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Molecular engineering of supported vanadium oxide catalysts
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Xingtao Gao and Israel E. Wachs

Zettlemoyer Center for Surface Studies, Department of Chemical Engineering, Lehigh University, 7 Asa Drive, Bethlehem, PA 18015, USA
E-mail: xig2@lehigh.edu; iew0@lehigh.edu

Highly dispersed, multilayered surface metal oxide catalysts (V2O5/MOx /SiO2, M = Ti(IV), Zr(IV) or Al(III)) were successfully syn-
thesized by taking into account various factors that govern the maximum dispersion of metal oxide species on silica. The characterization
results revealed that the molecular structures of the surface vanadium oxide species on the modified supports are a strong function of envi-
ronmental conditions. The surface vanadium oxide species under dehydrated conditions are predominantly isolated VO4 units, similar to
the dehydrated V2O5/SiO2 catalysts. Upon hydration, the surface vanadium oxide species on the modified supports consist of polymerized
VO5/VO6 units and/or less polymerized (VO3)n species, which depend on the vanadia content and the specific second metal oxide loading.
The surface V cations are found to preferentially interact with the surface metal (Ti, Zr or Al) oxide species on silica. The V(V) cations
in the dehydrated state appear to possess both oxygenated ligands of Si(IV)–O− and M–O−. Consequently, the reducibility and catalytic
properties of the surface vanadium oxide species are significantly altered. The turnover frequencies of the surface VO4 species on these
modified supports for methanol oxidation to redox products (predominantly formaldehyde) increase by more than an order of magnitude rel-
ative to the unmodified V2O5/SiO2 catalysts. These reactivity enhancements are associated with the substitution of Si(IV)–O− oxygenated
ligands by less electronegative M–O− ligands in the O=V(–O–support)3 structure, which strongly suggests that the bridging V–O–support
bonds play a key role in determining the reactivity of the surface vanadium oxide species on oxide supports.

KEY WORDS: supported metal oxide catalyst; surface structure; support effect; in situ characterization (Raman spectroscopy, UV-vis-NIR
DRS); temperature-programmed reduction (TPR); methanol oxidation

1. Introduction

Supported metal oxides are widely applied in many in-
dustrial processes as oxidation and solid acid catalysts. Sup-
ported metal oxides consist of a two-dimensional metal ox-
ide overlayer on an oxide support. Among them, supported
vanadium oxides constitute a very important group of cat-
alysts that are industrially used for sulfuric acid manufac-
ture, oxidation of o-xylene to phthalic anhydride, ammoxi-
dation of alkyl aromatics to aromatic nitriles, and the selec-
tive catalytic reduction (SCR) of NOx emissions with NH3
to N2 [1]. Supported vanadia catalysts have also been exam-
ined for many other reactions, including methanol oxidation,
carbon monoxide oxidation and partial oxidation of hydro-
carbons [2,3]. Surface vanadium oxide species exhibit very
different reactivity properties depending on the specific ox-
ide support used. For example, the reactivity trends of sur-
face vanadium oxide species as a function of oxide support
were determined for [2]:

methanol oxidation: V2O5/ZrO2, V2O5/TiO2

� V2O5/Al2O3 � V2O5/SiO2;
CO oxidation: V2O5/ZrO2 > V2O5/TiO2

> V2O5/Al2O3;
the SCR of NOx : V2O5/ZrO2 > V2O5/TiO2

> V2O5/Al2O3 > V2O5/SiO2.

These trends imply that it is possible to alter the catalytic
properties of vanadium oxide catalysts by changing and

modifying the oxide support. The basis for these trends
lies in the change at the molecular level of the bridg-
ing V–O–S bonds between the active surface vanadium ox-
ide species and the support cations, where the support
cations possess different electronegativities [1]. Conse-
quently, molecular engineering of the active surface vana-
dium oxide species can be realized by modifying the bridg-
ing V–O–S bonds.

Silica is widely used as an oxide support for other metal
oxides, as well as the major component of many solid acid
catalysts. Silica is employed in a great number of acid and
oxidation reactions. Amorphous Al2O3–SiO2 is one of the
most widely used solid acid catalysts in the oil and chem-
ical industries (e.g., isomerization of olefins, paraffins and
alkyl aromatics; alkylation of aromatics with alcohols and
olefins; olefin oligomerization and catalytic cracking) [4].
Some other silica-containing catalysts have also been devel-
oped for various reactions, which are listed in table 1. Silica
as a support is cheap, but quite chemically inert. It possesses
some favorable properties such as high surface area and ex-
cellent thermal/mechanical stability. Thus, modified silica
supports as advanced support materials have been widely ap-
plied for a number of reactions, as shown in table 1. For
example, TiO2-modified SiO2 has been considered as a re-
placement for pure TiO2 since such a material possesses en-
hanced thermal/mechanical stability and high surface area,
and is also economically favorable. Therefore, studies of
silica supported metal oxides are of great fundamental and
practical importance.
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Table 1
Various reactions for silica-based catalysts.

Catalysta Reaction Reference

TiO2/SiO2 Photoxidation of propane [5]
TiO2/SiO2 Catalytic decomposition of chloroform [6]
TiO2/SiO2 Catalytic decomposition of 1,2-dichloroethane [7]
TiO2/SiO2 Propanol dehydration [8]
TiO2/SiO2 Epoxidation of olefins by TBHP/EBHP [9–11]
TiO2/SiO2 The Clause reaction [12]
TiO2/SiO2 Methanol oxidation [8,13]
TiO2–SiO2 Photodecomposition of chlorinated phenols [14,15]
TiO2–SiO2 Photoreduction of CO2 [16,17]
TiO2–SiO2 Photodecomposition of rhodamine-6G [18]
TiO2–SiO2 Complete photocatalytic oxidation of C2H4 [19]
TiO2–SiO2 Catalytic decomposition of freon 12 [20]
TiO2–SiO2 Isomerization of 1-butene [21–27]
TiO2–SiO2 Isomerization of methyloxiane to propanal [27]
TiO2–SiO2 Methanol dehydration [28]
TiO2–SiO2 Ethene hydration and phenol amination [24]
TiO2–SiO2 Cumene dealkylation and propanol dehydration [21,29]
TiO2–SiO2 Decane hydrocracking [30]
TiO2–SiO2 Solvolysis of cis-2,3-epoxybutane [31]
TiO2–SiO2 Ammoximation of cyclohexanone [32]
TiO2–SiO2 Epoxidation of α-isophorone by TBHP [33,34]
TiO2–SiO2 Epoxidation of olefins by TBHP/NBHP/H2O2 [31,32,35–40]
TiO2–SiO2 Selective oxidation of cyclohexane by TBHP [41]
TiO2–SiO2 Hydroxylation of phenol by H2O2 [42]
TiO2–SiO2 Oxidation of benzene and toluene by H2O2 [42]
ZrO2–SiO2 Synthesis of isobutane and isobutene from syngas [43]
ZrO2–SiO2 Photocatalytic isomerization of butene [44]
ZrO2/SiO2 Dehydrogenation of cyclohexanol [45]
Rh/TiO2–SiO2 Benzene hydrogenation [46]
Ni/TiO2–SiO2 CO hydrogenation [47]
Pd/Al2O3/SiO2 Combustion of methane [48]
Cu/ZrO2/SiO2 Synthesis of methanol from CO/H2 and CO2/H2 [49]
CrO3/TiO2−SiO2 Ethylene polymerization [50,51]
V2O5/TiO2−SiO2 SCR of NOx with NH3 [52,53]
V2O5/TiO2/SiO2 SCR of NOx with NH3 [54]
V2O5/TiO2−SiO2 Synthesis of i-butylaldehyde from ethanol + methanol [55]
V2O5/TiO2/SiO2 NO reduction with CO [56]
V2O5/TiO2/SiO2 Selective oxidation of toluene [57]
V2O5/TiO2/SiO2 Selective oxidation of o-xylene [58a]
V2O5/TiO2/SiO2 Selective oxidation of ethanol to acetaldehyde [58b]
NiO–Al2O3/SiO2 Butene dimerization [59]
NiO–Al2O3/SiO2 Ethene and propene oligomerization [60]

a “−”sign used in these catalyst formulas means “mixed with”; while “/” sign means “sup-
ported on”.

Many heterogeneous catalysts are multicomponent mate-
rials with a wide range of chemical compositions and var-
ious phases. The different components serve the purpose
of (i) generation of new active sites, (ii) modification of
the physico-chemical/reactivity/mechanical properties, and
(iii) multifunctionality (e.g., hydrocracking catalysts with
an acid function and a (de)hydrogenation function). Un-
derstanding the interactions between each component at the
interface is very important for the rational design of mul-
ticomponent catalysts. However, the investigation of in-
terface interactions is experimentally very difficult because
multicomponent systems are often very complex, and the
detection and identification of interface layers are compli-
cated by the contributions from the simultaneous presence
of bulk phases. Thus, it would be interesting to design a

catalyst system with two different molecularly thin metal
oxide layers on an inert support surface (i.e., silica). The
resultant model catalysts, the so called multilayered sur-
face metal oxide catalysts, will allow us to easily investigate
the interface interactions between the two surface metal ox-
ide layers on a molecular-level by spectroscopic techniques
without interference from coexisting bulk phases. The de-
sign of the multilayered surface metal oxide catalysts is
also in line with molecular engineering of the active sur-
face vanadium oxide species by modification of the silica
support with a specific metal oxide. The present paper will
summarize the main results from three different multilay-
ered catalyst systems (V2O5/TiO2/SiO2, V2O5/ZrO2/SiO2

and V2O5/Al2O3/SiO2) to provide fundamental understand-
ing about the supported metal oxide catalysts.
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2. The support effect

The function of the oxide support (e.g., SiO2, Al2O3,
TiO2, etc.) in supported metal oxide catalysts is to tailor
the catalytic performance of the active metal oxide compo-
nent (e.g., oxides of V, Mo, Cr, etc.) by increasing the num-
ber of exposed active sites and/or modifying their molecular
structures/physico-chemical properties. The support effect
has been associated with the bridging V–O–S bonds, where
the eletronegativity of the support cation varies [1].

The electronegativity is usually used to predict the di-
rection and approximate extent of the polarity of a covalent
bond [61]. The absolute electronegativity χ is defined as an
average of the ionization potential (the energy required to re-
move an electron from an atom) and the electron affinity (the
energy released by gain of one electron) [62], and is further
related to the electron chemical potential by [63,64]:

µ =
(
∂E

∂N

)
Z

= −χ,

whereN is the total number of electrons of an atom or mole-
cule, E is the total electronic energy and Z is the nuclear
charge. The physical importance of electronegativity is that
the electronegativity differences determine the charge trans-
fer that occurs on bond formation [63].

Relative values of electronegativity have been derived
either from experimental data, such as ionization energies
and electron affinities, heats of reaction and bond energies,
or from theoretical calculations, such as the relative com-
pactness of electronic clouds and the effective nuclear charge
at the surface of metals. Despite the different scales used
(Pauling, Mulliken and Sanderson), a general order of elec-
tronegativity holds for many elements and ions [65].

Sanderson’s electronegativity, which is based on the rel-
ative compactness of electronic spheres, has been subjected
to quantitative testing and has been successfully applied to
calculate bond energies of many compounds [66]. The ratio
of the average electronic density of an atom to that of an in-
terpolated hypothetical “noble gas” atom of equal number is
used as a measure of the relative electronegativity [61]. The
change corresponding to the acquisition of unit charge (�S)
is equal to 1.57S1/2, where S is Sanderson’s relative elec-
tronegativity. To obtain the value of the intermediate elec-
tronegativity for a compound, the principle of electronega-
tivity equalization can be used, which states that “when two
or more atoms initially different in electronegativity com-
bine chemically, they become adjusted to the same, inter-
mediate electronegativity within the compound” [67]. This
intermediate electronegativity within the compound is postu-
lated as the geometric mean of the initial electronegativities
of all the compound atoms. The equalization principle corre-
sponds to equalization of chemical potentials in a compound
since the electronegativity is the negative of the chemical
potential [61].

The partial charge δ on an atom in a molecule or a
polyatomic ion is a useful parameter in evaluating the ef-
fectiveness of the atom as an electron donor or acceptor.

Table 2
Electronegativities and partial charges in some V-containing model clusters.

Molecules/clusters S δO δV

VO(OH)3 3.06 −0.20 0.22
VO(OH)2(OCH3) 2.94 −0.24 0.17
VO(OH)(OCH3)2 2.88 −0.26 0.15
VO(OCH3)3 2.83 −0.27 0.13
VO[OSi(OH)3]3 3.01 −0.22 0.20
VO[OTi(OH)3]3 2.89 −0.26 0.15
VO[OZr(OH)3]3 2.72 −0.31 0.08

It is defined as the ratio of the change in electronegativ-
ity in forming the compound to the unit charge change,
and the partial charges will add to zero for a neutral mole-
cule [61b,68]. Oxygen in most compounds usually pos-
sesses a negative value (electron donor), and with a rela-
tively low negative partial charge of oxygen, the molecule or
ion becomes more acidic or less effective as an electron-pair
donor [61b]. Therefore, the comparison of oxygen partial
charge δO in a metal oxide compound as well as its elec-
tronegativity can be used to predict the change in the elec-
tron density when the ligand of the central cation changes.
In contrast, the V(V) cation usually possesses a positive par-
tial charge, which demonstrates its ability as an electron-pair
acceptor.

The electronegativities and partial charges of some V-
containing model clusters are calculated and presented in
table 2. As the OH− ligand of the VO(OH)3 cluster is substi-
tuted by CH3O−, the electronegativity and the positive par-
tial charge on vanadium (δV) of the cluster decrease, while
the negative partial charge on oxygen δO becomes more neg-
ative. This trend indicates that change of the ligand around
the central cation can greatly affect its local chemical envi-
ronment. Similarly, when using model Ti, Zr, Si hydroxyl
clusters as ligands for V(V) cation, the resulting electroneg-
ativity is a strong function of the electronegativity of the
bridged metal cations (Si > Ti > Zr). This trend reveals
that for vanadium oxide compounds, the electron density
around both the oxygen and vanadium atoms varies with lig-
ands that possess different electronegativites. Decreasing the
electronegativity of the support cations increases the elec-
tron density (the negative partial charge δO) of the bridg-
ing oxygen of the V–O–S bond, which is associated with
the significant increase in TOFs for methanol oxidation over
the corresponding supported vanadia catalysts. This is the
molecular basis for modification of catalytic properties of
supported vanadium oxide catalysts.

3. Synthesis of highly dispersed metal oxides on silica

Modification of the silica surface as well as the physico-
chemical and reactivity properties of silica supported metal
oxides have been active areas of research in the literature. It
is somewhat difficult to prepare highly dispersed metal ox-
ide overlayers on silica because of the relatively inert na-
ture of the silica surface. Great effort was devoted to the
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synthesis of highly dispersed metal oxide species on sil-
ica (TiO2/SiO2, V2O5/SiO2, ZrO2/SiO2 and Al2O3/SiO2),
which were successfully prepared by the incipient wetness
impregnation of organic solutions of the corresponding re-
active H-sequestering precursor molecules [69,71–73]. Var-
ious experimental factors that govern the maximum dis-
persion capacity of metal oxides on silica were taken into
account and have been discussed in detail elsewhere [69].
These are:

(1) maximum surface concentration of the Si–OH hydrox-
yls;

(2) pretreatment temperature, which should be optimal for
removal of physisorbed H2O molecules and maintaining
the maximum Si–OH hydroxyl concentration on silica;

(3) reactivity of the precursor molecules;

(4) reaction time between the precursor molecules and the
surface hydroxyls;

(5) maximum monolayer coverage of the precursor mole-
cules.

Through proper control of the above factors, experimen-
tal monolayer dispersions of titanium and vanadium oxides
on silica were reached at ∼4 Ti atoms/nm2 and ∼2.6 V
atoms/nm2, respectively [69,71]. However, no attempt was
made to determine the maximum dispersion of surface zir-
conium oxide and surface aluminum oxide species on silica
since the techniques employed in this study (Raman and UV-
vis DRS spectroscopies) are not sensitive enough to sharply
distinguish these surface metal oxide species on silica from
their bulk phases. Nevertheless, these metal oxide species on
silica are predominantly surface species below surface den-
sities of∼4 atoms/nm2 for AlOx species and 2.5 atoms/nm2

for ZrOx species [72,73], as evidenced by the linear relation-
ship of the XPS M/Si surface atomic ratio as a function of
the cation surface density shown in figure 1. It is interest-
ing to note that the slopes of the three lines are quite dif-
ferent with the surface zirconium oxide species exhibiting
the highest M/Si XPS surface ratio and the surface titanium
oxide species the lowest surface ratio at the same cation sur-
face density. This phenomenon might be associated with the
different dispersion of the surface metal oxide species with
titanium oxide species penetrating deeper into the channels
or pores of the silica support that is out of the XPS detec-
tion sight. An alternative explanation is that a factor error
has been introduced in the experiment and/or calibration,
suggesting that the surface compositions derived from XPS
analysis may not be comparable between different cations
on the support.

The deposition of the surface metal oxide species on sil-
ica consumes the surface Si–OH hydroxyls. The consump-
tion of the surface Si–OH hydroxyls, resulting from the sur-
face reaction with the precursor molecules, forms bridging
Si–O–M bonds. The relative amounts of remaining isolated
Si–OH hydroxyls for various catalysts, represented by the
relative intensity of the 7315 cm−1 band in the NIR DRS

Figure 1. M/Si surface atomic ratio as a function of the cation surface den-
sity on silica.

Figure 2. The relative intensity of isolated surface Si–OH hydroxyls
(7315 cm−1) as a function of metal cation concentrations.

spectra, are shown in figure 2. The results indicate that the
surface Si–OH hydroxyls consumed are a strong function of
the specific metal oxide species and the metal cation concen-
tration. For the V2O5/SiO2 samples, the isolated surface Si–
OH hydroxyls decreases dramatically as the vanadia loading
increases, and are almost totally consumed by the deposition
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of V cations at a concentration of 2–2.6 V atoms/nm2. This
result must be associated with the isolated VO4 structure
that possesses three bridging V–O–Si bonds. Changes in the
relative intensity of isolated surface Si–OH hydroxyls upon
deposition of other metal oxide species (TiO2, ZrO2 and
Al2O3) are significant below 2 metal atoms/nm2, but are rel-
atively small at higher surface concentrations. The relative
amount of isolated surface Si–OH hydroxyls consumed upon
deposition of metal oxide decreases in the order: V2O5 >

TiO2 ≈ ZrO2 > Al2O3 at high concentrations (�2 metal
atoms/nm2), which may possibly be associated with the de-
crease of the average number of Si–O–M bonds per metal
cation. The lower consumption of the surface Si–OH hy-
droxyls by deposition of titanium/zirconium/aluminum ox-
ide species relative to vanadium oxide species suggests that
these metal oxide species are probably polymerizing at high
loadings, which is consistent with the XANES and UV-vis
characterization results for TiO2/SiO2 system [69].

4. Structural and reactivity/selectivity properties of
surface metal oxides on silica

The molecular structures of the surface metal oxide
species on silica were investigated by combined spectro-
scopic techniques, mainly Raman and UV-vis DRS spec-
troscopies. Their catalytic properties were examined by
methanol oxidation. For the highly dispersed TiO2/SiO2
samples, the structure of the surface titanium oxide species
is a strong function of environmental conditions as well as
titania loading [69]. In the dehydrated state, the surface
Ti atoms on the 1% TiO2/SiO2 sample are predominantly
isolated TiO4 units; while for the 5% TiO2/SiO2 sample,
a higher amount of TiO4 dimer or one dimensional poly-
merized TiO4 species may be present; and at monolayer
coverage (∼15% TiO2), two-dimensional polymerized TiO5
species are dominant. Upon hydration, XANES results show
that the average coordination number of the Ti cations in-
creases by about 1, which must be associated with the hy-
drolysis of some Ti–O–Si bridging bonds. Exposure to
the methanol oxidation environment also breaks the Ti–O–
Si bridging bonds, resulting in the formation of Ti–OCH3
and/or Si–OCH3 species, which are observed by Raman
spectroscopy. During methanol oxidation, unlike the cat-
alytic behavior of the bulk titania phase that predominantly
possesses acid sites and yields dimethyl ether, the highly dis-
persed Ti cations on silica act as redox sites since the ma-
jor reaction products (formaldehyde and methyl formate) are
due to the redox sites. The TOFredox of the surface titanium
oxide species significantly decreases with increasing TiO2
loading, demonstrating that the reactivity of the surface Ti
sites is a strong function of the molecular structural charac-
teristics. Site isolation and the maximum number of Ti–O–
Si bonds per Ti atom for isolated TiO4 sites are responsible
for the highest specific catalytic activity (TOFredox) of 1%
TiO2/SiO2, whereas polymerization of the surface Ti species
decreases the relative fraction of Ti–O–Si bonds and, thus,
significantly decreases the activity of the Ti active sites.

The molecular structures of the surface zirconium oxide
and aluminum oxide species on silica are less well under-
stood than the surface titanium oxide species. Raman spec-
tra show that the zirconium oxide species on silica possess
more Zr–OH hydroxyls in the hydrated state than in the de-
hydrated state, probably due to the hydrolysis of the Zr–O–
Si bonds upon hydration [72]. The catalytic results revealed
that the active surface sites on ZrO2/SiO2 are predominantly
redox sites, whereas the active surface sites on Al2O3/SiO2
are exclusively acid sites [72,73]. The TOFredox of the highly
dispersed ZrO2/SiO2 catalysts for methanol oxidation to re-
dox products (mainly formaldehyde and methyl formate) is
dependent on the zirconia loading, similar to the highly dis-
persed TiO2/SiO2 catalysts. However, the TOFdehy of the
highly dispersed Al2O3/SiO2 catalysts for methanol dehy-
dration to dimethyl ether is only slightly dependent on the
alumina loading.

The molecular structure of the surface vanadium oxide
species on silica is dependent on the environmental con-
ditions, but is independent of the vanadia loading [71].
In the dehydrated state, only the isolated VO4 species
are present up to monolayer coverage of ∼12 wt% V2O5
(∼2.6 V atoms/nm2). The three-member rings on silica ap-
pear to be the most favorable sites for anchoring the iso-
lated, three-legged (SiO)3V=O units. Hydration dramati-
cally changes the molecular structure of the surface vana-
dium oxide species, and the degree of hydration plays a
critical role in determining the specific structure of the hy-
drated vanadium oxide species on the silica surface. Dur-
ing the hydration process, hydrolysis of the V–O–Si bonds
occurs and V(V) cations may form polymeric chains via
oligomerization. Full hydration results in maximum poly-
merization to form chain and/or two-dimensional VO5/VO6
polymers, most likely through V–OH–V bridges, which are
structurally similar to the V2O5·nH2O gels. Under methanol
saturation conditions at room temperature, the surface vana-
dium oxide species may form polymerized chain and/or two-
dimensional VO5/VO6 units through V–OCH3–V bridges on
the silica surface. Methanol chemisorption at high temper-
atures (�120 ◦C) results in isolated, four-fold coordinated
V(V)–methoxy species, which may serve as the intermedi-
ate complex for methanol oxidation to redox products.

In summary, the deposition of the surface metal oxide
species on silica consumes the Si–OH hydroxyls via sur-
face reaction with the precursor molecules to form M–O–Si
bonds. The molecular structures of the surface metal ox-
ide species on silica are very different from the correspond-
ing bulk oxide phases and are sensitive to the environmental
conditions (e.g., hydration, dehydration and reaction envi-
ronments). Consequently, the surface metal oxide species on
silica possess different reactivity/selectivity properties from
their corresponding bulk metal oxide phases. However, these
surface metal oxide species on silica do not appear to be very
stable at high metal oxide loadings and tend to aggregate
during methanol oxidation, which may be associated with
the fact that the M–O–Si bridging bonds can be broken upon
hydration and methanol chemisorption.
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Figure 3. Schematic drawing of the preparation procedure for multilayered V2O5/MOx /SiO2 catalysts.

5. Design and synthesis of multilayered surface metal
oxides on silica

Multilayered surface metal oxide catalysts are designed
to control their catalytic properties through chemical bond-
ing at the interface between a surface layer of active oxide
species (second layer) and a subsurface layer (first layer) of
another metal oxide on the SiO2 support. The highly dis-
persed multilayered metal oxide phases are not a simple ex-
tension of monolayer systems due to possible synergistic in-
teractions. They are also very different from ill-dispersed
metal oxide phases on the support surface that contain crys-
talline particles, which is the case for most of the previous
investigations [52–58]. The initial surface metal oxide layer
must possess surface hydroxyls that allow the subsequent an-
choring of the second metal oxide layer. Therefore, titanium
oxide, zirconium oxide and aluminum oxide which possess
terminal hydroxyls M–OH instead of terminal M=O bonds
are used as the first surface layer. Vanadium oxide is em-
ployed as the second surface layer in the present research be-
cause of its wide industrial applications as well as its unique
and simple well-documented structure on the dehydrated sil-
ica surface (i.e., an isolated VO4 structure). Thus, the sil-
ica support is initially modified with a monolayer of surface
metal oxide species (TiO2, ZrO2 or Al2O3), and the surface
vanadium oxide species is subsequently dispersed on top of
the surface metal oxide species as the second surface layer,
as schematically shown in figure 3.

6. Structural and reactivity/selectivity properties of
highly dispersed V2O5/MOx/SiO2 catalysts

The molecular structures of the surface vanadium oxide
species as well as interfacial interactions between surface
vanadium oxide and surface titanium/zirconium/aluminum
oxide species were extensively investigated by combined
spectroscopic techniques [70,72,73]. TPR and methanol ox-
idation were employed as chemical probe reactions to ex-
amine the reducibility and reactivity/selectivity properties of
these multilayered surface metal oxide catalysts.

The characterization results revealed that the molecu-
lar structures of the surface vanadium oxide species on

Figure 4. Possible surface structures of the multilayered V2O5/TiO2/SiO2
catalysts in (I) dehydrated and (II) hydrated states.

these modified supports (MOx /SiO2) are a strong func-
tion of environmental conditions. In the dehydrated states,
the surface vanadium oxide species are predominantly iso-
lated VO4 units, similar to the dehydrated V2O5/SiO2 cat-
alysts. Upon hydration, the molecular structures of sur-
face vanadium oxide species on these supports appear
to be determined by the net surface pH at point-of-zero
charge (pzc) since the surface titanium/zirconium/aluminum
oxide species are all somewhat more basic than silica.
Thus, the hydrated surface vanadium oxide species con-
sist of less polymerized VO5/VO6 units relative to the hy-
drated V2O5/SiO2, which depend on the vanadia and tita-
nia/zirconia/alumina loadings. For example, possible surface
structures of the multilayered V2O5/TiO2/SiO2 catalysts un-
der hydrated and dehydrated conditions are illustrated in fig-
ure 4 (only coordination spheres around the Ti and V cations
are shown). In these multilayered catalyst systems, the sur-
face V cations preferentially interact with the surface tita-
nium/zirconium/aluminum oxide species on the silica sur-
face. This preferential interaction is thought to be partially
associated with the higher basicity of the surface M–OH hy-
droxyls than the Si–OH hydroxyls, which results in a higher
reactivity of the M–OH hydroxyls with the V-isopropoxide
precursor molecules during the catalyst preparation. There-



X. Gao, I.E. Wachs / Molecular engineering of supported vanadium oxide catalysts 249

Figure 5. Plots of methanol oxidation TOFs versus hydrogen reduc-
tion temperatures (Tonset and Tmax) (VTS – V2O5/TiO2/SiO2, VZS –
V2O5/ZrO2/SiO2 and VAS – V2O5/Al2O3/SiO2. The two points on the

Y axis correspond to 1% V2O5/SiO2).

fore, the V(V) cations in the dehydrated state appear to pos-
sess both Si(IV)–O− and M–O− oxygenated ligands.

The reducibility and catalytic properties of the surface
vanadium oxide species are significantly altered by the mod-
ification of the silica surface. The methanol oxidation
TOFredox of these multilayered V2O5/MOx /SiO2 catalysts
generally increases by more than an order of magnitude rel-
ative to the V2O5/SiO2 catalysts. These reactivity enhance-
ments for methanol oxidation are associated with the change
of the Si(IV)–O− oxygenated ligands by the less electroneg-
ative M–O− ligands, which strongly suggests that the ba-
sis for the support effect lies in the increase of the electron
density of the bridging oxygen of the V–O–support bond.
No apparent correlation, however, was found between the
TPR reducibility and methanol oxidation reactivity of the
V2O5/MOx /SiO2 catalysts whose active V sites possess the
same isolated VO4 structure. As shown in figure 5, both ini-
tial and maximum reduction temperatures are irregularly dis-
tributed with respect to the TOF values of various supported
vanadium oxide catalysts, which strongly suggests that the
reducibility obtained by hydrogen reduction is not a suitable
parameter for evaluating the reactivity of supported vana-
dium oxide catalysts for methanol oxidation. This may be
related to the fact that the reaction mechanism of hydrogen
reduction and experimental conditions of the TPR process
are completely different from the methanol oxidation re-
action mechanism and the steady-state reaction condition.
Differences in hydrogen reduction temperatures are associ-
ated with hydrogen dissociative adsorption and diffusion as
well as the oxygen availability on the catalysts. Whereas
for methanol oxidation, the TOFs of the various supported

vanadium oxide catalysts are not only related to the rate de-
termining step that is involving the C–H cleavage of the V–
methoxy intermediate species and the oxygen availability,
but also depend on the methanol adsorption equilibrium.

The main results of the multilayered surface metal oxide
catalysts are summarized below:

• highly dispersed and multilayered surface metal oxide
catalysts (V2O5/MOx /SiO2) were successfully synthe-
sized;

• the surface V cations preferentially interact with the sur-
face Ti/Zr/Al oxide species because of their more basic
character relative to silica;

• deposition of the V cations on TiO2/SiO2 changes the
coordination geometry of the surface Ti cations, and the
formation of the V–O–Ti bridging bonds is observed by
Raman spectroscopy;

• the molecular structures of the surface vanadium oxide
species on MOx /SiO2 are sensitive to the environmental
conditions (hydration, dehydration, methanol chemisorp-
tion/oxidation reaction);

• the dehydrated surface vanadium oxide species on MOx /
SiO2 are predominantly isolated VO4 groups with both
Si(IV)–O− and M–O− oxygenated ligands (the same sur-
face structure for all three catalyst systems);

• the methanol oxidation TOFredox of V2O5/MOx /SiO2 in-
creases by more than an order of magnitude relative to
V2O5/SiO2, which is related to the substitution of the
Si(IV)–O− ligands by the less electronegative M–O− lig-
ands (a ligand effect rather than a structural effect);

• no apparent correlation was found between the TPR
reducibility and the methanol oxidation TOF of the
V2O5/MOx /SiO2 catalysts, which is most likely associ-
ated with their different reaction mechanisms.
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