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Methodical aspects in the surface analysis of supported
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Supported molybdena catalysts, with TiO2, CeO2 and Al2O3 supports, were studied by XPS and ISS. It
was found that reliable results are obtained only when samples are calcined and transferred into the
ultrahigh vacuum system without further contact with the ambient atmosphere (‘in situ calcination’). This
applies also to catalysts that were previously calcined but had been stored in the ambient atmosphere.
Supported Mo oxide becomes reduced under x-ray irradiation during extended XPS data acquisition. A
slight decrease of the Mo/support cation intensity ratio as a consequence of this reduction was detected
by ISS in MoO3/TiO2 and MoO3/CeO2, therefore ISS analysis should be performed on freshly calcined
samples without prior extended exposure to x-rays. Because ISS spectra change rapidly due to sputtering,
a correct analysis of the surface properties of the supported Mo catalyst requires extrapolation of the trend
to the start of the experiment. It was established by this methodology that the surface of a 7% MoO3/TiO2

catalyst (5.3 Mo nm−2) is completely covered by a monolayer of Mo oxide species, and no Ti cation is
exposed. In a submonolayer MoO3/CeO2 catalyst the exposed support could be detected, as expected,
whereas in an MoO3/Al2O3 catalyst with an Mo oxide loading equal to the monolayer coverage a slight
exposure of the Al support cation also was noted probably because of the high curvature of the smaller
Al2O3 particles. Copyright  2004 John Wiley & Sons, Ltd.
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INTRODUCTION

In supported transition-metal oxide catalysts the interaction
between the supported oxides (e.g. Mo(VI), V(V), W(VI)) and
the oxide support (typically Al2O3, TiO2, ZrO2, excluding
SiO2) is so strong that the formation of bulk transition-
metal oxide species is observed only at high transition metal
content. It is, however, still a matter of debate if aggregation
of the transition metal oxide phase starts already while parts
of the oxide support are still bare or if the support surface
is first covered by a dense monolayer of surface transition-
metal (Mo, V, W, etc.) oxide species before the transition-
metal oxide starts to grow into the third dimension. The
latter view is suggested by a number of studies mainly with
vibrational spectroscopies, which are summarized in Refs
1–3. However, this view is now not supported by surface
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analytical work, although supported Mo oxide catalysts are
investigated by surface analytical techniques, particularly
XPS, quite frequently.

X-ray photoelectron spectroscopy has been used both to
determine surface concentrations of Mo oxide species on
supports and oxidation states of Mo in reduced catalysts.
Much of the early work is summarized in Refs 4–6. Some
alternative approaches, in particular the use of the Auger
parameter (chemical state plots) and of oxygen Auger signals,
are stressed in Ref. 7. In the study of reduced Mo oxide
catalysts the assignment of binding energies to Mo oxidation
states has been a matter of controversy since the pioneering
work of Cimino8 and Haber9 (see Refs 10–13). Only in rare
cases can XPS differentiate species of an element that are in
identical oxidation states. The use of XPS with fully oxidized
supported metal oxide catalysts is therefore normally limited
to comparisons between the surface and bulk metal/support-
ion ratios. They tend to be proportional to each other below
the theoretical monolayer coverage, whereas the surface
ratio levels off or changes to a smaller increase above
this limit. However, XPS is not suitable for deciding if the
support was completely covered before a second monolayer
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was formed. Owing to its average sampling depth of
1.5–2.5 nm (only ¾30% of the signal intensity arises from the
outermost sample layer) and the considerable errors inherent
in intensity evaluation, a significant part of the supported
oxide species could be deposited onto the first layer instead
of the bare oxide support before the XPS line intensities are
affected significantly. For flat samples, angular-dependent
XPS analysis can improve the surface sensitivity, but its
perspective is much less favourable with the curved surfaces
of real catalyst powders.

Owing to its sensitivity exclusively to the outermost sur-
face layer, ISS is better suited to study the problem if an
oxide support carrying transition-metal oxide species in a
quantity corresponding to the theoretical monolayer limit
is completely covered by the supported oxide. Ion scatter-
ing spectroscopy has been applied frequently to supported
oxide catalysts10,14 – 19, and several of these studies have
resulted in the conclusion that aggregation of the transition-
metal oxide species occurs before the monolayer coverage
is completed.16 – 19 In combination with chemisorption tech-
niques, ISS even has been employed to determine surface
coverages quantitatively.10,16,20 The method is based on quan-
titative use of the Al/O ISS intensity ratios, which decrease
with increasing transition-metal oxide content. On the basis
of such measurements it has been argued that the support is
only covered to ¾85% (55%) in WO3/TiO2�WO3/ZrO2� cata-
lysts with tungsten contents above the theoretical monolayer
surface coverage.18,21 Formation of transition-metal oxide
multilayers at incomplete coverage of the oxide support has
been claimed also for V2O5/Al2O3 catalysts,16 and in early
studies of alumina-supported Mo and W oxides the support
line was still detected at transition-metal oxide contents far
above the theoretical monolayer surface coverage.10,15

The history of the samples studied is not always clear
in the literature. Although a calcination of the samples is
usually mentioned it is not obvious if the calcined samples
have been exposed to the ambient atmosphere prior to
the surface spectroscopic investigation or not. The aim of
the present study is to re-evaluate the methodology of
surface analytical studies with supported transition-metal
oxide catalysts on the basis of recent insight into the
surface chemistry of these systems. It has been reported
that the adsorption of water leads to the aggregation of the
surface transition-metal oxide species into structures such as
V10O28

ž
H2O or Mo7O24

ž
H2O,2,3 therefore any contact of the

samples with the humidity-containing ambient atmosphere
after calcination may obscure the results. In addition, if
XPS analysis precedes the ISS study, the transition-metal
oxide surface species may become reduced under the x-
ray irradiation, depending on the measurement conditions.
Such photoreduction during XPS has been described for
supported vanadia catalysts.22,23 It has been reported in
the literature that transition-metal oxide surface species
aggregate upon reduction in hydrogen.22,24 – 26 Although this
refers to thermal reduction at elevated temperatures, which
favour the mobility of species, it cannot be excluded a priori
that reduction of the transition-metal oxide species during
x-ray exposure leads to a similar effect. Finally, it is well
known that ISS is a destructive technique and that the

spectra of supported oxide catalysts will change gradually
as the supported oxide is peeled off the oxide support.
Extrapolation of the experimental data to the beginning of
the experiment may be necessary, therefore, to derive reliable
evidence about the sample studied.

In our study, the influence of these processes (in situ
calcination, photoreduction, sample damage during ISS) on
the result of ISS studies with supported oxides has been
investigated and a new methodology has been derived. The
present paper exemplifies this methodology with supported
molybdena catalysts. The study of a series of supported
vanadia catalysts will be published elsewhere.27

EXPERIMENTAL

Materials
The supported molybdena catalysts used for the present
studies were prepared by the incipient-wetness impregna-
tion method with aqueous solutions of ammonium hepta-
molybdate �NH3�6Mo7O24

ž4 H2O�. The supports used were
TiO2 (Degussa P-25, 45 m2 g�1), Al2O3 (Harshaw, 222 m2 g�1)
and CeO2 (Engelhard, 36 m2 g�1). After impregnation, the
samples were dried overnight at 293 K and finally calcined at
723 K (TiO2- and CeO2-supported samples) or 773 K (Al2O3-
supported samples). The molybdena content (by inductively
coupled plasma), surface Mo density and sample codes of
the materials studied are summarized in Table 1. The surface
Mo density at monolayer coverage is 4.6 Mo atoms nm�2 for
Al2O3, TiO2 and CeO2.28

Methods
The XPS and ISS spectra were measured with a Leybold
surface spectrometer equipped with x-ray and ion sources
and an EA 10/100 electron (ion) analyser with multi-
channel detection (Specs). The samples (calcined materials
after storage in contact with an ambient atmosphere) were
deposited on the sample-holder from a slurry in n-pentane
and introduced into the vacuum system without further
pretreatment. This state will be referred to as ‘stored
in air’. Alternatively, these catalysts were re-calcined in
flowing synthetic air (20% O2/N2) at 730 K for 1 h in
a pretreatment chamber of the surface spectrometer (i.e.
on the sample-holder) before being introduced into the
spectrometer vacuum without further contact with the
ambient atmosphere.

The XPS spectra were recorded using Mg K˛ excitation
(1253.6 eV, 10 kV/20 mA), with the analyser in pass-energy

Table 1. Supported Mo oxide catalysts studied

Sample code Actual composition

Surface Mo
density

(atoms nm�2)

5-Mo-Ti 5.5 wt.% MoO3/TiO2 3.8
7-Mo-Ti 7.5 wt.% MoO3/TiO2 5.3
10-Mo-Al 11.5 wt.% MoO3/Al2O3 2.7
20-Mo-Al 24.5 wt.% MoO3/Al2O3 5.6
3.5-Mo-Ce 2.7 wt.% MoO3/CeO2 3.6
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mode (pass energy 35.5 eV). A sequential protocol was
employed for data acquisition, with a sweep schedule
covering the selected regions (Mo 3d, O 1s, the major
support line and C 1s) being repeated many times. Because
all intermediate results are saved in this protocol, the sample
state can be inspected at any time. If beam damage is
detected, the data that are to be summed for improvement
of measurement statistics can be selected properly. Binding
energies (BEs) were primarily referenced to C 1s D 284.5 eV,
but the data given in Table 2 are related to the BE of the
support cations as secondary references: Al 2p D 74.0 eV,
Ti 2p3/2 D 458.7 eV and Ce 3d5/2 D 882.6 eV. The shifts
between the calibrations relative to C 1s and to the support
lines were minor for the TiO2 and Al2O3 supports. With
CeO2, the C 1s BE could not be determined unambiguously
because this region is superimposed by secondary Ce signals.
Atomic ratios were calculated from intensity ratios by
using Scofield interaction cross-sections29 together with an
empirical response function of the spectrometer sensitivity
to the photoelectron kinetic energy.

The ISS spectra were measured with 2000 eV HeC ions
and the analyser in pass-energy mode (pass energy 195 eV).
To record the changes of the sample surface caused by the
measurement, sputter series were performed by defining
narrow scans over the lines of interest (Mo, support cation).
The excitation current was set at a low level to obtain
spectra with still tolerable noise level at a minimized sputter
rate. The surface charge was removed with a flood gun.
After stabilization of source and flood gun with the sample
withdrawn from the measurement position, the sample was
moved into the He ion beam and the first scan was started

within 5 s. The length of the scans was typically 60–70 s,
with the Mo signal appearing after ¾50 s. From estimates of
the sample current produced by the source employed, we
believe that each scan takes away 5–10% of a monolayer.
Scans including the oxygen signal were performed only at
the end of the sputter series, which is, however, of limited
value because the surface was then already far from the
original state. Signal areas were integrated by assuming the
background to be linear. Only in the case of MoO3/CeO2,
where the Mo and Ce signals are not separated, was a curved
background (analogous to the Shirley background in XPS30)
employed (see Fig. 5).

RESULTS

Typical Mo 3d spectra are shown in Fig. 1, and the signal
shapes at the start and the end of overnight data acquisition
periods that had been scheduled initially to obtain high-
quality spectra are compared. It can be seen that the Mo
3d signal shape changes significantly, which indicates a
reduction of Mo(VI) during data acquisition. The analysis
of coexisting oxidation states in the Mo 3d spectra of oxide
samples has long been a matter of controversy. The relation
between binding energies and oxidation states preferred
by most groups until recently assumes binding energy
differences of 1.6 eV between Mo(VI) and Mo(V) and also
between Mo(V) and Mo(IV).8,10,31 Binding energy differences
of 0.8 eV between these states have been assumed by some
other groups.9,13 Because the spectra presented in Fig. 1
reflect a very mild reduction, leading possibly to only one
reduction product, they have been analysed by two different
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Figure 1. Evolution of Mo 3d XPS spectra of supported Mo oxide catalysts with data acquisition time and analysis of the changes
with different approaches: approach A—binding energy difference between Mo(VI) and the second Mo state fixed at 1.6 eV (see
text); approach B—binding energy fitted without constraint. (a) MoO3/Al2O3 (20-Mo-Al); fit result: Mo(VI) at 232.55 eV (52%), second
Mo state at 231.4 eV (48%). (b) MoO3/TiO2 (5-Mo-Ti); fit result: Mo(VI) at 232.45 eV (32%), second Mo state at 231.25 eV (68%).
(c) MoO3/CeO2 (3.5-Mo-Ce). All samples studied after in situ calcination at 730 K.
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Table 2. The XPS binding energies and surface atomic ratios measured with supported Mo catalysts

Binding energy (eV) Atomic ratio

Sample Treatment Mo 3d5/2 O 1s Mo/supporta supporta/O

10-Mo-Al Stored in airb 232.7 531.0 0.062 0.61
After in situ calcinationc 232.8 530.9 0.070 0.63

20-Mo-Al Stored in airb 232.55 531.0 0.093 0.61
After in situ calcinationc 232.45 531.0 0.12 0.64

7-Mo-Ti After in situ calcinationc 232.6 530.0 0.29 0.31
3.5-Mo-Ce After in situ calcinationc 231.8 529.5 0.25 0.50

a Al, Ti or Mo.
b Calcined at 723 K, but studied after prolonged contact with the humidity-containing ambient atmosphere.
c Calcination for 1 h at 730 K with 20% O2 in N2.

approaches to gain further evidence for a decision about the
relation between BEs and oxidation states. In both cases the
line shapes were kept invariable: in method A the second
Mo oxidation state was assumed to be at a 1.6 eV lower BE
than Mo(VI), while its binding energy was varied in method
B. It is clear from Fig. 1 that it is not possible to fit the
spectra of samples 20-Mo-Al and 5-Mo-Ti with method A
but method B yields a second Mo state at 1.1–1.2 eV below
Mo(VI). In the case of 3.5-Mo-Ce, the large noise did not
permit a differentiation between the results obtained with
the two approaches.

In Table 2, binding energies and elemental ratios mea-
sured with supported molybdena catalysts are summarized.
The binding energies are well within the range reported
in the earlier literature.10 – 12 The influence of the in situ
calcination step on the spectra is exemplified with the
alumina-supported catalysts. It can be seen that the Mo/Al
atomic ratio increases upon re-calcination, which indicates a
redispersion of Mo oxide species on the alumina during the
thermal treatment.

An example of the ISS sputter series (sample 7-Mo-Ti)
is given in Fig. 2. It can be seen how the Ti signal increases
with ongoing sputtering while the Mo signal decreases,
which results in a monotonous decrease of the Mo/Ti ratio.
However, it is quite clear that the Ti signal is present even in
the first scan of this sample, the surface Mo density of which
exceeds that at monolayer surface coverage.

Ion scattering spectra (first scans) of Mo/Al2O3 catalysts
without and after in situ calcination in air are compared
in Fig. 3. It is quite clear that the Mo/Al intensity ratio is
significantly affected by the in-situ calcination. As in the case
of XPS, the Mo/Al ratios increase but the effect is more
pronounced in the more surface-sensitive ISS. Again, in the
monolayer 20-Mo-Al catalyst, the Al signal is present already
in the first scan.

The influence of a previous XPS measurement on the
ISS spectra is demonstrated for sample 7-Mo-Ti in Fig. 4.
The first five scans for a fresh sample and a sample after
XPS analysis (both after in situ calcination) are given in Figs
4(a) and 4(b). Despite the larger experimental noise in the
measurement without previous exposure to x-rays, it is quite
apparent that the Ti signal is attenuated in this series. In the
first scans it is hard to identify at all, but integration over the
relevant kinetic energy range yields a non-zero value. The

Figure 2. Example of ISS sputter series taken from a 7 wt.%
MoO3TiO2 catalyst (in situ calcined at 730 K, ISS spectra
recorded after previous XPS analysis).

Ti/Mo area ratios are plotted versus the scan number in Fig.
4(c). Despite some scatter it is obvious that the Ti/Mo ratios
are smaller with the sample not exposed previously to the
x-ray beam, i.e. the Ti cations are less exposed in this case.
Figure 4(c) presents also the linear fits over the first 10 scans
for both samples. Only for the fresh sample does this linear fit
go through the origin (i.e. the TiO2 support was completely
covered by surface Mo oxide species in the calcined 7-Mo-Ti
sample). The fit parameters together with their confidence
intervals are given in the legend to Fig. 4, and it is obvious
that the confidence intervals of the intercept do not overlap
for the series with and without extended exposure to x-rays.
Therefore, the effect of the photoreduction on the surface Mo
oxide coverage is significant.

Figure 5 gives similar information for sample 3.5-Mo-Ce.
Figure 5(a) presents examples for the peak fitting required to
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Figure 3. Influence of in situ calcination on the ISS spectra of
MoO3/Al2O3 catalysts. ‘Stored’ samples are calcined at 723 K
in air but are studied after prolonged contact with the
humidity-containing ambient atmosphere; all ISS spectra are
taken after previous XPS measurement.

extract the Ce and Mo signal areas from the superimposed
signals. In the sputter series, the Ce/Mo ratio levelled off or
even decreased slightly above the fifth scan, which is not yet
well understood. Nevertheless, an extrapolation to describe
the initial state of the samples is still possible with the first
scans as shown in Fig. 5(b). It can be seen that exposure
to x-rays has an effect on the ISS spectra also in this case:
although the levelling off of the Ce/Mo ratios causes some
uncertainties in the extrapolations, the ranges for the initial
Ce/Mo values are different before and after x-ray exposure,
with a smaller initial Ce/Mo ratio in the fresh sample. The
extrapolation does not, however, go through the origin. It
appears from this that the CeO2 support was not completely
covered by surface Mo oxide species in the 3.5-Mo-Ce sample.

The results obtained with sample 20-Mo-Al are summa-
rized in Fig. 6. In the spectra of alumina-supported catalysts,
the Al signal appears on a background declining from the
oxygen signal (cf. Fig. 3). This makes a correct integration of
the Al signal difficult, although the presence even of weak
signals can be qualitatively well identified. Figure 6 shows
that the Al/Mo ratios level off after some time. A signifi-
cant influence of the previous exposure to x-rays on the ISS

spectra cannot de detected in this system. Despite the con-
siderable scatter due to the uncertainties in peak integration,
it is clear that the Al/Mo ratios do not extrapolate to zero
even although the initial Al/Mo intensity ratio is small.

DISCUSSION

The present work demonstrates several influences that may
affect the surface analysis of supported oxide catalysts, in
particular by ISS. Figure 1 shows that supported Mo(VI)
species may be reduced during extended XPS analysis,
which to our knowledge has not been reported before in the
literature. This is of relevance mainly for samples with low
Mo content where long data acquisition may be required
to obtain acceptable spectra, but it shows also that it is
questionable to seek for quality improvement by long data
accumulation in the analysis of higher loaded supported
Mo oxide catalysts. The Mo 3d5/2 binding energy of the
reduction product is ¾1.2 eV lower than that of Mo(VI).
Its assignment is not straightforward because it depends
on the relation between Mo binding energies and oxidation
states, which is still under debate for Mo oxide systems.
A non-linear relation between Mo binding energies and
oxidation states, which includes 1.6 eV shifts between Mo(V)
and Mo(VI) and again between Mo(IV) and Mo(V),8,10,31

later modified to 1.3 eV between Mo(VI) and Mo(V) but
1.9 eV between Mo(VI) and Mo(IV),11,12 is widely accepted
in the literature. However, there are groups that advocate
a linear relation between Mo binding energy and oxidation
state that involves 0.8 eV shifts of both Mo(V) to Mo(VI)
and Mo(IV) to Mo(V) and assigns a state at 3.2 eV below
Mo(VI) either to Mo(II) or to mutually bonded Mo(IV)
ions.9,13 In contrast to both approaches, Aigler et al. have
demonstrated an Mo(VI)–Mo(IV) shift as small as 1.1 eV
with photoreduced Mo/SiO2 catalysts.32 According to the
latter, the reduction product formed during x-ray exposure of
supported Mo catalysts would be Mo(IV), whereas it would
have to be assigned as Mo(V) with the former approaches.
Unfortunately, verification by independent techniques, e.g.
oxygen consumption during reoxidation, is not possible with
the samples studied here. The example illustrates the need
for further research to establish a reliable binding energy
scale for the assignment of Mo oxidation states.

Figure 2 demonstrates that the ISS spectra of supported
oxide catalysts change rapidly due to the sputter effect of
the He ions. With one exception cited above (3.5-Ce-Mo,
in situ calcined, ISS after XPS, at higher scan numbers; not
shown in Fig. 5), the general trend of the sputter series was
always the same: from the first scan, the area ratio between
the Mo (or V27) and the support ion decreases, which reflects
uncovering of the support by peeling off the supported
transition-metal oxide species. However, although the area
ratio between the transition metal and the support cations
went on to decrease to low values in many cases (MoO3/TiO2,
V2O5/ZrO2, V2O5/CeO2, V2O5/Nb2O5

27), it tended to level
off with MoO3/Al2O3 (and V2O5/Al2O3

27). This can be
understood by considering the difference in BET surface
area between these supports. A complete removal of the
supported transition-metal oxide species can be expected
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only for a flat surface at right angles to the analyser direction,
which is best approximated by low-area supports. A high
surface area support such as Al2O3 will present most surfaces
at various angles to the analyser where the transition-
metal oxide species and the support cations are peeled off
simultaneously after a short initial period. The 3.5-Mo-Ce
sample does not behave according to this model: although it
has a low BET surface area, the Mo/Ce ratios level off after a
short time (cf. Fig. 5). A possible explanation for this may be
that the CeO2 used does not arise from a high-temperature
preparation such as the TiO2 and ZrO2 supports employed.
The latter should have more flat and regular facets than
the former, which should have an irregular rough surface
despite the rather low total surface area causing the sputter
series to adopt a similar trend to that with Al2O3.

The rapid change of the ISS spectra invokes the necessity
to perform sputter series with ion currents that are as
low as possible. For traditional equipment this requires
operation near the detection limits and will not usually
produce high-quality spectra. Fortunately, the data treatment
steps required (integration, extrapolation of trends) all tend
to average out experimental noise. The extrapolation is
favourably done with the support cation/transition-metal
ion ratio, which extrapolates to zero for complete coverage
of the support.

From Table 2 and Fig. 3 it is evident that a reliable
analysis of the catalyst surface can be expected only when
the sample was previously calcined and then transferred to
the spectrometer without further contact with the ambient

atmosphere (in situ calcination). Again, this is confirmed by
experience with supported vanadium oxide systems.27 This
observation supports the view that surface molybdenum
oxide species become detached from the support surface
under the influence of moisture and aggregate in the
hydrated state (in the case of supported molybdena catalysis,
for example, into Mo7O24

ž
�H2O)2,3). It might be argued

that residual water (or carbon) may have attenuated the
signals of the transition-metal cation in the non-calcined
samples. However, measurable changes in the XPS intensity
ratios can be expected only when the adsorbate layers
on these samples are thick (if homogeneously distributed)
or selectively deposited on the transition-metal ions. Both
assumptions are in disagreement with the ISS results: the
former would prevent the observation of any spectra;
the latter would produce intermediate increases in the
transition metal/support ion ratios, which was observed
only in one case (with an in situ calcined sample, vide
supra). Hence, the intensity changes observed upon in situ
calcination (Table 1, Fig. 3) indicate a re-dispersion of the Mo
oxide species on the surface. This agrees with conclusions
from Raman- and infrared spectroscopic studies, according
to which dehydration of the surface during calcination
leads to decomposition of the Mo oxide clusters, and the
Mo oxide species bind to the support and form a two-
dimensional overlayer of isolated and oligomeric surface
species.2,3

Although the essential role of the calcination process was
expected on the basis of the recent literature, the changes in
the ISS spectra after extended XPS analysis (which did not
result in changes of the XPS intensity ratios) were surprising.
The clustering of reduced transition-metal oxide species
upon reduction has been reported for thermal reduction
in H2,22,24 – 26 where the conditions favour the mobility of
species. Upon reduction under the x-ray beam, the clustering
is, of course, less extensive but it was clearly detected in
sample 7-Mo-Ti, with high probability also in sample 3.5-
Mo-Ce. Other examples with supported vanadia catalysts
may be found in Ref. 27. After taking this effect into account,
it could be shown that the Ti cations are indeed completely
covered by the surface Mo oxide monolayer (Fig. 4). This
is a remarkable result despite the fact that the surface Mo
density of this catalyst is somewhat above the monolayer
limit, because it has been claimed sometimes in the literature
that the support (ZrO2, TiO2, Al2O3) remains exposed at
transition metal oxide (W, Mo, V) loadings above monolayer
surface coverage.16,18,21 For MoO3/TiO2 this is definitely not
the case. Similar conclusions could be drawn for V2O5/ZrO2,
V2O5/CeO2, and V2O5/Nb2O5 in Ref. 27.

For MoO3/CeO2 and MoO3/Al2O3 catalysts, the support
was found to be exposed to a small extent. In the case
of MoO3/CeO2, this is according to expectations because
the Mo surface density is below the monolayer limit in
this sample (Table 1). On the other hand, with the Al2O3

support a significant exposure of Al cations was found also
in analogous V2O5/Al2O3 catalysts27 so that we consider
this observation significant. We ascribe it tentatively to
the stronger curvature of surfaces in the high-surface-area
alumina support (primary particle diameters of dp D 8 nm
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and 35 nm estimated from the BET surface areas of the bare
Al2O3 and TiO2 supports (cf. Experimental) with equation
dp D 6/��ABET�, assuming spherical particles and density
� D 3.4 and 3.9 g cm�3 for �-Al2O3 and anatase, respectively),
which may leave Al cations exposed even if the surface is
saturated with Mo oxide (vanadium oxide) species.

CONCLUSIONS

For surface analytical studies of supported transition-
metal catalysts (here, supported Mo oxide catalysts) it
is essential that the samples are calcined at a suitable
temperature and studied without further contact with
the atmosphere (in situ calcination). Storage of calcined
catalysts at the ambient atmosphere results in significant
decreases of the Mo/support ion signal intensity ratios in
XPS and ISS. Supported Mo(VI) oxide species are reduced
during extended XPS data acquisition. For MoO3/TiO2 and
MoO3/CeO2 this reduction decreases the surface Mo oxide
coverage slightly, as detected by ISS. Owing to the rapid
change of the ISS spectra, the original state of the surface
has to be derived by extrapolation of sputter series. In
calcined MoO3/TiO2 catalysts, the titania support was found
to be completely covered by a close-packed monolayer of
surface Mo oxide species when the Mo loading exceeds the
monolayer surface coverage. In MoO3/Al2O3, a small part
of the Al cations was still exposed at monolayer surface Mo
oxide coverage probably due to the curvature of the smaller
Al2O3 particles.
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