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The electronic structure of oxide-supported tungsten oxide catalysts
as studied by UV spectroscopy
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E-mail: jrs@servidor.unam.mx

b Istituto di Chimica, Facoltà di Ingegneria, Università, P.le J.F. Kennedy, I-16129 Genova, Italy
E-mail: icibusca@csita.unige.it

Received 29 June 1998; accepted 12 October 1998

The UV spectra of tungsten oxide catalysts supported on alumina, titania and zirconia, and on titania–alumina and titania–zirconia
mixed oxides are reported and discussed. Evidence is provided for the different electronic structure of supports and catalysts, which
could affect the behavior of the tungsten oxide centres in the different cases. On alumina, tungsten oxide centres are “isolated” by the
insulating support, while on titania-based materials they are likely in electronic contact with each other and with Ti centres through the
support conduction band. In the case of WO3–ZrO2, the 5d levels of tungsten ions fall just below of the lower energy limit of the
support conduction band.

Keywords: tungsten oxides, UV-vis spectra, electronic structure, HDS catalysts, SCR catalysts, oxidation catalysts, titania, alumina,
zirconia, titania–alumina, titania–zirconia

1. Introduction

Oxide-supported metal oxides represent a relevant fam-
ily of solid catalysts [1]. In particular, materials belonging
to this system are used for the selective catalytic reduction
(SCR) of NOx by ammonia (V2O5–WO3 or V2O5–MoO3

supported on TiO2 anatase [2]), for the selective oxidation
of some alkyl aromatics such as ortho-xylene to phthalic
anhydride (vanadia–titania [3]), and in acid catalysis (sup-
ported tungsten oxide [4]). Additionally, tungsten and/or
molybdenum supported oxides are used as precursors of
the corresponding supported sulfides, used in hydrotreat-
ment (HDS) catalysis [5,6], and of reduced catalysts for
olefin methathesis [7]. To improve the performance of these
catalytic systems, different oxide carriers have been inves-
tigated or used. The most popular carriers are alumina
and titania, in the form of anatase. The former support is
reported to allow good catalyst performance with good me-
chanical properties. However, titania anatase seems to give
rise frequently to more active catalysts than those supported
on alumina, both in the case of HDS sulfide catalysts [8,9],
and in the case of oxidation catalysts [10], although with
worst mechanical properties. Recently, zirconia has also
been proposed as a promising support for HDS [11], for
SCR [12] and for acid catalysis [13]. Mixtures of these
three oxides have also been catalytically tested in some re-
actions [8,9]. The characterisation of these materials has
been largely based on vibrational spectroscopies such as
IR [14] and Raman [15]. In particular, the role of differ-
ent supports on the dispersion of the active phases, and
on the acid–basic properties of catalysts has been largely
discussed in the scientific literature. Moreover, some au-

thors [16] have pointed out that the electronic properties of
the supports are important and can also be involved, par-
ticularly in redox reactions carried out on oxide-supported
oxides (or sulfides), such as in selective oxidation and hy-
drotreating [17]. Clearly, the study of the electronic proper-
ties of these support materials is of importance to catalysis.
Among the catalyst characterisation techniques, ESR spec-
troscopy [18] and electric conductivity measurements [19]
found some application for these systems. UV-visible spec-
troscopy has been mainly applied to determine the coordi-
nation state of the supported phases [20,21].

In the present study we analyse and compare the UV-
vis spectra of tungsten-oxide-based catalysts, supported on
different carriers, in order to obtain information on the elec-
tronic properties of supports and catalysts and on possible
electronic interactions between the different supports and
the supported tungsten oxide phase.

2. Experimental

The different support samples, ZrO2, Al2O3, TiO2,
TiO2–Al2O3 and TiO2–ZrO2, have been prepared start-
ing from Zr(NO3)4 (MEL Chemicals, solution 40%),
Al[OCH(CH3)2]3 and Ti[OCH(CH3)2]4 (both from Aldrich,
97%). For the Al-containing solids, Al[OCH(CH3)2]3 was
dissolved in n-propanol. The reagents were mixed care-
fully prior to hydrolysis with water. The precipitates were
dried at 393 K for 12 h, and nitrates and residual organic
compounds were calcined at 723 K for 4 h [22]. The prepa-
ration of the tungsten-based catalysts was accomplished by
impregnating the supports with an aqueous solution of am-
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Table 1
Composition and surface areas of the samples under study.

Sample WO3 (% w/w) Surface area (m2/g)

TiO2 (anatase) 0 94
ZrO2 (monocl. + tetr.) 0 94
Al2O3 (γ-) 0 210
TiO2–ZrO2 (amorphous) 0 203
TiO2–Al2O3 (amorphous) 0 220
WO3/TiO2 10 92
WO3/ZrO2 10 85
WO3/Al2O3 10 205
WO3/TiO2–ZrO2 10 182
WO3/TiO2–Al2O3 10 182

monium metatungstate ((NH4)6H2W12O40) in the appropri-
ate concentration to yield the composition values given in
table 1. The catalyst precursors were dried and calcined
under the same conditions as the supports.

The BET surface areas of the samples were measured by
nitrogen physisorption using a Micromeritics ASAP 2000
apparatus. The UV-vis diffuse reflectance spectra were ob-
tained at room temperature in a Cary 5E UV-vis-NIR spec-
trometer using polytetrafluoroethylene as a reference. Some
spectra were also acquired under vacuum (dehydrated con-
ditions), using a special quartz cell which allowed heating
of the sample wafer, connected to a vacuum line, using a
Jasco V570 instrument.

3. Results

The tungsten content and the surface area of the samples
under study are reported in table 1. The incorporation of
WO3 to the supports causes a minor decrease in the surface
area of the pure supports and from 10–20% in the mixed
oxides.

Figure 1 presents the diffuse reflectance UV-visible spec-
tra of the samples under study recorded in air. Regarding
the support samples, it is observed that titania anatase shows
an absorption edge with an onset near 450 nm and an inflec-
tion point near 370 nm. An absorption plateau is also found
in the region between 330 and 230 nm. The edge is due to
the O2− → Ti4+ charge transfer transitions corresponding
to the excitation of electrons from the valence band (hav-
ing the O 2p character) to the conduction band (having the
Ti 3d character) [23,24]. The position of this absorption
and the corresponding energy gap (Eg → 3 eV) charac-
terises stoichiometric TiO2 anatase as an intrinsic semicon-
ductor [25].

The pure zirconia sample presents a clear absorption
edge, but located at much lower wavelength than the one
found for titania. For our zirconia sample, which is ac-
tually a mixture of the tetragonal and monoclinic phases,
we find the inflection point of the absorption edge near
240 nm, although an absorption tail can also be observed
in the 400–250 nm region. This tail, associated to impurity
absorptions, makes finding the exact position of the edge
onset difficult. The main edge is likely due to O2− → Zr4+

Figure 1. UV-vis DRS spectra for the support samples.

Scheme 1. Electronic structures of oxide-supported tungsten oxides (Eg =
energy band gap (eV)).

charge transfer transitions, corresponding to the excitation
of electrons from the valence band (having O 2p character)
to the conduction band (having Zr 4d character). The edge
position agrees well with literature data, reporting an Eg

value for zirconia of near 5 eV [13], showing that zirconia
is almost an insulating material.

In the case of the alumina sample, no strong absorption
is observed in our available spectra region (λ > 200 nm),
although a weak peak, also associated to impurity absorp-
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Figure 2. UV-vis DRS spectra for tungsten-based catalysts supported on
titania, zirconia and titania–zirconia supports.

tions, can be found centred near 265 nm. These observa-
tions are well in line with the strongly insulating character
of alumina polymorphs, including γ-Al2O3, which is re-
ported to have an Eg as high as 7.2 eV [26].

With respect to the mixed oxide supports containing ti-
tania (TiO2–ZrO2 and TiO2–Al2O3), they show a strong
absorption with an edge which is located at only slightly
higher energies than that of titania. The inflection points
can be observed near 355 nm for titania–zirconia and near
325 nm for titania–alumina. This means that the dilution
of titania with more insulating oxides increases the energy
gap due to a mixing of the character of the conduction
bands.

The incorporation of tungsten oxide to the titania,
titania–zirconia and titania–alumina supports (figures 2
and 3) does not modify at all the position of the absorptions
of the corresponding supports. This means that the empty
orbitals of hexavalent tungsten (W 5d) lie into the Ti 3d
conduction band so that the O2− → W6+ charge transfer
transitions are likely mixed with the O2− → Ti4+ charge
transfer transitions in the three cases. In contrast, the zir-
conia UV spectrum is strongly modified by the tungsten
supported oxide species. In fact, in this case, an additional
absorption, with an onset near 400 nm and an inflection
point near 300 nm, is clearly observed at the lower en-
ergy side of the zirconia edge. Moreover, the limit of this
absorption is less sharp than that found in the cases cited
above, suggesting that this absorption, rather than being due

Figure 3. UV-vis DRS spectra for tungsten-based catalysts supported on
alumina, titania and alumina–titania supports.

to a band-to-band transition, can be associated to a broad
level-to-level transition.

The UV spectrum of alumina is also strongly mod-
ified when tungsten oxide is supported on it. In fact,
a strong absorption with a main maximum near 215 nm,
and a pronounced shoulder near 250 nm, which is not
present in the spectrum of the pure alumina sample, is
found for WO3/Al2O3. This band is certainly associated
to O2− → W6+ charge transfer transitions involving sur-
face tungsten oxide species. Interestingly, this absorption
is located at definitely lower energies with respect to the
corresponding absorption observed for bulk WO3 [27,28],
corresponding to the transition of electrons from the O 2p
valence band to the W 5d conduction band of WO3. This
shows definitely that the electronic state of tungsten oxide
monolayers on alumina is different from that of bulk tung-
sten oxide, in agreement with previously reported IR and
Raman spectra that showed the predominant wolframylic
nature of these species (with one very short W=O bond
[15,29,30]), in contrast with the more symmetric octahe-
dral coordination of tungsten in the bulk of tungsten oxide
polymorphs, with no short W=O bonds.

To have an indication of the possible effect of surface
hydration/dehydration on the UV spectra of the samples, we
have also recorded the spectra under outgassing at increas-
ing temperatures, as shown in figure 4 for WO3/Al2O3. It
is evident that only slight changes are found in the posi-
tion of the O2− →W6+ charge transfer transitions, associ-
ated to the conversion of the tungsten oxide centres from
hydrated to dehydrated forms. The same is observed for
WO3/ZrO2 (not shown). In contrast, in the case of WO3

supported on TiO2-containing supports, we observe (upon
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Figure 4. UV-vis DRS spectra for WO3/Al2O3 after outgassing at increas-
ing temperatures.

Figure 5. UV-vis DRS spectra for WO3/ZrO2–TiO2 after outgassing at
increasing temperatures.

outgassing at higher temperatures) a progressive increase
of the absorption baseline in the region above the edge,
i.e., below the energy of the gap. This is shown in fig-
ure 5 for the WO3/ZrO2–TiO2 sample. This behavior is
typically observed for pure titania too [31] and for other
titania-supported or titania-containing catalysts, and is due
to a partial reduction of the titania bulk. It is, in fact,
well known that reduced titanias (i.e., non-stoichiometric
TiO2−x, formally containing Ti3+) strongly absorb in the
visible region and have a quasi-metallic behavior [32]. So,
electrons lying in the conduction band or in donor levels are
responsible for low energy absorption. On the other hand,
no shift is observed for the edge due to the O2− → Ti4+

charge transfer transitions upon outgassing WO3 samples
on titania-containing supports.

4. Discussion

The above-discussed data show that the three pure sup-
ports, titania, zirconia and alumina, differ very much with
respect to their electronic properties. The value of the
energy gap for TiO2 characterises it as a semiconductor,
while zirconia and, even more, alumina are insulating ma-
terials. This is, in fact, well known, but the important
issue is that this electric property of the support is cer-
tainly related to the catalytic properties of the supported
WO3-based catalysts, especially for reactions that have a
redox character. From the point of view of the electronic
properties, titania-containing mixed oxides (TiO2–ZrO2 and
TiO2–Al2O3), with 50 mol% titania, resemble more titania
than zirconia or alumina. Dilution of titania with zirconia
and, more, with alumina causes a shift of the energy gap
to higher energies, so showing a detectable perturbation of
the electronic properties of titania.

The data also show that the electronic nature of the sup-
port can also have an effect on the electronic properties of
the supported species. We find that the addition of tung-
sten oxide to the surface of titania and titania-based mixed
oxides does not shift the absorption edge. This has been
interpreted as an evidence of the location of the W 5d lev-
els within the conduction band of the overall solid. In
line with this interpretation, previously published data show
that slight reduction of WO3/TiO2 gives rise to a reduction
of the overall solid, where localised electrons, giving rise
to W5+ or Ti3+ centers, were not found by ESR spec-
troscopy [16,18], but only free electrons in the conduction
band are found. This fully agrees with the present results
on samples outgassed at high temperature.

The above UV data show, instead, that the O2− → W6+

charge transfer transitions fall at lower energies with re-
spect to the lower limit of the absorption edge of ZrO2 for
WO3–ZrO2. However, in this case, working at tempera-
tures higher than room temperature, the available energy is
likely sufficient to allow promotion of electrons from the
W 5d levels, located into the gap, to the conduction band
of the overall solid.

This behavior is not expected in the case of WO3–Al2O3,
where the W 5d levels are located at much lower energies
than the lower limit of the alumina conduction band, and,
even at reasonable high temperatures, electrons can hardly
occupy the conduction band. In this case, reduction of
the catalyst should certainly give rise to reduced W cen-
tres electronically isolated from one another (at moderate
temperature), due to the insulating character of the alumina
support.

According to data previously published by us [33],
changes in the structural properties induced by variations
of the W loading, below the monolayer capacity, alter the
position of the absorption band of W-oxide species only
slightly in the case of WO3/Al2O3. This clearly supports
the interpretation of the above observations, at least at the
W loading used here.
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The analysis of the DRS-UV-vis spectra of some of the
above samples, obtained under vacuum after heat treatment
(dehydrated conditions), and which should be closer to the
behavior observed under reaction conditions, is also well
in line with the observations made at room temperature
(ambient conditions). It is evident that the dehydration of
the surface only causes small changes in the position of
the absorptions due to O2− → W6+ charge transfer tran-
sitions (when they are detectable, i.e., for WO3/Al2O3 and
WO3/ZrO2) and do not change the relations between the
energy of these transitions and energy of the gaps of the
supports and catalysts.

On the other hand, the UV-vis-NIR spectra of the titania-
containing samples definitely demonstrate that they are eas-
ily reducible by simple outgassing at higher temperatures,
in contrast to materials based on zirconia and alumina. The
color change of the Ti-containing samples, under evac-
uation and heating, indicates the presence of reduced Ti
species, responsible for the increased absorption.

These differences in supports and catalysts, evidenced by
the UV spectra described here, allow one to propose that
the electronic properties of the oxide support should greatly
influence the redox properties of oxide-on-oxide catalysts,
and, reasonably, also of reduced oxide-supported and sul-
fided catalysts. Electronic interactions between support and
metal oxide active phase can explain, in part, the greater
reducibility and the better activity of some catalysts sup-
ported on pure titania anatase, titania-containing Al and
Zr mixed oxides and, to a lesser extent, on zirconia, with
respect to those supported on alumina, as found for SCR
process, oxidation catalysis and hydrotreating sulfided cat-
alysts.

5. Conclusions

The analysis of the UV spectra of tungsten oxide cata-
lysts supported on titania, zirconia, alumina, titania–zirco-
nia and titania–alumina allows one to propose that the better
properties of catalysts based on titania are associated to the
ability of titania to put into electronic contact the surface
tungsten oxide centers, located in different parts of the sup-
port, through their own conduction band. These UV spectra
also evidence a great difference of the electronic state of
tungsten oxide partial monolayers on alumina and zirconia,
with respect to bulk tungsten oxide.
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