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Abstract

The molecular structures and reactivity of the group V metal oxides (V2O5, Nb2O5 and Ta2O5) were compared. Their
solid state structural chemistry, physical and electronic properties, number of active surface sites and their chemical reactivity
properties were examined. For the bulk oxides, the solid state structural chemistry and the physical and electronic properties
are well established. The number of active surface sites and the distribution of surface redox/acid sites were determined with
methanol chemisorption and methanol oxidation, respectively. These studies revealed that the active surface sites present in
pure V2O5 are primarily redox sites and the active surface sites in pure Nb2O5 are essentially acidic in nature. Furthermore,
the surface redox sites present in pure V2O5 are orders of magnitude more active than the surface acid sites in pure Nb2O5.
Consequently, the catalytic properties of bulk V2O5–Nb2O5 mixed oxides are dominated by the vanadia component. For
the supported metal oxides, where the group V metal oxides are present as two-dimensional metal oxide overlayers, the
structural and electronic properties are not well established in the literature. From a combination of molecular spectroscopic
characterization methods (e.g., XANES, Raman, IR and UV–Vis DRS), it was possible to obtain this fundamental information.
Methanol chemisorption studies demonstrated that a similar number of active surface sites are present in the supported vanadia
and niobia catalyst systems. Similar to their bulk oxides, the surface vanadia species possess redox characteristics and the
surface niobia species primarily possess acidic characteristics (Lewis acidity). The surface niobia species was a very sluggish
redox site during oxidation reactions (e.g., methanol oxidation to formaldehyde and SO2 oxidation to SO3), but significantly
promoted the surface vanadia redox sites for oxidation reactions that required dual surface redox and acid sites (e.g., butane
oxidation to maleic anhydride and selective catalytic reduction of NOx by NH3 to produce N2). These new fundamental insights
are allowing for the molecular engineering of group V metal oxide catalysts (especially vanadia and niobia). In contrast, the
molecular structure and reactivity properties of Ta2O5 catalysts are not yet established and will require significant research
efforts. ©2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The group V metal oxide catalysts, both as bulk
metal oxides and supported metal oxides, have
received much attention in recent years. Two special
issues ofApplied Catalysiswere recently devoted
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to the catalytic properties of vanadia [1,2]. Several
issues ofCatalysis Todayhave been devoted to the
proceedings from symposia on Nb catalytic com-
pounds [3–5]. In contrast to vanadia and niobia, our
current understanding of tantala-based catalytic ma-
terials is rather limited [6]. No publications, however,
have appeared that have compared the molecular
structure and reactivity properties of the group V
metal oxides. Thus, the objective of the present paper
is to compare the molecular structure and reactivity
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properties of the group V metal oxides (especially
vanadia and niobia). The first portion of this paper
focuses on the solid state structural chemistry, physi-
cal and electronic properties, and chemical reactivity
(number of active surface sites and their redox/acidic
catalytic properties) of the bulk group V metal oxides
(three-dimensional phases). The second portion of
this paper focuses on the solid state structural chem-
istry, physical and electronic properties, and chemical
reactivity (number of active surface sites and their
redox/acidic catalytic properties) of the supported
group V metal oxides (two-dimensional phases).

2. Experimental

Experimental details of the catalyst synthesis, char-
acterization, and the determination of the surface
characteristics and catalytic properties can be found in
other publications. The catalyst synthesis procedures
are described in publications by Deo and Wachs (sup-
ported vanadia catalysts) [7,8], Jehng and Wachs and
Jehng et al. (supported niobia catalysts and surface
modified niobia catalysts) [9,10] and Guliants et al.
(Nb promoted VPO catalysts) [11]. The spectroscopic
characterization instrumentation employed were
Raman [7], IR [12] and UV–Vis DRS [13]. The
surface characteristics of the various catalysts were
determined by the N2 BET method [7] and CH3OH
chemisorption was performed in either a TGA ap-
paratus [7,14] or in an IR spectrometer [12]. Addi-
tional details of the catalytic studies for methanol
oxidation [7], SO2 oxidation [15], propane oxidative
dehydrogenation [16], butane oxidation to maleic
anhydride [17] and the selective catalytic reduction
of NOx by NH3 [18] can be found in the associated
references. The hydrogen temperature programmed
reduction system and procedure is described in
Ref. [13].

3. Results and discussion

3.1. Bulk group V metal oxides

3.1.1. Solid state structural chemistry
The solid state structural chemistry of the group

V metal oxides in the crystalline state is well

documented in the literature [19–21]. The bulk V(+5)
oxides consist of VO4 units that may be present as
isolated, dimerized or polymerized chains (ortho-
vanadate, pyrovanadate or metavandate, respectively)
and highly distorted VO6 units that may be present
as isolated units, clusters or sheets [20]. In contrast,
the bulk Nb(+5) oxides rarely consists of NbO4 units
and prefer NbO6 coordination [21]. The very large
Nb(+5) cation has difficulty fitting into NbO4 coor-
dination and only a handful of such compounds are
known. The NbO6 units may be present as undistorted
as well as distorted species and NbO7 and NbO8
units are also known. The bulk Ta(+5) oxides have
a similar structural chemistry to the bulk Nb(+5) ox-
ides and rarely consist of TaO4 units [19]. Thus, the
solid state structural chemistry of bulk V(+5) oxides
tends to be very different than that of the Nb(+5) and
Ta(+5) bulk oxides.

3.1.2. Physical and electronic properties
The melting temperature of the group V metal

oxides increases with increasing atomic number
(e.g., V2O5 (690◦C), Nb2O5 (1512◦C) and Ta2O5
(1872◦C)). The melting points of these bulk, crys-
talline metal oxides have a very important effect on
the surface mobility of these metal oxides since at
the Tammann temperature,TTam=Tmp/2, the surface
atoms begin to surface diffuse [22]. The Tammann
temperatures for the group V metal oxides are 209◦C
for V2O5, 620◦C for Nb2O5 and 800◦C for Ta2O5.
Consequently, under typical catalytic reaction con-
ditions (200–600◦C), V2O5 is significantly above its
Tammann temperature and the surface V(+5) species
become very mobile and readily spread out over other
oxide surfaces. The group V metal oxides also pos-
sess different morphologies in the crystallized state:
platelet for V2O5 and primarily isotropic for Nb2O5
and Ta2O5. The bandgap energies of these crystalline
group V metal oxides were measured with UV–Vis
diffuse reflectance spectroscopy (DRS) and found to
be 2.3 eV for V2O5, 3.4 eV for Nb2O5 and 4.0 eV
for Ta2O5. Thus, the semiconductor properties of
the bulk, crystalline group V metal oxides decrease
with increasing atomic number. In summary, the
physical and electronic properties of bulk V2O5 tend
to be very different from those of bulk Nb2O5 and
Ta2O5.
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3.1.3. Chemical reactivity properties
The chemical reactivity properties of bulk V2O5 and

Nb2O5 are only reported below since the properties of
bulk Nb2O5 and Ta2O5 are expected to be somewhat
similar and only limited data are currently available
about bulk Ta2O5.

Hydrogen temperature programmed reduction
(TPR): The reduction properties of bulk V2O5 and
Nb2O5 were compared with H2-TPR. Bulk V2O5 re-
duction initiated at∼600◦C and reduction occurred
in three stages at 675◦C (V2O5 → V6O13), 705◦C
(V6O13 → V2O4) and 780◦C (V2O4 → V2O3).
Bulk Nb2O5 reduction initiated at∼800◦C and only
very mild reduction occurred since temperatures of
∼1300◦C are needed to reduce bulk Nb2O5 to bulk
Nb2O4. These two comparative H2-TPR experiments
clearly demonstrate the ease with which bulk V2O5
reduces in comparison to bulk Nb2O5.

BET surface area and number of surface active
sites: The BET surface areas of bulk V2O5 and Nb2O5
(T-phase) samples used in the present investigation
were found to be 3.5 and 1.9 m2/g, respectively. The
number of surface active sites was determined by
methanol chemisorption at 100◦C with 2000 ppm of
methanol in He. Under these conditions, physisorbed
methanol is not present and only surface methoxy,
CH3O(ads), species are present [14]. The number of
surface methoxy species for bulk V2O5 and Nb2O5
was found to be 0.67 and 2.98mmol/m2, respectively.
The much lower number of specific surface active
sites for bulk V2O5 compared to bulk Nb2O5 is a
consequence of the different surface morphologies
of these two metal oxides and their surface reactiv-
ity. The surface methoxy species preferentially form
on the edges and do not react with the basal plane
of crystalline V2O5 [23]. For crystalline Nb2O5, the
isotropic morphology does not result in preferential

Table 1
Oxidative dehydrogenation reactions over bulk and supported V2O5–Nb2O5 mixed metal oxide catalysts

Reactions TOFoverall
a (s−1)

V2O5–Nb2O5 bulk mixed oxide V2O5/Nb2O5 supported

CH3OH oxidation to H2CO at 230◦C 0.012 0.80
CH3CH2CH3 ODH to CH2CHCH3 at 425◦C 0.018 0.039

a TOF for the supported V2O5/Nb2O5 catalysts was determined by assuming 100% dispersion of the surface vanadia species (confirmed
by Raman spectroscopy). TOF for the bulk mixed oxide catalysts was calculated by assuming 100% dispersion of V (+5) on the surface
(see text for additional discussion).

formation of surface methoxy species on specific
planes and adsorption occurs over the entire surface.
Consequently, bulk Nb2O5 possesses about five times
greater the number of specific surface active sites than
bulk V2O5.

Methanol oxidation over pure metal oxides: The
methanol oxidation reaction can simultaneously
probe the surface redox, primarily the production
of formaldehyde, and surface acidity, formation of
dimethyl ether, of metal oxide catalysts [24]. Further-
more, the turnover frequencies (TOFoverall=number
of methanol molecules consumed per active site per
second; TOFredox=TOFoverall×S (H2CO selectivity);
TOFacid=TOFoverall×S (CH3OCH3 selectivity)) can
be quantitatively determined from knowledge of the
methanol conversion, H2CO and CH3OCH3 produc-
tion, and the number of surface active sites determined
from methanol adsorption. For methanol oxidation
at 300◦C, the TOFredox was determined to be 2.53
and 0.00 s−1 for bulk V2O5 and Nb2O5, respectively.
The corresponding TOFacid was determined to be
0.30 and 0.04 s−1 for V2O5 and Nb2O5, respectively.
Thus, bulk V2O5 predominantly possesses surface
redox characteristics (>90%) and bulk Nb2O5 exclu-
sively possesses surface acidic characteristics (100%).
Furthermore, the TOFoverall is orders of magnitude
greater for bulk V2O5 than bulk Nb2O5.

Oxidation reactions over mixed metal oxides: The
methanol oxidation reaction was also used to probe the
surface characteristics of a mixed 1% V2O5–Nb2O5
oxide formed by coprecipitation and calcination at
500◦C (see Table 1). The TOFoverall for this mixed
oxide at 230◦C was found to be 0.12 s−1, which was
calculated by assuming 100% dispersion of V(+5) on
the surface (this assumption will be elaborated be-
low), and a product selectivity of 62% H2CO and 35%
CH3OCH3 was obtained. For quantification of the
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TOF, a comparative experiment was performed with a
supported 1% V2O5/Nb2O5 catalyst where the vanadia
component was confirmed with Raman spectroscopy
to be 100% dispersed on the surface. For the supported
1% V2O5/Nb2O5 catalyst, the TOFoverall was found to
be 0.80 s−1 with a selectivity of 92% H2CO and 8%
CH3OCH3. Comparison of the TOFoverall of the mixed
and supported 1% V2O5–Nb2O5 catalysts reveals that
only ∼10–15% of the vanadia is actually present on
the surface of the mixed metal oxide catalyst. This
conclusion is consistent with the much higher H2CO
selectivity for the supported catalyst relative to the
mixed metal oxide catalyst (92 and 62%, respectively).
The similar product selectivities for the bulk V2O5 and
supported 1% V2O5/Nb2O5 catalysts during methanol
oxidation further demonstrate that the surface vanadia
sites are dominating the catalytic properties of these
metal oxides. Thus, the surface vanadia sites are the
active sites in bulk V2O5–Nb2O5 mixed metal oxide
catalysts during oxidative dehydrogenation reactions.

The oxidative dehydrogenation of propane to propy-
lene was also investigated over supported and mixed
metal oxide catalysts containing 2% V2O5–Nb2O5
(see Table 1) [16]. It was found that the vanadia was
approximately equally distributed between the surface
and bulk in the mixed 2% V2O5–Nb2O5 coprecipi-
tated catalyst since the supported 2% V2O5/Nb2O5
catalyst, containing 100% dispersion of surface vana-
dia, exhibited a TOF that was twice as high for this
reaction. Furthermore, bulk Nb2O5 was essentially
inactive for this oxidative dehydrogenation reaction.
V–P–O catalysts are employed industrially to oxidize
n-butane to maleic anhydride and the influence of
surfaceNb and V promotion to such a catalyst was
recently examined (1.2% butane in air and 380◦C)
[11]. A VOHPO4·0.5 H2O precursor, prepared by the
organic method, was impregnated with Nb-alkoxide,
which corresponded to approximately 0.25 Nb surface
coverage, and the catalyst was equilibrated in 1.2%
butane in air at 400◦C. The TOFoverall for butane con-
version and TOFman for maleic anhydride production
were measured. The TOFoverall was found to increase
from ∼5 to 8×10−4 s−1 and the TOFman was found
to increase from∼2 to 4×10−4 s−1. These findings
reveal that surface niobia sites promote the activation
and oxidation ofn-butane to maleic anhydride in bulk
V–P–O mixed oxide catalysts. The exact origin of this
promotion is not clear at present, but may be due to

either the surface niobia Lewis acid sites or the en-
hancement of the surface V redox sites via a ligand
effect [8]. Analogous studies with the addition of the
equivalent of 0.25 V surface coverage essentially did
not affect the performance of the bulk V–P–O catalyst
since surface vanadia redox sites were already present
on the mixed metal oxide catalyst surface.

3.2. Supported group V metal oxides

Supported metal oxide catalysts consist of
two-dimensional surface metal oxide overlayers on
oxide supports (e.g., Al2O3, TiO2, SiO2, etc.). Sup-
ported vanadia and niobia catalysts have received
much attention and several reviews can be found in
the literature [2,21,25–27]. In contrast, essentially no
such corresponding publication is currently available
about supported tantalum oxide catalysts. Conse-
quently, only supported vanadia and niobia catalysts
will be discussed below.

3.2.1. Solid state structural chemistry
The molecular structures of surface vanadia and nio-

bia species have been extensively investigated with nu-
merous spectroscopies in the past few years. Surface
metal oxide species change their coordination upon
adsorption of moisture at temperatures below 200◦C,
but retain their dehydrated structures at elevated tem-
peratures (even in the presence of moisture and during
catalytic reactions). Thus, only the dehydrated molec-
ular structures of the supported vanadia and niobia
species will be discussed in the present paper.

Solid state 51V NMR [28], XANES [29] and
UV–Vis DRS [30] characterization studies have
shown that the surface vanadia species possess VO4
coordination. Raman and IR studies reveal that both
terminal V=O and bridging V–O–V bonds are present
in these surface vanadia overlayers [7,31]. Combined
Raman and IR studies, coupled with oxygen-18 iso-
topic exchange experiments, confirm that only one
terminal V=O bond exists on each surface vanadia
species (mono-oxo structure containing one terminal
V=O bond and three bridging V–O–M bonds, where
M can be either another V or the support cation) [32].
At low surface vanadia coverages, the surface vanadia
species are primarily isolated; at high surface vanadia
coverages, the surface vanadia species are substan-
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tially polymerized. Monolayer surface coverages cor-
respond to 7–8 V atoms/nm2 [25,30]. An exception is
the V2O5/SiO2 system, where only isolated surface
vanadia species are present and maximum coverage
corresponds to∼3 V atoms/nm2 [33]. The prepara-
tion method does not affect the molecular structures
of the surface vanadia species, but can affect their
dispersion (especially on the weakly interacting SiO2
surface) [34]. Interestingly, the low Tammann temper-
ature of vanadia results in the spontaneous dispersion
of V2O5 on oxide supports [22,35,36].

XANES characterization studies have demon-
strated that the surface niobia species possess NbO4
coordination at low surface coverages and NbO6
coordination at high surface coverages [37,38]. Ra-
man and IR studies reveal that both terminal Nb=O
and bridging Nb–O–Nb bonds are present in these
surface niobia overlayers [39,40]. Combined Ra-
man and IR studies have confirmed that only one
terminal Nb=O bond exists on each surface niobia
species (mono-oxo structure). At low surface niobia
coverages, the surface niobia species are primarily
isolated and present as NbO4 species. At high surface
niobia coverages, the surface niobia species are sub-
stantially polymerized and present as NbO6 species.
Monolayer surface coverages correspond to 5–6
Nb atoms/nm2 [25]. The slightly lower surface nio-
bia densities, relative to the surface vanadia species,
are probably related to the additional oxygen atoms
associated with the six-coordinated surface niobia
species at high surface coverages. An exception is
the Nb2O5/SiO2 system, where only isolated surface
niobia species are present and maximum coverage
correspond to∼2 Nb atoms/nm2. The preparation
method does not affect the molecular structures of the
surface niobia species, but can affect their dispersion
(especially on the weakly interacting SiO2 surface)
[26]. In contrast to V2O5, the much higher Tammann
temperature of niobia does not result in spontaneous
dispersion of Nb2O5 on oxide supports [4].

3.2.2. Physical and electronic properties
Unlike the bulk metal oxides, the surface metal ox-

ide species present in supported metal oxide catalysts
do not undergo a melting point transition from solid
to liquid. However, the surface metal oxide species do
become mobile and diffuse over the oxide supports
at temperatures significantly in excess of their bulk

Tammann temperatures. This is well documented for
supported vanadia catalysts because of the very low
Tammann temperature of bulk V2O5 [35,36,41]. The
surface niobia species are more stable on oxide sup-
ports because of the much higher Tammann tempera-
ture of bulk Nb2O5 [41]. The bandgap energies of the
supported vanadia catalysts are much higher than that
of bulk V2O5 (3–4 eV vs. 2.3 eV, respectively), which
reflect the highly dispersed state of the surface vana-
dia species on the oxide supports [30]. The bandgap
energies of the supported vanadia catalysts decrease
slightly with increasing surface vanadia coverage
because of the increase in the extent of polymeriza-
tion. The bandgap energy of the supported vanadia
catalysts is also somewhat dependent on the specific
oxide support ligand. Corresponding UV–Vis data for
supported niobia and tantalum oxide catalysts are not
currently available.

3.2.3. Chemical reactivity properties
Hydrogen temperature programmed reduction: The

reduction characteristics of the surface vanadia and
niobia species were determined by H2-TPR. The
following reduction temperatures were observed for
monolayer coverages of the supported vanadia cat-
alysts: V2O5/ZrO2 (430◦C), V2O5/TiO2 (470◦C),
V2O5/Al2O3 (496◦C) and V2O5/SiO2 (514◦C). In all
cases, the extent of reduction corresponded to reduc-
tion of V(+5) to V(+3) and only one reduction peak
was observed. The influence of the oxide support
upon the surface vanadia species is clearly evident
since the reduction temperatures vary∼100◦C with
the different oxide supports. The corresponding H2
TPR experiments did not show any reduction of the
supported niobia catalysts and only a trace amount
of reduction was observed for Nb2O5/TiO2 at 550◦C.
Thus, similar to bulk V2O5 and Nb2O5, the supported
vanadia species are relatively easy to reduce and the
surface niobia species are very resistant to reduction.

Number of surface active sites: The number
of surface active sites present in the supported
vanandia and niobia catalysts was determined by
methanol chemisorption [12,14]. The number of sur-
face methoxy species adsorbed per surface vanadia
species at monolayer coverages was found to be 0.35
for V2O5/Al2O3, 0.49 for V2O5/TiO2 and 0.30 for
V2O5/ZrO2. In all cases, the surface methoxy to sur-
face vanadia ratio was significantly less than 1/1 and
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corresponded from about 1/3 to 1/2. The low val-
ues are most probably due to the presence of lateral
interactions in the surface methoxy overlayer. Essen-
tially similar numbers of surface methoxy species
adsorbed per surface niobia species were obtained at
monolayer coverages: 0.38 for Nb2O5/Al2O3, 0.43
for Nb2O5/TiO2 and 0.41 for Nb2O5/ZrO2. As for
the supported vanadia catalysts, the surface methoxy
to surface niobia ratio was significantly less than 1/1
and corresponded from about 1/3 to 1/2 due to lateral
interactions in the surface methoxy overlayer. Thus,
the number of surface active sites is comparable for
supported vanadia and niobia catalysts.

Methanol oxidation over supported metal oxides:
The reactivity properties of the supported vanadia and
niobia catalysts were probed with the methanol oxi-
dation reaction at 230◦C. The supported vanadia cat-
alysts yielded H2CO as the primary reaction product,
which reflects the redox nature of the surface vanadia
species. The TOFredox for the supported vanadia cata-
lysts was found to vary over three orders of magnitude:
V2O5/ZrO2>V2O5/TiO2>V2O5/Nb2O5�V2O5/Al2O3
�V2O5/SiO2 [7]. This reactivity pattern correlated
with the decreasing electronegativity of the oxide
support ligand and is attributed to the electron den-
sity on the bridging V–O-support bond [42]. The
lower the electronegativity of the oxide support
cation, the higher the electron density of the bridging
V–O-support bond. The increased electron density
increases the basicity of the bridging V–O-support
bond, which enhances the hydrogen abstraction steps
during the oxidative dehydrogenation of methanol
to formaldehyde [12]. In contrast to the supported
vanadia catalysts, the supported niobia catalysts did
not yield any formaldehyde and reflects the absence

Table 2
Oxidation reactions over supported vanadia and niobia catalysts

Reaction TOFredox
a (s−1)

1% V2O5/TiO2 6% Nb2O5/TiO2 6% Nb2O5/1% V2O5/TiO2

CH3OH oxidation to H2CO at 230◦C 2.0×10−1 0 1.6×10−1

SO2 oxidation to SO3 at 400◦C 1.1×10−4 3.5×10−5 3.1×10−4

Butane oxidation to maleic anhydride at 221◦C 2.8×10−5 – 17.8×10−5

SCR of NO/NH3 to N2 at 200◦C 2.9×10−4 – 2.1×10−3

a TOF for 1% V2O5/TiO2 and 6% Nb2O5/TiO2 was calculated for 100% dispersed surface vanadia and niobia (confirmed by Raman
spectroscopy), respectively. TOF for 6% Nb2O5/1% V2O5/TiO2 was calculated by normalizing to the 100% dispersed surface vanadia
(confirmed by Raman spectroscopy) since the redox activity is dominated by the surface vanadia for this supported mixed metal oxide
catalyst.

of redox sites on these catalysts. The lack of redox
nature for the supported niobia catalysts is consistent
with their resistance towards reduction during the H2
TPR experiments. The primary reaction product from
the supported niobia catalysts was CH3OCH3 and
the TOFacid was about 1-2 orders of magnitude lower
than the TOFredox for the supported vanadia catalysts.
Thus, as with the bulk V2O5 and Nb2O5 catalysts,
the supported vanadia catalysts exhibit much higher
TOFoverall than the supported niobia catalysts.

Oxidation reactions over supported mixed metal ox-
ides: The above reactivity studies demonstrated that
surface vanadia species primarily behave as redox sites
and that surface niobia species primarily behave as
acidic sites. However, some oxidation reactions re-
quire the presence of surface redox and surface acid
sites (e.g., butane oxidation over V–P–O catalysts)
[43]. Thus, the influence of surface niobia acidic sites
upon supported V2O5/TiO2 catalysts was investigated
for several different oxidation reactions and the results
are presented in Table 2.

For methanol oxidation, the surface vanadia redox
sites are very active for this oxidative dehydrogenation
reaction and the surface niobia acid sites are totally
inactive. Furthermore, the addition of the surface nio-
bia species to the surface vanadia species on TiO2 did
not affect the TOFredoxfor this reaction. Consequently,
the methanol oxidative dehydrogenation reaction re-
quires only one surface vanadia site and surface nio-
bia species cannot promote this reaction [8]. For SO2
oxidation, both the surface vanadia and surface niobia
sites are active for this oxygen insertion reaction, but
the surface vanadia species are about an order of mag-
nitude more active than the surface niobia sites. The
low TOFredox of the surface niobia species on TiO2



I.E. Wachs et al. / Catalysis Today 57 (2000) 323–330 329

is consistent with its very limited reduction observed
during the H2-TPR experiments. The addition of the
surface niobia species to the supported vanadia/titania
catalyst yields a higher TOFredox, but this is just the
sum of the individual TOFredox for the surface vana-
dia and niobia species. Thus, SO2 oxidation requires
only one surface site for oxygen insertion and the sur-
face niobia species can only enhance this reaction to
a very limited extent [15,44]. For butane oxidation to
maleic anhydride, the surface vanadia redox sites are
expected to be significantly more active than the sur-
face niobia acidic sites, but quantitative data for the
supported niobia catalysts are not available. Neverthe-
less, the addition of the surface niobia species to the
surface vanadia species on TiO2 results in a factor of
∼6 enhancement in the TOFredox. The promotion of
surface vanadia by the surface niobia species reveals
that this complex oxidation reaction, which proceeds
by oxidative dehydrogenation and oxygen insertion
steps, requires dual surface redox and surface acid
sites [17,45]. For the NOx /NH3 selective catalytic re-
duction (SCR) to N2, the surface vanadia species on
TiO2 are much more active and selective than the sur-
face niobia species on TiO2 [18,46]. The Nb2O5/TiO2
catalyst is more than an order of magnitude less active
than the 1% V2O5/TiO2 catalyst and N2 selectivities
of ∼80 and∼100% are obtained, respectively. The ad-
dition of the surface niobia species to the surface vana-
dia species on TiO2 results in about an order of mag-
nitude enhancement in the TOFredox and a selectivity
of 100%. The promotion of surface vanadia species
by the surface niobia species reveals that this oxida-
tion/reduction reaction proceeds via dual sites requir-
ing both surface redox and surface acid sites and that
the surface niobia sites are very efficient acidic sur-
face sites [47]. Pyridine adsorption experiments have
shown that the surface niobia sites on TiO2 exclusively
possess Lewis acidity [40]. In summary, the surface
niobia acidic sites are not efficient redox sites, but pro-
mote oxidation reactions over efficient surface vana-
dia redox sites that require adjacent surface redox and
surface acid sites.

4. Conclusions

The structure and reactivity properties of the bulk
and supported group V metal oxides have been com-

pared. Bulk V(+5) metal oxides possess both VO4
and VO6 sites, which are highly distorted. Bulk
Nb(+5) metal oxides prefer NbO6 sites, which are
both regular and highly distorted. Pure V2O5 is pre-
dominantly a redox metal oxide, but also possesses a
minor amount of reactive surface acid sites. In con-
trast to V2O5, pure Nb2O5 essentially only possesses
reactive surface acid sites. In bulk V2O5–Nb2O5
mixed metal oxide catalysts, the surface vanadia sites
are the active sites for oxidative dehydrogenation re-
actions because of their significantly greater TOFredox
relative to the surface niobia sites. In bulk V–P–O
mixed metal oxide catalysts, the surface niobia acidic
sites promote the activation and oxidation of butane
to maleic anhydride. Supported vanadia catalysts
possess surface V(+5) species, which are present as
isolated and polymerized mono-oxo VO4 sites. The
surface vanadia species primarily possess redox prop-
erties, but also possess a minor amount of surface
acidity. Supported niobia catalysts possess surface
Nb(+5) species, which are present as isolated and
polymerized mono-oxo NbO4 and NbO6 sites, respec-
tively. The surface niobia species primarily possess
Lewis acidity and are extremely sluggish towards re-
dox processes. The preparation methods do not affect
the molecular structures of the surface vanadia and
niobia sites, but can affect their surface density at
monolayer coverages on the early interacting SiO2
support. The electronegativity of the oxide support
ligand strongly affects the redox/acid properties of
the surface vanadia and niobia species. The acidic
surface niobia sites promote oxidation reactions over
supported vanadia catalysts that require dual surface
redox-acid sites. In summary, the molecular engineer-
ing of supported vanadia and niobia catalysts is now
possible from the current fundamental understanding.
Very little is currently known about the structure and
reactivity properties of supported tantalum oxide cat-
alysts and much more work will have to be done on
such tantalum oxide catalysts in the future.
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