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The structure and properties of vanadium oxide deposited on
y-alumina at submonolayer coverage have been investigated. Tex-
tural analysis, electron microscopy, and low energy ion scattering
(LEIS) show that, for loadings up to at least 3.4 V/nm?, the vana-
dium oxide is present as a highly dispersed phase. LEIS experi-
ments show that the development of the vanadium oxide monolayer
proceeds in three steps. In the first step vanadium oxide is molecu-
larly dispersed on y-alumina as isolated monomeric and dimeric
species. Above approximately 1.5 V/nm? a second layer of vana-
dium oxide is formed on top of the dimeric species, resulting in
the formation of oligomeric species. At coverages above 2.5 V/
nm? these small oligomeric species grow into polymeric vanadium
oxide chains. TPR experiments show that reduction of these poly-
meric species proceeds at lower temperatures than reduction of
the monomeric species, probably as a result of the weakening of
the vanadium-oxygen bond.
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INTRODUCTION

Wacker oxidation is the selective oxidation of alkenes
to aldehydes or ketones, catalyzed by palladium(II) com-
plexes (1, 2). Examples are the oxidation of ethene to
acetaldehyde and of 1-butene to butanone. A new hetero-
geneous catalyst for Wacker oxidation has been devel-
oped by Scholten and co-workers (3), consisting of a sup-
ported vanadium oxide monolayer on which a
palladium(II) salt is deposited.

During the reaction, Pd*>* is reduced to Pd(0) by the
alkene. In order to be able to run the reaction continu-
ously, Pd?* isregenerated in situ by a redox compound. In
the original homogeneously catalyzed process copper(1l)
chloride is used for this purpose, but in the new heteroge-
neous catalyst CuCl, is replaced by vanadium oxide. The
complete process, including the regeneration of the Pd**
and of the redox compound, can be described by the
following three reactions:

Pd?* + H,0 + C,H,=2Pd(0) + C,H,0 + 2H* [1]
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Pd(0) + V,05 + 2H* 2 Pd?* + H,V,0; 2]
H,V,0s + 30,— V,05 + H,0 3]

In Egs. 2 and 3 the stoichiometry of the vanadium bronze
H,V,0; is written with x = 2, but other stoichiometries
are possible as well.

Because of their redox properties, supported vanadium
oxide catalysts are widely used as selective catalysts in
both oxidation and reduction reactions (4). For instance,
vanadium oxide on titania (anatase) is used in o-xylene
and methanol oxidation as well as in the selective catalytic
reduction of NO, (4). The properties of supported vana-
dium oxide catalysts strongly depend on the vanadium
oxide coverage and the best results are often obtained
with catalysts possessing a monolayer coverage. This is
also the case for the heterogeneous Wacker oxidation
catalyst. It turns out that the vanadium oxide redox sys-
tem is applicable only when the coverage does not exceed
a monolayer (3).

The formation of vanadium oxide monolayers has been
described in the literature only since the last decade.
Many studies have been undertaken to gain insight into
the formation and properties of these monolayers (5-12).
As a result of these studies, it is now generally accepted
that at low loadings vanadium oxide forms a highly dis-
persed monolayer phase on various supports, such as,
e.g., y-alumina, titania (anatase), and zirconia. At mono-
layer coverage a strong interaction between the support
and the vanadium oxide phase exists. Due to this strong
interaction the structure and the reactivity of the vana-
dium oxide are modified. This is displayed, inter alia, in
an increased reducibility of the supported vanadium oxide
4, 5, 10, 13-15).

This paper deals with the preparation and characteriza-
tion of vanadium oxide monolayers on y-alumina. Sam-
ples of vanadium oxide on y-alumina, loaded up to mono-
layer coverage, have been investigated using several
characterization techniques, such as textural analysis and
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electron microscopy. Studies of supported vanadium ox-
ide catalysts, described in the literature, often make use
of characterization techniques, such as 'V NMR, Laser
Raman, and EXAFS. Low energy ion scattering (LEIS)
is also a very suitable technique for investigating the struc-
ture of monolayer catalysts (16). Therefore, this technique
is used here to study vanadium oxide on y-alumina. The
reducibility of the vanadium oxide species in the samples
has been investigated using temperature programmed re-
duction (TPR).

EXPERIMENTAL

A series of samples of vanadium oxide on y-alumina
was prepared. y-Al,O; extrudates (Akzo, type 000-3P),
BET surface area 269 m”/g, were used as support material.
Before use, the extrudates were crushed and sieved, and
the fraction of 400 to 625 um was used for catalyst prepara-
tion. Catalysts were prepared batchwise by contacting
the y-alumina particles with an aqueous NH,VO; solution
(Merck, analytical grade, 10 g/dm?, pH = 4) at 293 or 343
K. A series of samples with increasing vanadium oxide
coverage was prepared by varying the contact time. Sub-
sequently, the samples were taken from the solution and
washed with demineralized water. Samples were then
dried at 350 K for 16 h and calcined in air at 675 K for 4
h. The vanadium oxide content was determined by titra-
tion with Fe’*, applying the method described by Walden
et al. (17).

The point of zero charge (PZC) of several samples and
of pure y-alumina and V,0; (Aldrich, 99.6 + %) was esti-
mated according to the procedure described by Noh and
Schwarz (18). Various amounts of the sample were added
to demineralized water (under N,) and the resulting equi-
librium pH of the suspension was measured after 24 h.
This was done for 0.1, 1, 5, 10, and 20 wt.% of sample.
The PZC of the samples was estimated from the plot of
the pH of the suspension versus the logarithm of wt.%
of sample by extrapolating the curve to infinite mass. Pore
volume distributions of the samples (after pretreatment
at 423 K for 12 h in oxygen) were determined from the
capillary condensation of nitrogen at 77 K using the
Broekhoff-de Boer method (19).

Temperature programmed reduction was performed us-
ing the equipment shown in Fig. 1. Approximately
100-200 mg of sample was loaded into the quartz reactor
tube and heated at a rate of 0.17 K/s in a flow of 0.5 cm?
(STP)/s of 66% H, in argon. Hydrogen consumption was
detected with a thermal conductivity detector (TCD). The
sensitivity of the TCD for hydrogen was calibrated by
means of reduction of CuO to Cu.

Low energy ion scattering experiments were performed
with the LEIS apparatus NODUS outlined elsewhere (20).
Monoenergetic ions were produced in a Leybold ion
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FIG. 1. Schematic drawing of temperature programmed reduction
flow equipment. T.C.D. is the thermal conductivity detector and F.I.D.
is the flame ionization detector.

source and directed onto the target. A cylindrical mirror
analyzer selects ions scattered at an angle of 142°, The
energy spectrum of the selected ions was recorded. The
differential pumping system ensured that the background
pressure increased from 5 x 1078 to 1 x 107® Pa only
when the ion beam was used. This increase was mainly
due to helium.

The samples were powdered and pressed in tantalum
discs and then mounted onto the target holders. Before
entering the UHV chamber the samples were dehydrated
by heating in oxygen (10° Pa) at 500 K for 15 min, followed
by evacuation for 10 min. After this pretreatment the
samples were inserted into the UHV chamber and placed
on a carousel that can hold 12 samples. This carousel
system ensured identical experimental conditions for a
series of samples, enabling a direct comparison of the
samples. Typical experimental conditions used a beam
current of 200nA, a“He * probe, a beam diameter between
0.5 and 5 mm, depending on the desired sputtering rate,
and a primary ion energy of 3 keV. Surface charging
effects were eliminated by flooding the surface with low
energy electrons from a ring-shaped neutralizing system,
which ensures flooding from all sides. To retard destruc-
tion of the samples, a light ion (*He) is used and the ion flux
is kept as low as possible. Time-dependent measurements
show that the influence of damage by the ion beam on
the present data can be neglected.

RESULTS AND DISCUSSION

Samples with increasing vanadium oxide coverage were
prepared by varying the impregnation contact time. Fig-
ure 2 shows the uptake of vanadium oxide as a function
of contact time at 293 and 343 K. At both 293 and 343 K
adsorption of vanadium species initially proceeds quickly.
At room temperature vanadium oxide loadings of approxi-
mately 1.6 V/nm? are reached within 1 h. Beyond this
time, the further adsorption of vanadium species proceeds
only slowly. After an additional 5 h the vanadium oxide
coverage has increased by only about 0.1 V/nm?. At 343
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FIG. 2. Vanadium oxide adsorption on y-alumina at 293 K (A) and

343 K (O) from a 0.085 M NH,VO, solution at pH = 4.

K, however, the adsorption process immediately pro-
ceeds to higher vanadium oxide loadings and an equilib-
rium coverage of 3.4 V/nm? is reached, in good accor-
dance with the value of 3.3 V/nm’ reported by Le
Coustumier et al. (21).

The nature of the vanadium oxide species in solution
strongly depends on the pH and the concentration (23).
The degree of polymerization increases with increasing
concentration and decreasing pH. Under the conditions
used in the experiments of Fig. 2, i.e., at pH = 4 and
at a vanadium concentration of 0.085 M, vanadium is
predominantly present in the form of negatively charged
decavanadate species V;(05(OH)’~ (23).

The charge of the y-alumina surface in the solution is
determined both by the PZC of the alumina and by the
pH of the solution. The PZC is defined as the pH at which
the net charge of the oxide surface is zero. At a pH below
the PZC the surface is positively charged, whereas above
the PZC the net surface charge is negative. The PZC of
vy-alumina has been determined by extrapolation of the
curve shown in Fig. 3A to infinite mass. Thus a PZC value
of 7.4 is found, in good agreement with the values between
6 and 8 reported in the literature (18, 24, 25). It can be
concluded that under the preparation conditions used,
i.e., at pH = 4, the surface of the y-alumina is positively
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FIG. 3. (A) Determination of PZC of y-alumina (+), V,05 (4), and

11.3 wt.% V,05 on y-alumina (O). (B) Vanadium oxide coverage 8
(calculated from PZC) as a function of the vanadium oxide loading.
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charged and will exhibit a strong affinity for the negatively
charged decavanadate ions in the solution.

Since it is impossible to remove the adsorbed vanadium
species by washing the samples with demineralized water
it is concluded that the adsorption process is irreversible.
This points to a strong interaction being present between
the adsorbed vanadium oxide species and the y-alumina
surface already in the noncalcined samples, as is con-
firmed by Le Coustumier et a/. (21) and Lapina et al. (22).
Most probably, the adsorption process is a result of an
electrostatic interaction between the vanadium oxide spe-
cies in the solution and the y-alumina surface, followed
by a reaction between the adsorbed vanadium oxide spe-
cies and y-alumina surface groups. The increased adsorp-
tion rate at higher temperature is probably a result of a
faster reaction of the vanadium oxide species with the y-
alumina surface.

Figure 3A also shows the PZC determination for pure
vanadium pentaoxide and for a calcined sample of 11.3
wt.% vanadium oxide on y-alumina. The PZC of vana-
dium pentaoxide is found to be 2.6. The PZC of 11.3 wt.%
vanadium oxide on y-alumina sample lies between the
PZC values of the pure support and the pure vanadium
pentaoxide and reflects the surface composition. Assum-
ing that the PZC of monolayer vanadium oxide is equal
to the PZC of crystalline vanadium pentaoxide, the vana-
dium oxide coverage @ can be estimated according to:

PZC =0- PZCV:OS +(1 -6 PZCy-alumina' (4]

sample
From the PZC’s of several vanadium-oxide-containing
samples # has been calculated and the results are depicted
in Fig. 3B. A linear relation between the vanadium oxide
loading and the coverage of the samples is found. More-
over, from Fig. 3B it can be estimated that the y-alumina
surface will be completely covered by the vanadium oxide
at approximately 5 V/nm?. This indicates that the vana-
dium oxide is deposited on the y-alumina as a highly
dispersed phase. However, this is only an indication, and
no conclusions can be drawn regarding the structure of
this vanadium oxide phase.

The formation of a highly dispersed vanadium oxide
layer is confirmed by the textural analysis of the y-alumina
before and after vanadium oxide deposition. Figure 4
shows the pore size distribution of the pure y-alumina
support and of a 14.1 wt.% vanadium oxide on y-alumina
sample. The shape of the pore size distribution is almost
identical for the two samples, indicating that no blocking
of pores has occurred during the vanadium oxide deposi-
tion. The average pore size of the vanadium-containing
sample, however, is a few angstroms smaller than that of
the pure support. A thin uniform layer of vanadium oxide
is formed inside the pores, for which an average layer
thickness of approximately 3 A is calculated.
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FIG. 4. Differential pore volume distribution of pure y-alumina (@)
and of a 14.1 wt.% vanadium oxide on y-alumina sample (A). Curves
are normalized to | g y-alumina.

y-Alumina and vanadium-oxide-containing samples
have been investigated with scanning electron micros-
copy. No vanadium oxide particles could be detected
in the vanadium-containing samples and EDX analysis
showed that the vanadium oxide is homogeneously dis-
tributed over the y-alumina surface. The absence of crys-
talline vanadium oxide phases has been confirmed by X-
ray diffraction as well.

The above results show that vanadium oxide forms
a molecularly dispersed layer on the y-alumina surface,
which is confirmed by many other authors (4, 5, 9~11).
The structure of this layer has been further investigated
with LEIS. Peak heights are taken as a measure for scat-
tered intensities, but the same results are obtained if areas
are used instead. LEIS spectra were recorded for a series
of samples with increasing vanadium oxide content. Fig-
ure 5 shows the vanadium, oxygen, and aluminum peak
heights as a function of the vanadium oxide coverage.

Three stages can be distinguished in the formation of
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FIG. 5. Vanadium, oxygen, and aluminum peak heights, measured

in LEIS experiments, as a function of the vanadium oxide loading of
the samples.
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the vanadium oxide layer. The first stage, from 0 to 1.5
V/nm?, is characterized by an increase of the vanadium
signal and a simultaneous decrease of the aluminum sig-
nal. Both signals change linearly with the vanadium con-
tent, indicating that vanadium oxide is molecularly dis-
persed on the y-alumina surface. As the deposited
vanadium oxide covers the y-alumina surface, it shields
part of the aluminum ions from detection, resulting in the
observed decrease of the aluminum signal.

Above 1.5 V/nm? the vanadium signal is found to be
constant up to a coverage of approximately 2.5 V/nm?.
The fact that the vanadium content of the samples in-
creases while the vanadium signal remains constant can
be explained only by assuming that a second layer of
vanadium oxide is formed. The additional vanadium is
deposited on top of the vanadium already present in the
sample. This is also confirmed by the constant aluminum
signal, which indicates that no additional y-alumina sur-
face is covered during this stage.

Above 2.5 V/nm? the vanadium signal again starts to
increase with the vanadium oxide loading of the samples.
The simultaneous decrease of the aluminum signal shows
that the vanadium is deposited on thus far uncovered
parts of the y-alumina surface in this third stage. The
oxygen signal is approximately constant over the com-
plete range of vanadium oxide loadings. This points to
an epitaxial growth of vanadium oxide on the y-alumina
surface, thereby extending the oxygen lattice of the y-
alumina.

v-Alumina possesses a defect spinel structure (26-28).
There has been discussion in the literature about the pref-
erentially exposed crystal planes of y-alumina (26-28).
The low-index planes (001), (110), and (111) are the most
probable ones but no conclusive answer has been given.
Van Leerdam (29), from his LEIS study of several alumi-
nas, found indications that only one or two crystal planes
are preferentially exposed. His results suggest that for his
y-alumina the D layer of the (110) face is predominant.
This D layer, shown in Fig. 6, is characterized by low
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FIG. 7. Model for the formation of a vanadium oxide monolayer on
y-alumina. (a) D layer of the (110) face of the y-alumina spinel, (b)
extension of the D layer by vanadium oxide species, and (c) formation
of a second layer of vanadium oxide.

aluminum content of the surface and exclusive exposure
of octahedral interstices, filled with aluminum. Extension
of the spinel structure, starting from this D layer, results
in the formation of the C layer, also depicted in Fig. 6.
This C layer consists of rows of oxygen and alternating
rows of tetrahedral and octahedral interstices. Results on
other spinel structures also show a preferential exposure
of crystal planes which contain only octahedral sites (30).

Nowifiska and Wigckowski (31), in an EPR study on
vanadium oxide on y-alumina, concluded from a geomet-
ric analysis of the crystal planes of y-alumina that vanadyl
species could be located either on the (100) plane of y-
alumina or on the C and D layers of the (110) plane.
Regarding the LEIS results on spinels (29, 30), location
on the D layer of y-alumina is most likely. The model for
the structure of the supported vanadium oxide monolayer
catalyst presented here is hence based on the assumption
of predominant exposure of the D layer of the (110) face
of y-alumina.

Epitaxial growth of the deposited vanadium oxide on
this D layer, depicted in Fig. 7a, results in the formation
of a C layer. In this C layer vanadium could be deposited
in either the tetrahedral or the octahedral interstices of
the layer. The results of many characterization studies
reported in the literature show that at low coverage vana-
dium is found to be tetrahedrally surrounded on the -
alumina surface (6, 8, 9, 12). Therefore, the vanadium is
presumed to be exclusively deposited in the tetrahedral
interstices of the C layer, as shown in Fig. 7b. This figure
clearly shows that the deposited vanadium oxide species
shield the aluminum atoms of the underlying D layer from
detection, resulting in the decrease of the aluminum signal
(see Fig. 5).

Complete occupation of the tetrahedral positions of the
C layer would result in a surface coverage of approxi-
mately 4.6 V/nm?. The LEIS experiment, however, shows
that only 1.5 V/nm? are deposited at this stage, resulting
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in occupation of one-third of the tetrahedral interstices.
Therefore, most of the particles formed at this stage are
isolated monomeric or dimeric species.

The next stage of the development of the monolayer is
characterized by the formation of a second layer. Vana-
dium oxide is deposited on top of the mono- and dimeric
species developed at the first stage, and oligomeric species
are formed. Figure 7c¢ shows that the vanadium atoms
deposited at the first stage are shielded by the vanadium
atoms on top of these oligomeric species. In the literature
the formation of polymeric metavanadate chains is re-
ported at intermediate loadings (4-6, 9, 22). The oligo-
meric particles presented in this model can also be re-
garded as (VO;), chains with a low degree of
polymerization. Moreover, the model proposed by Ber-
geret et al. (32) of chains of corner-linked tetrahedra of
vanadium oxide shows a strong resemblance to the model
in Fig. 7c. The vanadium-vanadium distances in their
model based on RED measurements are almost equal to
the distances in the model in Fig. 7c.

The first two stages of monolayer formation result in
the formation of rows of oligomeric species on the 7y-
alumina surface. At loadings above 2.5 V/nm?® the alumina
surface is further covered by vanadium oxide. The simul-
taneous decrease in aluminum signal and increase in vana-
dium signal point to the deposition of vanadium on thus
far uncovered parts of the surface, either connecting the
oligomeric particles already formed or cross-linking them
by filling the octahedral interstices of the new C layer,
thus forming three-dimensional vanadium oxide poly-
mers. Other characterization studies have indeed shown
that at increasing vanadium loading three-dimensional de-
cavanadate-like structures are formed at the surface (4-6,
9). Moreover, our LEIS results are confirmed by the re-
sults of Eberhardt er al. (33).

The existence of different types of vanadium species
on the y-alumina support is also confirmed by the results
of TPR experiments. Figure 8A shows the TPR profiles of
several samples used in the LEIS experiments. Vanadium
oxide reduction is found to proceed between 575 and 875
K. The temperature of maximum reduction rate (7,,,)
appears to vary with the vanadium oxide coverage. In
Fig. 8B T,., values are plotted as a function of the vana-
dium oxide coverage of the samples and are found to
decrease by almost 30 K over the range from 1 to 3.3 V/
nm’. The change in reduction temperature is especially
large at low loadings.

This difference in reducibility is probably caused by
the changing structure of the vanadium species. At low
coverages of the y-alumina surface isolated monomeric
and dimeric species of vanadium oxide are most abundant.
At loadings above 1.5 V/nm? these isolated species grow
into larger oligomeric species, in which part of the vana-
dium possesses a different surrounding. At even higher
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FIG. 8. The effect of the vanadium oxide coverage on the reduction
behavior. (A) TPR profiles at various vanadium oxide coverage. The
profiles are normalized to 200 mg sample weight. (B) Temperature of
maximum reduction rate as a function of the vanadium oxide coverage.

vanadium oxide loadings, vanadium oxide polymers are
formed. The largest change in properties of the vanadium
oxide species is of course expected when the isolated
species transform into oligomeric species. Both the size
of the species and the vanadium surrounding change at
that point and this is displayed in a large shift in reduction
temperature in this region. Since T,,, decreases with the
vanadium oxide loading, reduction appears to be en-
hanced by an increased degree of polymerization of the
vanadium oxide. Bonné (34) reported a similar decrease
in the vanadium oxide reduction temperature with in-
creasing vanadium oxide coverage. He also showed, by
means of XPS analysis, that upon increasing the vanadium
oxide coverage the binding energy of the vanadium atoms
decreases. This decrease in binding energy is probably
caused by a weakening of the vanadium-oxygen bond
strength with increasing degree of polymerization of the
vanadium oxide. The decrease in vanadium-oxygen bond
strength is reflected in the lower reduction temperature.
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CONCLUSIONS

Vanadium oxide is irreversibly adsorbed on the y-alu-
mina surface from acidic ammonium metavanadate solu-
tions. Negatively charged decavanadate species are ad-
sorbed at the positively charged y-alumina surface. At
pH = 4 and a vanadium concentration of 0.085 M, this
adsorption process results in an equilibrium surface cov-
erage of 3.4 V/nm?.

Drying and calcination of the samples results in the
formation of a highly dispersed vanadium oxide layer on
the y-alumina support. Textural analysis and electron mi-
croscopy experiments show that vanadium oxide is uni-
formly distributed over the y-alumina surface. Determina-
tion of the point of zero charge of the vanadium-oxide-
containing samples reveals that the PZC is indicative for
the surface composition of the samples. The fraction of
the surface covered with vanadium oxide, 6, is found to
increase linearly with the vanadium content of the sam-
ples. Complete coverage of the y-alumina surface, i.e.,
@ = 1, is estimated to correspond with a vanadium loading
of approximately 5 V/nm?,

LEIS experiments show that the formation of the mono-
layer proceeds in three stages. In the first stage mono-
meric and dimeric vanadium oxide species are deposited
at tetrahedral positions on the y-alumina surface. In the
next stage a second layer of vanadium is deposited on
top of these species, resulting in the formation of two-
layered oligomeric species. A further increase of the vana-
dium oxide loading results in the formation of polymeric
chains of vanadium oxide on the y-alumina surface. The
results from the LEIS experiments are in good agreement
with results reported in the literature.

TPR reveals that the reduction temperature of the sup-
ported vanadium oxide decreases with increasing vana-
dium oxide content of the samples. Reduction of poly-
meric vanadium oxide species, therefore, appears to be
easier than reduction of monomeric vanadium oxide
species.
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