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Surface-Analytical Studies of Supported Vanadium Oxide Monolayer Catalysts
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Supported vanadium oxide catalysts, consisting of surface vanadia speciefenZ&D,, CeQ, and NbOs

oxide supports, were investigated by X-ray photoelectron spectroscopy (XPS) and ion scattering spectroscopy
(ISS) to elucidate the effect of calcination treatments as well as exposures to (honmonochromatized) X-rays
and He ions on the surface properties. It was found that calcination in air at 730 K of samples that had been
previously calcined in air at 773 K and exposed to ambient atmosphere results in significant increases of the
V intensity relative to the support signal both in XPS and ISS. This indicates that the surface vanadia species
aggregate under the influence of moisture, but spread during calcination. The surface V(V) species were
reduced to V(IV) upon extended exposure to X-rays of a nonmonochromatized source, which was accompanied
by clustering as detected by ISS. Following a new methodology that avoids these effects by studying freshly
calcined samples transferred without exposure to ambient atmosphere, without previous illumination by X-rays,
and takes account of the abrasive effect of He ions by extrapolating the results of sputter series, it was found
that in supported Y¥0s/ZrO,, V,0s/Ce(;, and \b0s/Nb,Os catalysts possessing a vanadia monolayer coverage

or above, the supports are densely covered by two-dimensional surface vanadia species, and the underlying
oxide support cations of Zr, Ce, or Nb are not exposed. For a suppost@gdAV,O; catalyst containing a
monolayer surface coverage of vanadia, however, a slight exposure of the oxide support catipwgal

noted, which may originate from the much higher surface area of this suppe@s(& Nb,Os, ZrO,, and

CeQ) resulting in a higher curvature of the surfaces covered by the supported vanadia species. The current
XPS and ISS surface studies confirm that supported vanadium oxide catalysts consist of close-packed
monolayers of surface vanadia species.

Introduction clusters, do the TM oxide species bind to the support and form
Supported transition metal (TM) oxides are active catalysts atwq-d|men3|onal overlayer of isolated and oligomeric s_urface
for a variety of reactions, many of them of technological interest SPECIES. It alsc|> h"?‘; been'conclud%d from these gtu;ﬂes that

(e.g. selective oxidation ob-xylene to phthalic anhydride, transTlon me’;a oxiae s;l)emes (V, Nb, Ta, Mo, W, 'dr) orm a
selective reduction of nitrogen oxides by ammonia to nitrogen ¢°™MP ete sur ace monolayer coverage on most oxide supports
and water, selective oxidation and ammoxidation ef-C, (with the exception of Sig). Above monolayer surface cover-

hydrocarbons to olefins, oxygenates, and nitriles, metathesis of29e: the formation of TM oxide crystallites is observed, with
olefins). In recent years, considerable progress has been mad&e €xception of rhenium oxiéé because of its volatility.

in the fundamental understanding of these materials, but some This view is at variance with earlier reports that concluded
questions are still under debate. It has been found by vibrationalthat a second layer or TM oxide crystallites can be formed in
techniques, in particular Raman spectroscopy and IR spectrosmany systems before the first layer is completed (MAQOs,*

copy to a lesser extent, that under ambient conditions the surfaceV205/TiO2,° V205/Al 03,6 WO/ TiO2,” 8 WO3/ZrO2). If this is

TM oxide species are detached from the surface and hydratedtrue, then the oxide support should be exposed to the gas phase
by adsorbed multilayers of water (typically clusters of vanadates, to some extent in a catalyst with a loading equal to the
molybdates, tungstates, eté3Their structures depend on the theoretical monolayer surface coverage. Moreover, the multi-
net pH at the point of zero charge, which is determined by the layer model also implies that there is only a small excess of
support at low TM oxide content, but is increasingly influenced energy in the interaction between first layer and the oxide
by the TM species at higher loadings. Only upon calcination, support over the interaction between second and first layers,
which desorbs the adsorbed water and decomposes the TM oxiddience, part of the support should be exposed even above
monolayer surface coverage (cf. e.g. the analogue of molecular
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TABLE 1: Properties of Supported Vanadium Oxide Catalysts Studied

composition, BET surface area surface V density composition, BET surface area surface V density
code % V.05 (m?g) (atoms/nm) code % V05 (m#g) (atoms/nm)

1-V-Ce CeQ, 1.15 26.3 2.9 1-V-Zr 72rQ 0.4 354 0.9
2-V-Ce CeQ, 1.6 28.6 3.7 2-V-Zr 7ZrQ 1.8 35.7 3.3
3-V-Ce CeQ, 2.6 23.1 7.4 (3-V-Zn)  ZrO, 2.6 34.4 5.0
5-V-Ce CeQ, 4.7 19.8 15.7 (3-V-Zg)  ZrO,, 3.3 34.2 6.4
6-V-Ce CeQ, 5.8 17.6 21.8 4-V-Zr ZrQ 4.0 35.0 7.6
8-V-Al Al 05, 7.8 186.4 (202.2) 2.8 6-V-Nb NBkOs, 6.1 55.2 7.4
15-V-Al  Al,0s;, 15.3 169.8 (200.5) 6.0

24-V-Al  Al,0s, 23.7 162.3 (212.7%) 9.7

a Surface per g of Als.

photoelectron spectroscopy (XPS) only in rare cases indicatesundertaken to analyze the oxide support exposure at monolayer
differences in the coordination state of species that are in ansurface coverage. The oxide supports included wepOAl
identical oxidation state, and it is therefore more frequently ZrO,, CeQ, and NbOs. Unfortunately, the highly relevant TiO
employed for reduction studies. With the oxidized state, its use support had to be excluded from this investigation due to the
is normally limited to comparisons between the surface and bulk inability of normal ISS equipment to resolve the V and Ti
metal/support ion ratio, which tends to yield a proportionality signals. Significant differences were found between calcined
below the theoretical monolayer coverage and to level off or catalysts investigated immediately after calcination (transfer into
change to a smaller increase above this limit. These plots, the spectrometer without exposure to ambient atmosphere: “in
however, are not suited to decide if the support becomes situ calcination”) and after storage in the usual sample vessels
completely covered before a second monolayer is built up. Due exposed to humidity-containing ambient air. Moreover, it was
to the average sampling depth of 3.5 nm (only ca. 30% of observed that photoreduction of V(V) surface species during
the signal intensity arises from the outermost sample layer) andthe preceding XPS analygé4’also affects the apparent surface
the errors inherent in intensity evaluation, a considerable part coverage. After taking account of all these complications, it can
of the TM oxide species could be deposited onto the first layer be demonstrated that the vanadium oxide forms a complete
instead of the bare oxide support before a significant effect could monolayer on Zr@ CeQ,, and NBOs supports, which prevents
be noted via the line intensities. In the study of real catalyst detection of the oxide support cations. However, at monolayer
powders that exhibit curved surfaces, even the benefit from coverage of surface vanadium on alumina the Al support ions
angular dependent XPS, which is well suited to improve surface remain visible to a very small extent, probably due to the greater
sensitivity of XPS with flat samplek, will be limited. curvature of surfaces exposed by the smaller alumina particles.
On the other hand, ion scattering spectroscopy (ISS), which
exclusively reflects the properties of the outermost surface layer, Experimental Section
has been frequently employed to study supported transition metal
oxide catalyst¥12-14 and it has even been used to determine ~ Materials. Supported vanadium oxide catalysts were prepared
surface coverages quantitatively in combination with chemi- by the incipient wetness impregnation of supports with solutions
sorption technique%115 For alumina-supported metal oxide Of vanadium triisopropoxide (VO(O-Rs, Alfa, 95—-98% purity)
systems, this methodology was based on the quantitative usén methanol. The supports employed were@y (Engelhard,
of the Al/O ISS intensity ratios that decrease with increasing Sser = 222 nt/g), ZrO, (DegussaSset = 34 nr/g), CeQ (SKK
transition metal oxide content. This ratio was often observed company Sser = 36 n¥/g), and NkOs (Niobium Products Co.,
to level off at higher TM oxide content, sometimes even below Sger = 57 n¥/g). The synthesis was performed in nitrogen
the theoretical monolayer coverage, which was considered asenvironment and nonaqueous solvents due to the moisture- and

proof for the beginning of multilayer formatidit® In other air-sensitive nature of the vanadium precursor. The amount of
cases, the support line was still observed at TM oxide contentsthe precursor, corresponding to the desired amount of vanadium
clearly above the monolayer surface coverdjé. oxide loading, and the solvent (Fisher ACS, 99.9% pure),

The history of the samples studied in the literature is not corresponding to incipient wetness impregnation volume, were
always clear: although a calcination of the samples is usually Mixed thoroughly with the oxide support in a glovebox filled
mentioned it is not obvious if these samples have been exposedVith nitrogen. The mixture was left standing for 16 h. The
to the humidity-containing ambient atmosphere prior to the Samples were then dried in flowing nitrogen at 393 K for 1 h
surface-spectroscopic investigation or not. This is critical and calcined in flowing air at 573 K fal h and at 773 K for
because rehydration should cause aggregation of the 2-dimen8 h.
sional layers of monomeric and polymeric transition metal oxide  The BET surface area data collected in Table 1 show that
species into 3-dimensional aggregates (for the fully hydrated this calcination led to a significant loss of surface area with the
state, e.g., WOz2s'H20, Nb,Os-nH,0O, M070,4-H,0). Further- CeQ-supported samples while the other supports were more
more, it has not always been appreciated that inappropriatestable. The samples will be labele@V-Z, with the approximate
impregnation methods for the TM oxide component (precursors wt % V,0s designated byy and the support indicated by Z,
with low solubility in the employed solvent or poor distribution  e.g. 24-V-Al for 23.7 wt % Os/Al,0s. Samples with analogous
of the precursor during the impregnation step) can result in the composition may be further differentiated by indices a and b.
formation of microcrystalline TM oxide phases below monolayer The sample codes, actual vanadium contents, and surface
surface coverage that may survive the calcination treatmentsdensities of V atoms are summarized in Table 1. The monolayer
employed without developing the full oxigexide interactions coverage corresponds to.@&\V atoms/nm.
leading to monolayer formation. Methods. X-ray photoelectron and ion scattering spectra were

The present investigation consists of a surface-spectroscopicmeasured with a Leybold surface analysis system equipped with
examination of supported vanadium oxide catalysts that has beenX-ray and ion sources and an EA 10/100 electron (ion) analyzer
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Figure 1. Evolution of XP spectra of supported V with extension of the data acquisition time. In the analysis of the final spectra, the V (2p)
signal was represented by only one line for the sake of simplicity.

with multichannel detection (Specs). The samples were recal- enough to still produce spectra with tolerable noise level. The
cined in flowing synthetic air (20% £N,) at 730 K for 1 h surface charge was removed with a flood gun. The source and
before they were introduced into the spectrometer vacuumthe flood gun were allowed to stabilize with the sample
without further contact with the ambient humid atmosphere (in withdrawn from the measurement position. After moving the
situ calcination). As-received samples were studied for com- sample under the He ion beam, the first scan was started within
parison as well, but it should be noted that these samples hadb s, with the V signal appearing after 360 s (depending on
been calcined earlier as mentioned above and exposed tahe atomic weight of the support cation) and the total length of
humidity-containing ambient atmosphere for an extended perioda scan of typically 6670 s. From estimates of the sample
of time. They will therefore be referred to as “stored in air”. current produced by the source employed we believe that the
XP spectra were recorded using Abikexcitation (1486.6 short scans remove 0.69.1 of a monolayer per scan. Longer
eV, 12 kV x 20 mA), with the analyzer in pass-energy mode scans including the O signal were performed at the end of the
(pass energy= 35.5 eV). Data acquisition was performed in a sputter series where, however, the surface was already quite
sequential scheme, in which a sweep schedule covering thefar from the original state. Signal intensities were estimated
selected regions (O (1s) and V (2p), the major support line, C assuming the background to be linear.
(1s)) was repeated many times, with all intermediate results
being saved. This strategy allows for the inspection of the sample Results
state at any time and for the proper selection of the data that ] _
are to be summed up for improvement of measurement statistics. Typical XPS V (2p) spectra together with the nearby O (1s)
Binding energies (BE) were primarily referenced to C (&s) lines are shown in Figure 1. The'sllgnal shgpes at the start and
284.5 eV, but in the tables typical BE values of the support the end of overnight data acquisition periods that had been
cations obtained with the C (1s) calibration have been employedinitially scheduled to obtain high-quality spectra are compared.
as secondary standards (Al (2p)74.0 eV, Zr (3@ = 182.2 It is quite apparent that the V (2p) signal shape changes
eV, Ce (3d,) = 882.6 eV, Nb (3¢, = 207.1 eV). Further S|gr_1|f|cantly, which |nd|catesareduct|o_n_of surface V(V) species
data reduction, which was performed with the software package during the XPS measurement. By fitting the V §2p XPS
MacFit18 included satellite deconvolution with user-specified Signals of the reduced samples with two lines of equal shape,
satellite intensity parametéfsand intensity evaluation. For this ~ the second state was found at a BE lower by-1L.B eV than
purpose, the V(2p), O(1s), and support cation lines (except Cethe initial V(V) signal on the corresponding oxide support
3d) were fitted using Voigt-type line shapes in a routine that (typical V(V) binding energy data are given in Table 2). By
included the Shirley-type backgrowfidnto the fitting, and the reference to the literature, .this can be used to identify the reduced
intensities were evaluated from the signal areas obtained. TheState as V(IV) surface oxide specfés?®
Ce (3d) intensity was estimated by mere integration of the signal  XPS results showing the influence of the in situ calcination
over a Shirley-type background. Due to the considerable width step on the spectra of the initially hydrated supported vanadium
of this signal, the course of the background is difficult to Oxide species are presented in Table 2. In all cases the atomic
establish, hence, the Ce (3d) intensities are of lower accuracy.ratio between V and the oxide support cation increases upon in
Atomic ratios were calculated from intensity ratios by using Situ calcination (dehydration). At the same time, a slight decrease
Scofield interaction cross sectidhsogether with an empirical ~ of the Zr/O ratios takes place while the Al/O ratios remain
response function of the spectrometer sensitivity to the photo- constant. These trends, which indicate a redispersion of vanadia
electron kinetic energy. upon in situ calcination, are most pronounced with the ceria-
IS spectra were measured with 2000 eVHens (with the ~ supported samples, but they are here probably somewhat
exception of a later analysis of 24-V-Al, performed with 1000 exaggerated because of the inaccurate integration of the Ce (3d)
eV He ions, see Figure 7), and recorded with the analyzer in line (see prior discussion in the Experimental Section).
pass-energy mode (pass energyl95 eV). ISS sputter series The binding energies of vanadium species on different
were performed by defining narrow scans over the lines of supports are also compared in Table 2. No significant influence
interest (V, support) and selecting an excitation current low of the specific oxide support on the V (2p) binding energy can
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TABLE 2: The Effect of Calcination of the XP Spectra of 06
Supported V Catalysts vos 5 V,0,/Ce0, 5
sample binding energy, eV atomic ratio S ® V0,/z0, T
2 _--""0
code treatment V 2p O1ls V/suppoft support/O 2 0,44 i

8-V-Al  storedinair 517.2 530.9 0.064 0.56 é 0,3

calcined 517.4 530.9 0.0 0.57 £
15-V-Al storedinair 517.3 530s7 0.13 0.52 8 024

calcined 517.0 530.9 0.17 0.51 S
2-V-Zr  storedinair 517.2 530.2 0.11 0.43 84

calcined 517.4  530.2 0.13 0.38 ="
(3-V-Zr), storedinair 517.1 530.1 0.20 0.37 0.0

calcined 517.3 530.3 0.28 0.34 ) 10 15 20
2-V-Ce storedinair 516.7 529.4 0408 0.57 V atoms / nm®

(532.0)
calcined 516.9 529.5 0.12 0.38 Figure 2. Relation between V/support ion atomic ratio and vanadium
(531.7) surface densities in the XP spectra of supporte@ZrO, and \,O0s/
6-V-Ce storedinair 516.8 529.6 0.22 0.46 Ce(Q catalysts.
_ (531.5)
calcined  517.2 (5532525) 0.52 0.30 vanadium surface atom density for theQ4ZrO, and V,Os/

CeQ series. As expected, there is a proportionality between
these quantities up to the monolayer surface atom density, above
which the slope of the curve changes significantly. From the
be noted: including the remaining samples, the values are foundintersections of the interpolated curves for submonolayer and
between 517.0 and 517.4 eV on alumina (additional sample: for higher vanadium oxide contents, the monolayer capacity of
24-V-Al), between 516.8 and 517.4 eV on Zr(additional Al,05 can be determined to be 8.5 V atomsfmhich is not
samples: 1-V-Zr, (3-V-Zg and 4-V-Zr), between 516.7 and  far from the value of ca8 V atoms/nra obtained from vibra-
517.2. eV on Ce@(additional samples: 1-V-Ce, 3-V-Ce, and tional spectroscopy.

5-V-Ce), and 517.3 eV on NBs. It should be noted, however, In Figure 3 examples of the ISS sputter series (6-V-Nb and
that such a comparison is always influenced by the choice of 6-v-Ce) are presented. It can be seen that the support ion signals
the secondary BE standard, the support cation binding energy.(Nb, Ce) are visible from the very first scan although their
Thus, for some of the oxide supports, the current reference BE intensities are low. With sputtering time the support-ion signals
data deviate significantly from those given in ref 26 (after grow dramatically as expected. With 6-V-Nb, the V peak
recalibration to C (1sj= 284.5 eV— Al (2p) in y-Al03 = intensity begins to decrease after an initial slight increase in
73.4 eV (vs 74.0 eV), Ce (3d) in CeQ, = 881.6 eV (vs 882.6  the first two scans, but since the Nb peak intensity grows more
eV); Zr (3dsp) in Zro, = 181.9 eV (vs 182.2 eV); Nb (3d) rapidly the V/Nb ratio decays monotonically over the whole
in Nb,Os = 207.3 eV (vs 207.1 eV)). The BE data used in this  series (cf. also Figure 6). It was often observed that both signals
study are, however, well substantiated. Thus, the value takenhad a lower intensity in the first one or two scans than the

for Al20; (74.0 eV) is between the average of 10 measurementsfollowing ones. Therefore, conclusions were drawn mostly on
with alumina-supported V and Mo surface oxide species (74.1 the basis of intensity ratios.
eV) and a measurement with the bare oxide support {£3/8 In Figure 4, comparisons are made between the first ISS scans
all referenced to C (1s) at 284.5 eV. The Ces(§dBE of 882.6 in the initial hydrated state and after dehydration by in situ
eV for CeQ arises from an extended study with Ce-containing calcination for several supported vanadium oxide catalysts. The
mixed oxides where binding energies were measured undergifferences noted already by XPS are even more pronounced
reduced surface charge by heating the oxides during datajn the IS spectra, which are more surface sensitive. The support
acquisitionz” 28 peak is always visible in the first scan for the monolayer-
Additional minor O (1s) signals were observed with most supported vanadium oxide catalysts and the intensity ratio
V205/CeQ, samples (see examples in Figure 1). They are between the vanadium and the support signals increases with
possibly present in all spectra of ceria-supported vanadia, butin situ calcination in all cases. The increase of the V/support
their discrimination may have been prevented by considerableion ratio upon in situ calcination (dehydration) is very drastic
line broadening due to strong surface charging that sometimesin some cases, in other cases moderate. This certainly reflects
occurred with freshly calcined catalysts. The BE of the minor that the initial state of the samples (precalcined, but stored in
O (1s) signal was between 531.2 and 532.0 eV, which is typical the ambient atmosphere) is not well defined because the
of OH groups. In the example shown in Figure 1, the O (1s) rehydration was not performed under a controlled regime.
signal shape changes significantly during acquisition of the data, ~ Analogously, it is possible that the photoreduction during XPS
obviously in the course of the surface vanadium reduction. In measurement may also affect the structure of the surface
the fit of the O (1s) signal shape, this is reflected by an upward vanadate species: It has been reported in the earlier literature
BE shift of 0.3 eV of the minor peak relative to the major line.  that supported Mo and V species aggregate upon reduction in
This is not a behavior that would be expected for a free OH hydrogent416:29.30Therefore, IS spectra were taken also from
group of the support. Moreover, the amount of free support OH samples that had not been exposed to X-rays before. During
groups should be very small and hardly detectable by XPS onthe extended XPS measurements documented in Figure 1, no
the background of the lattice oxygen signal on a catalyst of significant changes were noted in the V-support ion atomic
surface vanadium oxide coverage above the monolayer capacitytatios. In Figure 5, the ISS intensity ratios between vanadium
even if a small part of the support might have remained and the support ion signal (first scan) are plotted versus the
uncovered (see, however, below). surface vanadium density for the;®s/ZrO, and V,Os/CeG,
Figure 2 reports the dependence of the atomic ratio betweenseries. 1SS data taken after extended XPS measurement are
vanadium and the support cation (determined by XPS) on the denoted by open symbols, ISS results measured without previous

aAl, Zr, or Ce.? 1 h, 730 K, synthetic air.
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measurement.
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Figure 4. Influence of calcination on the IS spectra of supported V catalysts. Comparison of stored samples (i.e., calcined at 773 K, but stored in
air) with samples immediately after calcination. All spectra recorded after previous XPS measurements{A).@; catalysts, (b) YOs/CeQ,
catalysts, and (c) ¥s/ZrO, catalysts.

exposure of the samples to X-rays (and stray electrons) are givergives analogous data for the®s/Al,03 system (15-V-Al and

as solid symbols. Unlike the XPS intensities (Figure 2), the ISS 24-V-Al). In the diagrams, sputter series taken after XPS
intensity ratios are not proportional to the surface V density measurements (open symbols) are again compared with runs
because at high coverage the support becomes more and moren samples that had not been exposed to X-rays before (solid
invisible to the scattered He ions. There is a significant increase symbols). It becomes obvious from these figures that in most
of the initial V/Ce (or V/Zr) ratio when ISS is measured without  supported vanadia catalyst systems, the surface vanadium oxide
previous XPS analysis, but there was never a case where thdayer is dense at the beginning of the run: the extrapolation of
support ion signal was completely missing in the first scan. This the support ion/V area ratio goes through the origin in all cases
observation does not necessarily indicate an incomplete shieldingexcept 3-V-Ce and the XDs/Al,05 catalysts where very small

of the support at the theoretical monolayer coverage due to theintercepts were found. In the first case, it should be noted that
formation of three-dimensional aggregates because it may havethe ceria support is more reactive than the remaining ones,
resulted from the erosion of some vanadium in the first secondstending to the formation of bulk CeV/Owhich would decrease

of the experiment before the kinetic energy sweep reaches thethe amount of vanadium species in the outermost surface layer.
location of the support ion signal. The significant loss in BET surface area with the calcing@y/

This question can be decided when the trend of the area ratioCeQ; catalysts (Table 1) may suggest that this has occurred to
between support ion and vanadium with increasing scan numbersome extent. Indeed, at higher vanadia content, the surface was
is extrapolated to the start of the experiment. When the supportfound to be completely covered by surface vanadium oxide
is completely covered by the supported vanadia species thisspecies (see samples 5-V-Ce and 6-V-Ce, Figure 6).
extrapolation has to go through the origin of the coordinate = The V,0s/Al 05 system, however, appears to differ from the
system. Figure 6 shows the extrapolation for supportgdsV/ remaining ones: even for 24-V-Al (almost 10 V atomsfm
Zr0O,, V,05/Ce(, and \LOs/Nb,Os catalysts with loadings near  the sputter series cannot be extrapolated to \AAD at zero
or at the theoretical monolayer surface coverage (3-V-Ce, (3- sputtering time (Figure 7a). This is true despite some anomalies
V-Zr)p, 4-V-Zr, 6-V-Nb) or above (5-V-Ce, 6-V-Ce). Figure 7  in the sputter series recorded with this catalysts, which nicely
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. o N 4 oo and the calcined states. Indeed, residual water and adventitious
2 with xS 2 1.5] witouxPs o 1 2 | vitowres ae carbon should be present in larger amounts on the hydrated than
8 3 : 8 ‘o .. O@ooc g3 A on the freshly calcined samples. For carbon, this is confirmed
g2 g g %7 with xps § 2 . by the tre_nd; of the C (1s) line intensity, V\_/hich is always lower
] < WM . 05{ * ; . ::hxps after cglcmatlon. The frequently observgd increase Qf the overall
intensity of the IS spectra during the first scans might also be
% F M 5 2 % 5 T m o % 5 Tk attributed to the removal of adsorbed molecules.
Sean No. Sean No. Scan No. On the other hand, the overlayer hypothesis can provide

Figure 6. Development of support ion/V intensity ratio in the ISS  measyrable effects in the V/support ion ratios measured by the

sputter series with supported vanadia catalysts. Comparison of measurer,q o rface sensitive XPS only if these lavers are thick or
ments after previous XPS analysis (open symbols) and measurements y Y

with fresh sample (solid symbols): (a) 2.6%0K/CeQ, (b) 4.7% \4Os/ predominantly located on the vanadium species. The presence
CeQ, (C) 5.8% \LOs/Ce, (d) 3.3% \LOS/ZIO,, (€) 4.0% \bOs/Zr0,, of multilayers of adsorbed water is highly unlikely in UHV,
and (f) 6.1% \Os/Nb,Os. and disproved by the absence of O (1s) signals 882 eV,

where molecularly adsorbed water is usually foéfhblultilayer
illustrate the experimental problems with the-¥XI system: The adsorbates should also prevent the detection of ISS signals of
Al signal appears on the slope of the intense O signal. Therefore,vanadium and the support lines from the very first scan. The
it is very difficult to determine a realistic background for the presence of an adsorbate monolayer exclusively or preferentially
Al signal, and the values determined by assuming a linear on vanadium should give rise to intermedi@tereases of the
background underestimate rather than overestimate the AlV/support ion ISS intensity ratio. With the exception of the
intensity. Any deterioration of the resolution as occurred in the anomalous case of 24-V-Al (vide supra, Figure 7), this has never
experimental series between scans 5 and 10 (Figure 7b) stronglbeen observed with any sample, and the V/support ion ratios
affects the areas determined (Figure 7a). It can be assumedhad a monotonically decreasing trend in all cases. Hence, the
however, that the tendency of growing Al/V ratio observed with formation of the surface vanadia species upon in situ calcination,
ongoing sputtering reflects the uncovering of the@ surface which includes spreading of the aggregated vanadia phase, is
correctly. Even if this trend is aligned to the first data point, it the best explanation of the XPS and ISS intensity trends
does not extrapolate the series to the origin (Figure 7a). Notably, observed. A similar phenomenon is known from the earlier
in an earlier study with supported Mo catalysts a nonzero Al/ literature for supported MogAl,O3 catalystst*32 We have,
Mo ratio was obtained in the extrapolation of the Al/Mo area however, performed our study with “initial” samples that had
ratios for a supported MofAl,O5 catalyst with Mo surface already undergone a calcination at a higher temperature than
atom density at monolayer limit while the support turned out applied prior to surface analysis. Therefore, our results support
to be completely covered in an analogous ME@D,, catalyst3! the view that the surface metal oxide species are not stable
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toward moisture in the ambient atmosphere, which leads to thebecause a dense cover on the convex side of a curved surface
re-formation of an aggregated hydrated surface vanadium oxidehas to be slightly larger than the surface itself where the density

phase. of sites capable of anchoring surface vanadate species does not
Our study has confirmed earlier reports about the reduction increase. This would imply that the monolayer is completely
of supported ¥+ species under X-ray irradiatidfi” The built up but not completely dense because of the surface

reduction product is ¥*. The clustering of the V phase during ~ curvature (AJOs primary particle diameter estimated: 8 npm (
photoreduction has been detected by ISS (Figure 6) but not by (y-Al203) = 3.4 g cn9)). It should be noted, however, that
XPS. In fact, the detection of significant changes in the IS the Al cations detected by the small He probe in ISS cannot be
spectra was a surprise because of the very mild reductionidentified in experiments with chemical probes (methanol
conditions that should not favor the mobility of the surface chemisorptionf?

vanadia species on the support. Indeed, the clustering tendency A final remark refers to the BE shift of the minor O (1s)
is weak since it does not lead to significant changes in XPS. signal during photoreduction of the monolayer sample 6-V-Ce
On the other hand, it is existent and clearly identified by 1SS. (cf. Figure 1). The binding energy of this minor contribution is

The extrapolation of the support ion/vanadium intensity ratio in a region where support OH group signals are expected, but
to the beginning of the experiment proved that the support ions N BE shift suggests that the oxygen is associated with
are not exposed to vacuum or gas phase when vanadium isvanadium. Indeed, given the dense vanadate coverage detected
supported in theoretical monolayer coverage or above orpCeO " this sample by ISS (Figure 6), Ce-OH groups can be safely
ZrO,, and NbOs supports (see Figure 6). A slight initial Ce rejected. Alternatively, the signals could arise from oxygen in

intensity in (3-V-Ce) may be due to the lower vanadia loading 9"°UPS ONn the vanadia multilayer In th's_ sample-OH groups

of this surface (vide supra, possible bulk incorporation of V ©' lattice ox.ygen), but the latter is unllkelly because. HOW,
species during calcination). The results confirm the view that the O (1_5) signal appears at ca. 530 eV. Finally, the_S|gnaI could
the surface vanadia species form a complete monolayer on theP® aSS|gne_d to oxygen bridges between vane_tdlum and the
oxide support before growing into the third dimensiol.is, support, which originate ffom.‘he. QH groups F’Te‘.""”s'y present
however, at variance with several other reports in the literature on the surfgce. At present, itis difficult to dlscr.|m|nate between
(vide supra). The structural effects of in situ calcination the remaining choices (.VOH or V_O._C? bridges), hence,
(dehydration) and photoreduction demonstrated in this papermore effort will be requwe_d to establish if we have a chance
give indications for possible reasons of this apparent differ- here to detect oxygen bridging between the support and the
ence: the correct result can only be obtained with in situ supported layer in the V/Ce/O system. Unfortunately, the O (1s)

calcined and dehydrated samples that have not been used foPE of _bU|k oxygen in the remaining supports |s_h|_gher S0 th_at
prior XPS measurements. Furthermore, it was necessary to alsgn€re IS hardly any chance to find out if a similar state is
record the sputtering series under conditions with as low as Superimposed.

possible erosion per scan, and only the extrapolation of this .

series to zero sputtering time resulted in the conclusion that €onclusions

the support cations are indeed completely covered by thg surface | situ calcination and dehydration of supported vanadia
vanadia monolayer. Another possible reason for the disagree-catalysts leads to significant intensity increases of the V signals
ment of results may be the use of improper precursors or routesyg|ative to the cation signals of the oxide support in surface
for catalyst preparation. analytical studies by XPS and ISS. These intensity increases,
The above conclusion, however, does not hold for alumina which were obtained upon recalcination of calcined samples
as shown in Figure 7. The results with this support differ from that had been stored in contact with the ambient and humid
the previous cases also in the observation that the vanadiumatmosphere for prolonged periods, indicate the formation of a
signal remains visible even after extended sputtering while it dehydrated surface vanadia monolayer on the oxide supports
can be almost completely removed in the other oxide supportsfrom hydrated aggregates upon in situ calcination. The vanadia
(compare support ion/V intensity ratios achieved in the sputter clusters reform during interaction with moisture. Surface
series documented in Figures 6 and 7). These differences maywanadium oxide species are reduced during prolonged exposure
be a consequence of the largely different BET surface areas ofto the X-rays of a (nonmonochromatized) X-ray source. Despite
the supports involved (see Table 1). Complete removal of the the mild reduction conditions, this reduction leads to clustering
surface vanadia by prolonged sputtering can only be expectedof the vanadate, which is detectable by ISS but not by XPS. It
for flat surfaces, with the surface normal pointing into the was found that meaningful conclusions from ISS measurements
analyzer direction. High surface-area supports possess stronglyrequire the performance of sputter series and their extrapolation
curved surfaces, most of which have other orientations to the to zero time. On this basis, it was demonstrated that supported
analyzer. As a consequence, the changes in the V and Al signalsv,0s/Ce,, V,05/ZrO,, and bOs/Nb,Os catalysts with a
are very gradual, and a considerable V intensity arising from surface vanadia loading corresponding to the monolayer cover-
surfaces at various angles from that normal to the analyzerage or above form a close-packed vanadia monolayer on the
direction remains. Therefore, it is clear that the initial Al/V  oxide support. However, a small number of Al ions are exposed
intensity ratio of ca. 0.2 (Figure 7) corresponds to a low Al on the \LOs/Al,O5 catalyst at theoretical monolayer coverage,
exposure although a quantitative value for the vanadia coveragewhich was attributed to the high specific surface area and the
cannot be derived. Figure 6 shows that vanadium oxide highly curved surface of the alumina support.
monolayers are dense on surfaces of lower curvature (primary
particle diameters ofl, = 23—30 nm may be estimated from Acknowledgment. .E.W. and L.E.B. gratefully acknowl-
the BET surface areas of the bare supports (cf. the Experimentaledge the United States Department of Energy, Basic Energy
Section) with the equatiod, = 6/(pAset) assuming spherical ~ Sciences (Grant DEFG02-93ER14350), for financial assistance.
particles and densities of 6, 7.3, and 4.5 g cn? for ZrO,, I.LE.W. dedicates this paper to the memory of Dr. Robert
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