydrated 2.7 wt % V/SBA-15, which was pretreated
according to the protocol described in the experimental section,
showed no V' signal and those on hydrated 2.7 wt % V/SBA-
15 gave a V' signal corresponding to only 0.3% of the total
amount of V, the quantitative analysis was restricted td V
and \B" species.

The changes in the V3p emission upon dehydration of
10.8 wt % V/SBA-15 (depicted in Figure 6) strongly resemble
the behavior discussed above. The analysis yields an intensity
increase of the band around 518.7 eV from 54% to 97% (see
Table 4). Likewise, the band centered at 517.5 eV shows an
intensity decrease from 45% to 3%. For the sample with the Al ey
highest loading (21.9 wt % V), the overall shape of the ¥2p : ‘ : ‘ :
emission looks quite different, which results from the presence 520 518
of a significant amount of ¥Os as suggested by the Raman
results. However, the increase in total intensity and redistribution b
of spectral weight to higher BE on dehydration are still observed.

Figure 7 shows the Ols spectra of SBA-15 and SBA-15-
supported vanadia samples in their hydrated and dehydrated state
together with a least-square fit to the data. The O1s spectra of
2.7 wt % V/SBA-15 are not included as they strongly resemble
those of 5.4 wt % V/SBA-15. The results from the peak-fitting
analysis are summarized in Table 5. The Ols spectra are
dominated by a band around 532.9 eV, which can readily be
assigned to oxygen of the silica supp&rBesides, the Ols
spectra of the V/SBA-15 samples show a contribution around

Intensity (Si2p norm.)

04 I

e
w
T

o
[N}
T
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530.5 eV, which is due to oxygen in the surface vanadia species.
For the 21.9 wt % V/SBA-15 samples, the Ols emission at
530.5 eV constitutes a significant contribution to the overall
O1ls intensity. It can be assigned to oxygen inOy by
comparison with the literature and considering the fact that the
Raman spectra for the 21.9 wt % V/SBA-15 sample clearly show
the presence of ¥0s.4! Please note that based on the value of
the O1s BE only no decision about the presence of a particular

Intensity (Si2p norm.)
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Figure 6. Top panel: XP V2p, spectra of (a) hydrated 2.7 wt %
V/SBA-15, (b) dehydrated 2.7 wt % V/SBA-15, (c) hydrated 5.4 wt %
V/SBA-15, and (d) dehydrated 5.4 wt % V/SBA-15 together with the
least-square fits to the data. Bottom panel: XP Y2gpectra of (a)

binary vanadium oxide can be made as faiOy, V0,4, and
V,0s BE values within 529.7530.3 eV were reporte¥f.On
the basis of the V2 contribution at 517.4 eV and the Ols
contribution at 530.5 eV, the V/O ratio is determined to be 0.42 o i o _
(0.40) for dehydrated (hydrated) 21.9 t % VISBA-15. This (&) twarateti 216 wt 5 ViSBA L5 and. (t demydrated 21.6 wi o
value is in excellent agreement with the value of 0.4 expected v/SBA-15, together with the least-square fits to the data. The spectra
for V,05 and therefore nicely confirms the above assignment. are offset for clarity. For details, see text.
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TABLE 4: Results of the V2ps, Analysis of
SBA-15-Supported Vanadium Oxides

position width

% %

(eV) (eV) (t=100min) (t=0min)
2.7 wt % V/SBA-15 518.8 1.8 40.4 41.2
(hydr) 5174 2.0 51.3 58.4
515.9 2.2 8.3 0.4
2.7 wt % V/ISBA-15 518.8 2.1 73.6 83.1
(dehydr) 517.4 2.0 19.1 16.9
515.9 2.2 7.3 0
5.4 wt % V/SBA-15 518.7 1.8 43.0 42.8
(hydr) 517.5 2.0 49.2 55.9
515.9 2.2 7.8 1.3
5.4 wt % V/SBA-15 518.8 21 88.7 89.5
(dehydr) 517.5 2.0 11.0 105
515.9 2.2 0.3 0
10.8 wt % V/SBA-15 518.6 2.0 49.5 53.8
(hydr) 5175 2.0 46.7 45.1
515.9 2.2 3.8 11
10.8 wt % V/SBA-15 518.8 21 95.8 96.6
(dehydr) 517.5 2.0 4.2 3.4
515.9 2.2 0 0
21.9wt % V/ISBA-15 518.7 2.1 15.7 20.5
(hydr) 517.4 2.0 75.7 79.5
515.9 2.2 8.6 0
219wt % V/ISBA-15 518.8 1.9 33.9 37.2
(dehydr) 517.4 1.8 58.2 62.8
515.9 2.2 7.9 0

Figure 8 depicts the XPS V/Si atomic ratios of the SBA-15-
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Figure 7. XP O1s spectra of (a) hydrated SBA-15, (b) dehydrated
SBA-15, (c) hydrated 5.4 wt % V/SBA-15, (d) dehydrated 5.4 wt %
V/SBA-15, (e) hydrated 10.8 wt % V/SBA-15, (f) dehydrated 10.8 wt
% V/SBA-15, (g) hydrated 21.9 wt % V/SBA-15, and (h) dehydrated
21.9 wt % V/SBA-15, together with the least-square fits to the data.
The spectra are offset for clarity. For details see text.

530 528

supported vanadia samples (see Table 2) as a function of theTABLE 5: Results of the O1s Analysis of SBA-15- and

vanadium content in the bulk as determined by ICP. For
comparison, the calculated V/Si bulk atomic ratios are shown
as continuous line. The XPS V/Si values of the dehydrated
V/SBA-15 samples closely follow their corresponding bulk

values. In contrast, the XPS V/Si values of the hydrated V/SBA-
15 samples show a deviation to smaller values with respect to
their corresponding bulk values. This behavior is due to the
significantly larger vanadia cluster size present in the hydrated

sample as compared to the highly dispersed dehydrated sample.

It can be explained by the fact that for cluster sizes exceeding

those of the characteristic escape depth of the V2p electrons a

smaller V signal and therefore a smaller V/Si ratio as that
determined by ICP is observed.

Discussion

Changes in Vanadia Electronic Structure upon Dehydra-
tion. On the basis of the literature data on 42pbinding
energies?*°the XP V2p, bands of the V/SBA-15 samples at
517.4 and 515.9 eV can readily be assigned t ®nd \A*,
respectively. It is evident that the band around 518.8 eV cannot
solely be described by a change in oxidation state. However,
final state effects are known to result in size-dependent BE shifts
for small conducting particles on insulating substréfeghis
is a result of the Coulomb interaction between the photoelectron
and the positively charged particle. Such a situation applies to
small vanadia particles with V ions in oxidation staté and
vanadyl groups at the surface, which are known to be formed
under reduced-pressure conditiddZherefore, our XPS results
directly show that dehydration of the catalyst is accompanied

SBA-15-Supported Vanadium Oxides

position width

(eV) (eV) %
SBA-15 (hydr) 532.9 2.4 100
SBA-15 (dehydr) 532.9 2.6 100
5.4 wt % V/SBA-15 (hydr) 532.9 2.2 96.4

530.5 2.6 3.6
5.4 wt % V/SBA-15 (dehydr) 532.9 2.6 100
10.8 wt % V/SBA-15 (hydr) 532.9 2.2 95.9

530.5 1.9 4.1
10.8 wt % V/SBA-15 (dehydr) 532.9 2.6 100
21.9 wt % V/SBA-15 (hydr) 532.9 2.4 82.7

530.5 2.3 17.3
21.9 wt % V/SBA-15 (dehydr) 532.9 24 83.3

530.6 21 16.7

catalyst in case the wall thickness of the support is the same or
smaller than the escape deptfThe thickness of the silica walls

in case of our SBA-15 samples is estimated to be about 3 nm
based on TEM, which is to be compared with the escape depth
of a Silicon 2p electron of 3.8 nm (Mgdradiation). As shown

in Figure 8, a comparison of the V/Si XPS ratio of the
dehydrated catalysts with the actual volume V/Si ratio of our
catalyst as determined by ICP yields a surprisingly good
agreement demonstrating the homogeneous distribution of
vanadia throughout the sample. Thus, our XPS results give
access to information about the catalysts composition, oxidation
state distribution and dispersion representative of the bulk and
allow for a direct correlation with the results obtained from
Raman spectroscopy. The lower V/Si ratio of the hydrated
compared to the dehydrated samples can be ascribed to the

by a strong decrease in cluster size, i.e., an increase in thepresence of hydrated,®s species forming clusters of signifi-

dispersion of the catalyst.

cantly larger size as in case of the highly dispersed dehydrated

The dispersion of the surface metal oxide species was studiedsamples (see discussion below).

by measuring the XPS vanadium to support cation intensity ratio.
The V/Si intensity ratio was evaluated by using empirically
derived atomic sensitivity factors (see Table?8B)Y heoretical

Quantification of the Ratio of Highly Dispersed Vanadia
and V-,0s. It is well-known that Raman cross sections, among
other factors determining the resonance state, strongly depend

studies have shown that the XPS active phase to support catioron the degree of crystallinity of the studied material. Therefore,

ratio can be used to predict the volume ratio of a monolayer

it is highly desirable to correlate Raman spectroscopy with a
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Figure 8. V/Si XP intensity ratio of dehydrated (filled) and hydrated
(open) V/SBA-15 as a function of V loading expressed as V/Si. The
bulk V/Si ratio is shown as continuous line.

technique such as XPS, which can differentiate and quantify
the species of interest. Based on our XPS j2pesults for
21.9 wt % V/SBA-15, the ratio of vanadium in highly dispersed
vanadia species and in bulk®s is determined to be 0.59. As
demonstrated above, the \gpsignal at 517.4 eV can be
completely ascribed to bulk XDs due to the correlation of the
V2ps/, with the corresponding O1s signal at 530.5 eV. Integra-
tion of the Raman peak around 1039 ¢nand the Raman peak
at 994 cm! yield a ratio of 0.22. Based on these results, at
514 nm excitation the Raman cross section for theeQ/
vibration of bulk \,Os is estimated to be 3 times larger than

that for highly dispersed vanadia species present at 21.9 wt %

V/SBA-15. For 10.8 wt % V/SBA-15, the corresponding ratio
of Raman intensities of highly dispersed vanadia and bu(®sV

is determined as 10.65. A lower limit for the ratio of Raman
cross sections for the %O vibration of \,Os and highly
dispersed vanadia of 10.8 wt % V/SBA-15 can be estimated

based on XP O1s results considering the following observations.

The Ols emission of 10.8 wt % V/SBA-15 does not show a
contribution of oxygen from YOs. Simulations show that the
presence of 2% (or more) of the Ols emission at 530.5 eV

should be clearly noticeable in the spectrum. This suggests a
ratio (per vanadium) of highly dispersed species and crystalline

V.05 of at least 49. Therefore, a lower limit for the ratio of
Raman cross sections for the2® vibration of \,Os and highly
dispersed vanadia of 4.6 is obtained. This is consistent with
the experimentally determined value of 10 obtained previously
for a 12 wt % \WOs/SiO, sample using laser excitation at

Hess et al.

oxygen, the hydrated vanadia gel, which exhibits character-
istics of V,Os-like polyvanadate species (BE: 517.4 eV) partly
transforms into highly dispersed vanadium oxide (BE:
518.8 eV) with a significantly smaller ensemble size as
evidenced by the increase in the intensity ratio of the 518.8
and 517.4 eV peak. The extent of this transformation is strongly
dependent on the treatment conditions. Treatment in 2086 O
He flow (50 mL/min) at 300°C turned out to be much more
efficient for the dehydration process than treatment in 200 mbar
oxygen, i.e., treatment at the same partial pressure but in batch
mode, and was therefore used throughout the study. Table 3
shows that the amount of highly dispersed species formed during
dehydration depends on vanadium loading. Our results suggest
that for lower loaded samples such as 2.7 wt % V/SBA-15 and
5.4 wt % V/SBA-15 it is more difficult to transform the water-
containing vanadia gel completely into highly dispersed vanadia
species. For comparison, in case of 10.8 wt % V/SBA-15 about
97% of the vanadia were transformed into highly dispersed
species. Importantly, the band at 518.8 eV also contributes to
the V2p, emission of all hydrated samples, which indicates
that water from ambient significantly reduces the dispersion of
part but not all of the surface vanadium oxide species. This is
an important result as it demonstrates the sensitivity of XPS to
detect even small changes in the dispersion of vanadia catalysts.
In contrast, Raman appears to be insensitive to detect the
simultaneous presence of both the highly dispersed and the much
less dispersed state of the vanadium oxide surface species, which
indicates that with the latter technique we see only part of the
system. Thus, XPS yields important information on changes in
catalyst dispersion, which is complementary to the information
obtained from Raman spectroscopy.

Conclusions

X-ray photoelectron spectroscopy (XPS) and Raman spec-
troscopy were combined within one experimental setup allowing
for a direct correlation of XPS and Raman results. The potential
of this setup is demonstrated in a study on the influence of water
on the dispersion and structure of silica SBA-15-supported
vanadia model catalysts. XPS characterization reveals that the
V2ps, emission consists of two contributions, which are
assigned to vanadia with distinctly different cluster size.
Dehydration by treatment in oxygen flow at elevated temper-
atures leads to a significant increase in total intensity and a
substantial redistribution of spectral weight to higher binding
energies as a result of a significant increase in the vanadia
dispersion. The V/Si XPS intensity ratio of the dehydrated
samples closely follows the corresponding bulk ratio over the

532 nm* Similar to 10.8 wt % V/SBA-15, this sample contained whole range of vanadium loadings studied, which allows for a
only a small amount of %Os. In addition, based on the UV guantification of Raman-related features such as the relative

vis data the small difference in excitation wavelengths (532 nm C€rosS sections of the vanadyl surface species. As water is
vs 514 nm) is not expected to affect the above values. In _ommpresentm partial oxidation reactlons_, unrayellng the strong
conclusion, the discussion clearly shows that the ratio of Ramaninfluence of water on the structure and dispersion of supported
cross sections for the %O vibrations at 994 and 1039 ¢ metal oxide catalysts is an important step toward a detailed
depends on the vanadium loading, i.e., the ratio of highly understanding of the mode of operation of these catalyst systems.
dispersed vanadia and crystalling®4 present in the sample.
Therefore, its determination has to be treated with great care. Acknowledgment. The authors like to thank Gisela Lorentz
Correlation of Changes in Dispersion and Structure.The for performing the BET measurements, Oksana Storcheva for
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dramatic change in molecular structure from pseudo-octahedrallySchlial for fruitful discussions and continuous support of the
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