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Catalysis science of supported vanadium oxide
catalysts

Israel E. Wachs*

Supported vanadium oxide catalysts contain a vanadium oxide phase deposited on a high surface area

oxide support (e.g., Al2O3, SiO2, TiO2, etc.) and have found extensive applications as oxidation catalysts in

the chemical, petroleum and environmental industries. This review of supported vanadium oxide catalysts

focuses on the fundamental aspects of this novel class of catalytic materials (molecular structures, elec-

tronic structures, surface chemistry and structure–reactivity relationships). The molecular and electronic

structures of the supported vanadium oxide phases were determined by the application of modern

in situ characterization techniques (Raman, IR, UV-vis, XANES, EXAFS, solid state 51V NMR and isotopic

oxygen exchange). The characterization studies revealed that the supported vanadium oxide phase con-

sists of two-dimensional surface vanadia sites dispersed on the oxide supports. Corresponding surface

chemistry and reactivity studies demonstrated that the surface vanadia sites are the catalytic active sites

for oxidation reactions by supported vanadia catalysts. Combination of characterization and reactivity

studies demonstrate that the oxide support controls the redox properties of the surface vanadia sites

that can be varied by as much as a factor of ∼103.

I. Introduction

Supported vanadium oxide catalysts contain a vanadium oxide
phase deposited on a high surface area oxide support (e.g.,
Al2O3, SiO2, TiO2, etc.) and have found extensive applications
as oxidation catalysts in the chemical, petroleum and environ-
mental industries. The oxidation of sulfur dioxide to sulfur tri-
oxide by vanadium oxide catalysts in the production of sulfuric
acid, discovered by R. Meyers in 1899, has become the most
significant vapor phase oxidation process in terms of annual
production quantity.1,2 The catalyst consists of a vanadium
pentoxide alkali sulfate–pyrosulfate viscous melt on a SiO2-
based substrate. A similar type of catalyst was commercialized
in 1916 for the oxidation of naphthalene, derived from coal
liquids, to phthalic anhydride.3 The availability of abundant
and inexpensive o-xylene in the 1960s as a substitute for
naphthalene for the production of phthalic anhydride,
initiated research programs to discover catalysts that could
selectively oxidize o-xylene to phthalic anhydride. This
research effort culminated in the discovery of supported V2O5/
TiO2 catalysts, consisting of a two-dimensional surface
vanadium oxide phase strongly interacting with the titania
support (sometimes referred to as “monolayer catalysts”), that
represents a new class of catalytic materials.3,4 The focus
of this review is not the supported vanadium pentoxide alkali
sulfate–pyrosulfate liquid phase catalysts, but supported
vanadium oxide monolayer catalysts.4,5
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The discovery that supported V2O5/TiO2 catalysts have excel-
lent oxidation characteristics for o-xylene oxidation to phthalic
anhydride lead within a short period to the application of
such catalysts, e.g., supported V2O5/Al2O3 and V2O5/TiO2, cata-
lysts for selective oxidation of alkyl pyridines to nicotinic acid
(pyridine-3-carboxylic acid) and its derivatives in the manufac-
ture of the vitamin B complex3 and selective catalytic reduction
(SCR) of NOx emissions with ammonia or urea from power
plants.2 The supported V2O5/TiO2 catalysts have also been
found to possess other desirable oxidation properties for
power plant emissions (e.g., oxidative destruction of chlori-
nated hydrocarbons6 and oxidation of elemental mercury to
mercury oxides that are easier to trap7). This new class of sup-
ported vanadium oxide catalysts has also been extensively
investigated for numerous selective oxidation catalytic reac-
tions over the years.7 This review of supported vanadium oxide
catalysts focuses on the fundamental aspects of this novel
class of catalysts (molecular structures, electronic structures,
surface chemistry, and structure–reactivity relationships).

II. Nature of supported vanadium oxide
phase in supported vanadium oxide
catalysts: 3D particle or surface phase?

Fundamental research on the nature of the supported
vanadium oxide phase on the titania support began in the
1970s, but there was no consensus among the researchers.
Some researchers proposed that the supported vanadium
oxide phase is present as crystalline V2O5 particles,8,9 analo-
gous to a supported metal on a high surface area oxide or as
VxTi1−xO2 solid solution,10 while others proposed that it is
present as a surface metal oxide monolayer (see Fig. 4).11–14

This issue was finally resolved in 1985 with experiments that
combined Raman spectroscopic characterization of the nature
of the supported vanadia phase and the catalytic activity for
o-xylene oxidation.15 The Raman characterization revealed that
the supported vanadia phase is present as surface vanadium
oxide species below monolayer coverage and also forms crystal-
line V2O5 particles above monolayer coverage. The correspond-
ing o-xylene oxidation catalytic properties demonstrated
that the surface vanadium oxide phase is responsible for the
overall catalytic activity and selectivity and that the crystalline
V2O5 phase only has a minimal effect on the catalytic perform-
ance. Subsequent studies demonstrated that the formation
and destruction of the surface vanadium oxide phase are
directly related to the activation and deactivation of the sup-
ported vanadia catalyst, respectively.16

III. Molecular structure of the surface
vanadium oxide phase under hydrated
conditions

Under ambient conditions, hydrophilic oxide surfaces are satu-
rated with moisture from humidity present in the air and the

surface vanadia phase is solvated by moisture.17 The aqueous
phase equilibrium chemistry of vanadium oxide is well docu-
mented and vanadia’s coordination chemistry is a function of
both the concentration of vanadium and pH of the solution as
shown in Fig. 1.18 For high concentrations of vanadium in
aqueous solution, the vanadia species continuously polymerize
as the pH is lowered: [VO4]

3− → [V2O7]
2− → [V4O12]

4− →
[V10O27(OH)]5− → V2O5(c) precipitate. This exact same hydrated
vanadium oxide species and equilibrium dependence on pH
are also followed by the hydrated supported vanadia phase on
oxide supports under ambient conditions.19 The pH of thin
aqueous films on oxide supports is determined by the pH at
the point of zero charge (PZC), the pH where the number of
surface protonated (–OH2)

+ and deprotonated (–O)− sites are
equal.20 The pH at PZC values for several common oxide sup-
ports are presented in Table 1 and the pH at PZC for V2O5

is ∼1.5. The much lower pH at PZC for V2O5 than the oxide
supports results in an overall pH at PZC under ambient
conditions that is intermediate between that of the oxide
support and the supported vanadia phase, which can qualitat-
ively be represented by the equation

pH at PZCðV2O5=SupportÞ � ½pH at PZCðSupportÞ
þ pH at PZCðV2O5Þ�=2 ð1Þ

Fig. 1 Aqueous phase equilibrium chemistry of vanadium oxide as a function
of both the concentration of vanadium and pH of the solution. This qualitative
reproduction is based on the original diagram found in ref. 18.

Table 1 pH at PZC values for several common oxide supports

Oxide support Surface pH

MgO 11
Al2O3 8.9
ZrO2 5.9–6.1
TiO2 6.0–6.4
SiO2 2–4
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The overall pH at PZC (V2O5/Support) is also dependent on
the amount of vanadium oxide in the supported vanadia
phase since the pH at PZC continuously decreases with
increasing surface vanadia coverage.21

Although many claims in the catalysis literature have been
made that the vanadium precursor and preparation method
can affect the nature of the supported vanadium oxide phase,
the equilibrium dependence of the hydrated surface vanadia
species does not support this conclusion. Especially given that
all supported vanadium oxide catalysts are exposed to ambient
moisture after preparation. This has been experimentally
confirmed for supported V2O5/TiO2 catalysts synthesized by
equilibrium adsorption, V-alkoxide, V-oxalate and grafting of
VOC3l.

22 Thus, the coordination of the hydrated surface
vanadium oxide species are thermodynamically controlled and
cannot be controlled by the specific V-precursor or preparation
methods.

IV. Nature of the surface vanadium oxide
phase under dehydrated conditions

Under dehydrated conditions, the supported vanadia catalyst
is heated in dry air or an inert environment that desorbs the
condensed moisture from the catalyst surface. The vibrational
Raman spectra of crystalline V2O5 and the supported V2O5/
Al2O3 catalyst under hydrated and dehydrated conditions are
shown in Fig. 2. Crystalline V2O5 gives rise to sharp bands
reflecting its ordered lattice structure. The sharp Raman band
at 995 cm−1 arises from vibration of the vanadyl VvO bond
and the remaining bands from 200–800 cm−1 are related to
various vibrations of bridging V–O–V bonds of crystalline
V2O5.

23 In contrast to the sharp Raman bands of crystalline
V2O5, the supported vanadia catalysts do not exhibit the bands
of crystalline V2O5 and possess broad bands reflecting the
absence of long range order. The major Raman band for
the hydrated supported V2O5/Al2O3 catalyst is centered at
∼980 cm−1 that corresponds to hydrated [V10O27(OH)]5− deca-
vanadate clusters.19 The Raman spectrum of the dehydrated
supported V2O5/Al2O3 is completely different than that for the

corresponding hydrated catalyst indicating that there has been
a structural change in the supported vanadium oxide phase
upon dehydration. The Raman spectrum of the dehydrated
supported V2O5/Al2O3 catalyst contains a new strong band at
∼1025 cm−1 that is characteristic of a very short VvO bond
and the broad band centered at ∼900 cm−1 is related to the
bridging V–O–Al bond that anchors the surface vanadia
species to the alumina support.24 The anchoring bonds are
formed by condensation of V–OH and Al–OH bonds with
titration of the Al–OH bonds directly observable with in situ
IR spectroscopy.25 The reversible nature of the dehydration/
hydration supported vanadia phase directly confirms that the
supported vanadia phase is present as a two-dimensional
surface vanadia phase.

The influence of surface vanadia coverage upon the Raman
spectra of the dehydrated supported V2O5/ZrO2 catalyst system
is presented in Fig. 3. At low vanadia loading, only the Raman
band at 1025 cm−1 from the vanadyl VvO bond of the surface
vanadia species is present and this band linearly increases in
intensity with vanadia loading up to 4% V2O5/ZrO2. The associ-
ated anchoring V–O–Zr Raman band is not as strong as that of
the bridging V–O–Al band, but can readily be seen at
∼950 cm−1 at high vanadia loading. Above 4% V2O5/ZrO2, an
additional band is present at 995 cm−1 related to the presence
of crystalline V2O5 NPs, which further grows with additional
vanadium oxide loading. The formation of crystalline V2O5

NPs suggests that the surface vanadia monolayer on ZrO2

is saturated at ∼4% V2O5/ZrO2 and that introduction of
additional vanadium oxide results in the formation of V2O5

NPs that reside on top of the surface vanadia monolayer. This
is schematically represented in Fig. 4. Extensive detailed
studies with numerous supported vanadium oxide catalyst
systems revealed that monolayer surface vanadia coverage on
oxide supports is usually achieved at ∼8 V nm−2.25 An excep-
tion to this value for the surface vanadia monolayer coverage

Fig. 2 In situ Raman spectroscopy of crystalline V2O5 and a supported V2O5/
Al2O3 catalyst under hydrated and dehydrated conditions.

Fig. 3 In situ Raman spectroscopy of supported V2O5/ZrO2 catalysts under
dehydrated conditions.
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occurs for the supported V2O5/SiO2 catalyst (∼2.7 V nm−2)
because of the lower reactivity of the surface hydroxyls on SiO2

supports.26

The preferential formation of the surface vanadium oxide
layer on oxide supports prior to formation of crystalline V2O5

NPs is a consequence of the surface mobility of vanadium
oxide and the lower surface free energy of crystalline V2O5

(8–9 × 10−6 J cm−2) relative to the oxide supports (Al2O3

∼ 68–70 × 10−6 J cm−2; ZrO2 ∼ 59–80 × 10−6 J cm−2; TiO2 ∼
28–38 × 10−6 J cm−2).27,28 The surface mobility of vanadium
oxide is a consequence of its low melting temperature (595 °C)
and corresponding low Tammann temperature (∼200 °C)
where surface atoms begin to diffuse.27,28 The higher surface
free energy values of the oxide supports is related to their ter-
mination with surface hydroxyls while V2O5 preferentially ter-
minate with VvO bonds. This driving force is so strong that
even heating physical mixtures of crystalline V2O5 and oxide
support powders results in complete transformation of the
crystalline V2O5 into a surface vanadia layer on the oxide
support as shown schematically in Fig. 5.27–29 The mobility of
vanadium oxide is further enhanced in reactive environments
where gaseous molecules complex with vanadium oxide.27,28,30

V. Molecular structure of dehydrated surface
vanadium oxide species on oxide supports

Determining the molecular structures of the surface vanadium
oxide species was not straightforward since crystallographic
techniques such as X-ray Diffraction (XRD) cannot detect the
amorphous surface vanadia overlayer on oxide supports.
Unlike XRD that requires long range order (>3 nm), X-ray
Absorption Near Edge Spectroscopy (XANES) and solid-state
51V NMR spectroscopy do not require long range order for
their signals and are able to monitor the amorphous surface
vanadia layer. The in situ XANES and solid-state 51V NMR
measurements showed that the dehydrated surface vanadia
species are present in the V+5 oxidation state and possess VO4

coordination.17,31 Coupled in situ IR and Raman spectroscopy
experiments, with the aid of isotopic 18O labeling, demon-
strated that the dehydrated surface VO4 species have only one
terminal VvO bond (mono-oxo structure).32,33 In situ UV-vis
and Raman spectroscopy revealed that both isolated and oligo-
meric surface VO4 species are present on oxide supports.34,35

The population of oligomeric surface vanadia species generally
increases with surface vanadia coverage and the oligomers
become the dominant species at high surface vanadia cover-
age.35 An exception to this general trend occurs for supported
V2O5/SiO2 catalysts where only isolated surface VO4 species are
present due to the lower achievable surface vanadia coverage
on silica.26,35 A schematic of the isolated and polymeric
surface vanadia species on oxide supports is shown in Fig. 6.
There has been a recent claim50 that surface dimeric V2O7

species may also be present on the SiO2 support, but
additional supporting experimental evidence for reference
compounds possessing dimeric V2O7 units is required to sub-
stantiate this structural hypothesis. The coordination of the
surface vanadia species was confirmed by the synthesis of
model V–silsesquioxide complexes containing mono-oxo
OvV(–O–Si)3 sites that matched the solid-state 51V NMR
spectra of the supported vanadia catalysts.36 Direct imaging
of the surface vanadia species on a CeO2(111) support was
recently successfully achieved with Scanning Tunneling
Microscopy (STM).37 These novel images conclusively show
that the surface vanadia species possess mono-oxo surface VO4

coordination that are presented as isolated and oligomeric
species at low and high surface vanadia coverage, respectively.

Fig. 4 Schematic representation of V2O5 nanoparticle formation on top of a
surface vanadia monolayer with increasing vanadium oxide loading.

Fig. 5 Schematic representation of the formation of a surface vanadia mono-
layer by heating a physical mixture of crystalline V2O5 and oxide support
powder (spontaneous dispersion).

Fig. 6 Structures of surface VO4 species found on metal oxide supports under
dehydrated conditions.
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VI. Surface chemistry of the surface
vanadium oxide species

The surface vanadia species contain three types of oxygen
atoms (VvO, V-Support and V–O–V) as shown in Fig. 6 and
their interactions with CH3OH were monitored with in situ
Raman, IR and UV-vis spectroscopy.38,39 Methanol adsorption
on supported vanadia catalysts at ∼120 °C proceeds by disso-
ciative chemisorption to surface methoxy (CH3O) and H at the
bridging V–O-Support bond. The surface methoxy intermediate
coordinates to the V site (C–H vibrations at 2832 and
2929 cm−1 and C–O–V vibration at 665 cm−1) and the hydrogen
atom reacts with the oxygen atom of the bridging V–O-Support
to form a surface hydroxyl, Support-OH (see schematic in
Fig. 7). Note that the surface vanadia site maintains its V+5 oxi-
dation state during the dissociative chemisorption step
because the oxygen atom of the surface methoxy intermediate
replaces the original oxygen atom from the bridging
V–O-Support bond.

The surface reactivity of the surface V–OCH3 intermediate
was investigated with CH3OH-Temperature Programmed
Surface Reaction (TPSR) spectroscopy. The CH3OH-TPSR
spectra are presented in Fig. 8 for the supported 5% V2O5/TiO2

catalyst, which contains monolayer surface vanadia coverage,
and reveal that the surface V–OCH3 intermediate decomposes
above 100 °C to yield formaldehyde (HCHO) and H2O (evol-
ution of water occurs at the same temperature and is not
shown for brevity). The surface reaction kinetics are reflected
in the temperature for maximum formation of formaldehyde
(Tp, the peak temperature) as shown by Redhead.40 The exact
same surface kinetics, Tp value of 191 °C, is found whether
the CH3OH-TPSR experiment is performed in the presence of
absence of gas phase molecular O2. The independence of the
surface kinetics for oxidation of the surface V–OCH3 to HCHO
and H2O to the presence of gas phase molecular O2 reveals
that the oxygen involved in the rate-determining-step of the
surface methoxy oxidation reaction is being supplied by the
surface vanadia site and not by gaseous molecular O2. This
feature of methanol oxidation by supported vanadia catalysts
indicates that the surface reaction kinetics proceed by the well-
known Mars–van Krevelen mechanism whereby lattice oxygen
is used for oxidation of the reactant and the function of gas
phase molecular O2 is only to replenish the oxygen removed by
the reaction.41 The dependence of the oxidation of the surface
V–OCH3 to formaldehyde on the oxygen associated with the
surface vanadia site is further confirmed by CH3OH-TPSR
experiments where the surface vanadia species are partially

reduced prior to chemisorption of methanol. The effect of
partial pre-reduction of the surface vanadia species upon the
CH3OH-TPSR from supported V2O5/ZrO2 is shown in Fig. 9
and pre-reduction results in both shifting of the Tp value of
CH3OH-TPSR to higher temperatures, reflecting decreased
reaction rates, and reduction in the total amount of form-
aldehyde formed.42,43 The CH3OH-TPSR experiments demon-
strate that the oxygen involved in the oxidation reaction step
of surface V–OCH3 to HCHO and water is associated with

Fig. 7 Dissociative chemisorption of methanol on a surface vanadia site of sup-
ported vanadia catalysts.

Fig. 8 Effect of gas phase molecular O2 on the surface reaction kinetics of
methanol to formaldehyde conversion during CH3OH-TPSR by a supported 5%
V2O5/TiO2 catalyst.

Fig. 9 Effect of partial pre-reduction of the surface vanadia species upon the
CH3OH-TPSR of the supported 3% V2O5/ZrO2 catalyst. Pre-reduction achieved
by performing sequential CH3OH-TPSR experiments in flowing He without cata-
lyst reoxidation. The 1st cycle corresponds to the fully oxidized catalyst.
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the surface vanadia site and that the kinetics of this reaction
is greatest for the fully oxidized surface vanadia site
(V+5 >> V+4/V+3).

VII. Steady-state oxidation kinetics for
supported vanadia catalysts

The steady-state kinetics for methanol oxidation by supported
vanadia catalysts is independent of the partial pressure of gas
phase molecular O2 because of the direct participation of
surface lattice oxygen associated with the surface vanadia site
(rate ∼ [PO2

]0). The steady-state methanol oxidation reaction
kinetics over oxide catalysts is first-order in the partial pressure
of methanol at low methanol concentrations (rate ∼ [PCH3OH]

1)
when the surface is not saturated with surface methoxy inter-
mediates.44 The steady-state methanol oxidation kinetics for
methanol oxidation to formaldehyde as a function of vanadia
loading for supported V2O5/Nb2O5 catalysts is shown in
Fig. 10. In the absence of vanadia, the Nb2O5 support exhibits
minimal catalytic activity for methanol oxidation to form-
aldehyde. Below monolayer surface vanadia coverage, where
vanadia is 100% dispersed on the niobia support, the steady-
state kinetics increases linearly with the number of surface
vanadia sites. This linear trend reflects the first-order depen-
dence of the methanol oxidation reaction on the surface con-
centration of surface vanadia sites (rate ∼ [(VO4)s]

1) with the
subscript s indicating the surface nature of the vanadia sites)
and reveals that the surface vanadia sites are the catalytic
active sites for methanol oxidation to formaldehyde. The
linear dependence of the steady-state kinetics on [(VO4)s] also
indicates that the methanol oxidation reaction proceeds on
only one surface VO4 site. This is directly demonstrated by the
plot of ln(rate) vs. ln[(VO4)s] that yields a slope of 1. Above
monolayer surface vanadia coverage, the steady-state catalytic
activity decreases with increasing vanadia loading. As indi-
cated above in section IV and the schematic in Fig. 4, crystal-
line V2O5 NPs form above monolayer coverage and reside on
top of the surface vanadia sites. The decrease in overall activity
above monolayer surface vanadia coverage indicates that the

V2O5 NPs do not significantly contribute to the methanol oxi-
dation reaction and actually block access of methanol to the
surface vanadia sites.

In the sub-monolayer region, the surface vanadia sites
are isolated at low coverage and become oligomeric at high
coverage (see above section V).34,35 The relative contribution of
isolated and polymeric surface vanadia sites to methanol
oxidation can be determined from the specific steady-state
turnover frequency per vanadia site (TOF: number of redox
products formed/V atom-s) because the surface vanadia sites
are 100% exposed below monolayer coverage. The relatively
constant steady-state methanol oxidation TOF value with
surface vanadia coverage in the sub-monolayer region demon-
strates that the specific activity of isolated and polymeric
surface VO4 sites for methanol oxidation is comparable. This
observation is a general trend also found for other supported
vanadia catalyst systems45,46 and suggests that the oxygen
in the bridging V–O–V bond is not involved in the critical
rate-determining-step of methanol oxidation to formaldehyde.
Above monolayer coverage, the presence of the V2O5 NPs
slightly decreases the apparent TOF because of their lower
activity and fewer number of exposed vanadia sites.45

The steady-state methanol oxidation kinetics, however, are
extremely sensitive to the specific oxide support that the
surface VO4 sites are coordinated. Changing the oxide support
from SiO2 to CeO2 changes the specific TOF by as much as a
factor of ∼103 revealing the important kinetic role of the brid-
ging V–O-Support bond upon the kinetics of methanol oxi-
dation.46 It has been proposed that the electronegativity of the
oxide support cation affects the electron density of the oxygen
in the bridging V–O-Support bond where greater electron
density, corresponding to lower electronegativity of the oxide
support cation, promotes the redox activity of this oxygen (Ce >
Zr ∼ Ti > Al > Si).47 Recent DFT calculations for ethanol oxi-
dation to acetaldehyde by supported vanadia catalysts have
proposed that the redox activity induced by the oxide supports
is related to the ease of oxygen defect formation enthalpy and
suggest that the reducibility of the supported vanadia site can
be used as a reactivity descriptor.48,49 In other words, oxide
supports that induce low oxygen defect formation enthalpy for
the supported vanadia sites will exhibit lower steady-state
apparent activation energy and higher reaction rates for oxi-
dation reactions by supported vanadia catalysts.

VIII. Conclusions

Surface vanadium oxide phases represent a new class of cataly-
tic materials that spontaneously form on oxide supports by
self-assembly because of the lower surface free-energy of the
supported vanadia system than physical mixtures of bulk V2O5

and oxide supports. Advances in the molecular and electronic
characterization techniques in the past few decades have pro-
vided the understanding of the local structures of the surface
vanadia sites on oxide supports. Under ambient conditions,
hydrated vanadia clusters are present on oxide supports and

Fig. 10 Steady-state kinetics for methanol oxidation to formaldehyde as a
function of vanadia loading for supported V2O5/Nb2O5 catalysts.
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decompose upon dehydration. Under dehydrated conditions,
the supported vanadia phases consist of isolated and poly-
meric surface VO4 species in the sub-monolayer region and
crystalline V2O5 NPs are also present above monolayer cover-
age. The surface VO4 sites are the catalytic active sites for oxi-
dation reactions by supported vanadia catalysts. Both isolated
and polymeric surface VO4 sites exhibit the same specific cata-
lytic activity (TOF) and larger crystalline V2O5 NPs above mono-
layer coverage tend to be less active. The specific activity of the
surface VO4 sites is tunable by the oxide support cation that
controls the redox properties of the surface VO4 site. These
insights allow for molecular engineering of supported vanadia
catalysts by controlling the following parameters during the
catalyst synthesis step: (i) number of catalytic active sites
deposited on the oxide support in the sub-monolayer region
(0–8 V nm−2) and (ii) specific activity of the surface VO4 sites
by variation of the oxide support cation (factor of ∼103).
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