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UV-vis-NIR diffuse reflectance spectroscopy (DRS) was applied to study the local structures of V(V) cations
on various oxide supports (Al2O3, ZrO2 TiO2, Nb2O5, CeO2, and SiO2) under hydrated and dehydrated
conditions. The edge energy (Eg) of the LMCT transitions of V(V) cations was used to elucidate the local
structures of V(V) cations, and a correlation between the edge energy and the number of the covalent V-O-V
bonds (CVB) around the central V(V) cations was established based on some V(V) reference compounds/
oxides. For TiO2, Nb2O5, and CeO2 supported vanadia catalysts, the strong support absorption in the same
region as the V(V) cations prevents a reliable determination of the local structure of the surface vanadium
oxide species by either the LMCT band position or the edge energy. For Al2O3, ZrO2, and SiO2 supported
vanadia catalysts, the average CVB number derived from the edge energy allows the assignment of the possible
structure of the surface vanadium oxide species, which is a strong function of the support, environmental
conditions, and vanadia surface density. The DRS results provide reliable information and new insights into
the structural characteristics of the surface vanadium oxide species on these oxide supports under different
environmental conditions.

Introduction

UV-vis-NIR diffuse reflectance spectroscopy (DRS) has
increasingly been applied to investigate the structures of V(V)-
containing oxide compounds/mixed oxides,1,2a,3-8 V(V)-contain-
ing zeolites,9-18,19aand supported vanadia catalysts2b,20-41 due
to the ligand-to-metal charge transfer (LMCT) transitions of
V(V) in the 20000-48000 cm-1 region.42 The local structures
of the V(V) cations in these materials are often associated with
thebandpositionsoftheLMCTtransitions.1-6,9-16,22,25-27,.33,34,36,39-41

The LMCT transitions of V(V) cations are usually very broad
and give rise to very qualitative information. However, some
recent publications indicate that the edge energies (Eg) of the
LMCT transitions may be more quantitative and informative
for elucidating the local structures of the V(V) cations.18,20,29,35

In almost all the literature publications on the supported
vanadia catalysts and V(V)-containing compounds/mixed oxides,
only pure samples have been tested and no attention has been
paid to the deviations of the DRS results due to the effect of
regular reflection. The influence of regular reflection, which
may be introduced by the high concentrations of absorbing
materials with high absorption coefficients,43-45 may lead to
deviations from the Schuster-Kubelka-Munk equation and
distortions of the DRS spectra, which can affect the reliability
of the information (the band maxima and edge energies of the
LMCT transitions) obtained from the DRS studies of the V(V)-
containing solid oxides/catalysts. However, this effect can be
minimized by diluting the samples with white standards, such
as MgO, SiO2, and Al2O3.43,45Tandon et al.46 found that theEg

values of the pure and diluted samples were the same in most
of semiconductor materials, but slight differences were also
observed for some samples. In the present work, one of the

research purposes is to compare the results of the pure and
diluted samples to verify the conclusions obtained from pure
samples in most of the literature publications.

For UV-vis-NIR DRS studies of supported vanadia catalysts
in the present work, absorption from the SiO2 and Al2O3

supports can be neglected as compared to the strong absorption
of the V(V) cations. However, the TiO2, ZrO2, CeO2, and Nb2O5

supports exhibit strong absorption in the UV-vis region
(especially for TiO2, CeO2, and Nb2O5 whose LMCT transitions
overlap with the V(V) cations). In the case of the V2O5/TiO2

catalysts, some researchers extracted the information on the
vanadium oxide species by subtracting the TiO2 absorption
bands from the DRS spectra of the V2O5/TiO2 catalysts.7a,11,26b

Other researchers simply employed the TiO2 support as the
baseline reference to obtain the DRS spectra of the V2O5/TiO2

catalysts,2b,28which was expected to exhibit only the absorption
of the V(V) cations.19b It is not known whether these two support
correction methods are correct and will give rise to reliable DRS
results. In the present work, the reliability of the extracted
information on the vanadium oxide species from these complex
systems, where both cations are strong absorbing centers in the
UV-vis region, will be systematically evaluated.

The surface structures of molecularly dispersed vanadium
oxide species on various oxide supports have been extensively
characterized by different techniques (IR, Raman, XANES, etc.)
and have been summarized in ref 47. It is generally accepted
that, at low vanadia coverages, the surface vanadium oxide
species are present as isolated, 4-fold coordinated VO4 species;
whereas at monolayer coverage, highly polymerized surface
vanadium oxide species are present (except on the SiO2 support
where isolated VO4 species are still dominant). However, the
local structure of the surface polymerized vanadium oxide
species is still under discussion. For example, under dehydrated
conditions,51V NMR spectroscopy demonstrated the presence
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of both VO4 and VO6 species at high coverages on Al2O3,48

whereas EXAFS/XANES spectroscopy suggested the presence
of only VO4 species.49 In the present paper, from the evaluation
of the edge energies of reference vanadium oxide compounds,
the possible assignments of the polymerized surface vanadium
oxide species on different oxide supports are proposed.

The present work focuses on the molecular structures of the
surface vanadium oxide species on different oxide supports
under hydrated and dehydrated conditions. The importance of
the edge energy obtained from the UV-vis studies will be
emphasized since theEg values can be related to the optical
basicity of the oxides,50 which is an interesting parameter for
characterizing the acid-base properties of the oxide solids.51

The effect of the polymerization degree and the ligand of the
V(V) cations on the edge energy will be investigated for a better
understanding of the molecular structures of the surface vanadia
species on oxide supports under different environmental condi-
tions.

Experimental Section

1. Catalyst Preparation. The supports used for this study
were Al2O3 (Engelhard,SBET ) 222 m2/g), ZrO2 (Degussa,SBET

) 34 m2/g), SiO2 (Cabosil EH-5,SBET ) 332 m2/g), TiO2

(Degussa P-25,SBET ) 45 m2/g), Nb2O5 (Niobium Products Co.,
SBET ) 57 m2/g), and CeO2 (SKK company,SBET ) 36 m2/g).
The supported vanadia catalysts were prepared by the incipient-
wetness impregnation of 2-propanol solutions of vanadium
isopropoxide (VO(O-Pri)3, Alfa-Aesar 97% purity) on the
various supports. The preparation was performed inside a
glovebox with continuously flowing N2. After impregnation,
the samples were kept inside the glovebox for overnight. The
samples were subsequently dried in flowing N2 at 120°C for 1
h and 300°C for 1 h, and were finally calcined in flowing air
at 300°C for 1 h and 450°C for 2 h.

2. UV-vis-NIR Diffuse Reflectance Spectroscopy (DRS).
The DRS experiments were conducted on Varian Cary 5E UV-
vis-NIR spectrophotometer with the integration sphere diffuse
reflectance attachment. The powder samples were loaded in a
quartz flow cell with a Suprasil window and were measured in
the region of 200-800 or 200-2200 nm at room temperature.
A halon white (PTFE) reflectance standard was used as the
baseline unless otherwise notified. The spectra of hydrated
samples were obtained under ambient conditions. The spectra
of the dehydrated samples were obtained after the samples were
calcined at 450-500 °C in flowing O2/He for 1 h.

To minimize the effects of regular reflection and particle size,
the samples were diluted with non- or weak absorbing white
standards of MgO or SiO2 or Al2O3. The amount of diluent
used for a sample depends on the absorbance of the sample,
which should result in the Kubelka-Munk functionF(R∞) e 1
after diluting. The corresponding diluent was also used as the
baseline standard. In addition, some of the supports were also
used as diluent as well as standard to examine the effect of the
oxide support contribution to the overall DRS spectra. Unless
otherwise mentioned, the DRS spectra of the pure and diluted
samples were recorded under ambient conditions.

The DRS spectra were processed with Bio-Rad Win-IR
software, consisting of calculation ofF(R∞) from the absorbance.
The edge energy (Eg) for allowed transitions was determined
by finding the intercept of the straight line in the low-energy
rise of a plot of [F(R∞)hν]2 againsthν, wherehν is the incident
photon energy.44

Results

1. Bulk Compositions and Surface Densities.The bulk
compositions and surface densities of the supported vanadia
catalysts are listed in Table 1. Monolayer surface coverage for
V2O5/SiO2 is ∼2.6 V atoms/nm2,29a and monolayer coverage
for other catalysts is 7.6-9.3 V atoms/nm2, which are consistent
with previous results.47c These monolayer catalysts were
confirmed by Raman spectroscopy since no V2O5 crystallites
were detected.

2. Comparison of Pure and Diluted Reference Com-
pounds.To examine the possible influence of regular reflection
that is associated with the high concentrations of absorbing
materials, the pure and diluted V(V)-containing reference
compounds and the supports that possess LMCT transitions in
the UV-vis region are compared in Table 2. Although SiO2

and MgO as diluents give rise to similar results, MgO was used
in most cases in this work since it is difficult to make
homogeneous mixture of SiO2 with other materials. The results
showed that theEg values for most of the diluted samples are
almost the same as for the pure phases (within 0.1 eV).
However, theEg values of Na3VO4 and Nb2O5 differ by 0.47
and 0.31 eV when diluted, respectively.

3. Correction of the Support Contribution. Out of the six
supports used for supporting vanadium oxide, four of them
possess strong absorption in the UV-vis region with edge
energy in the order ZrO2 > Nb2O5 ≈ TiO2 > CeO2 (see Table
2). To examine the effect of the support contribution to the DRS
results of the supported vanadia catalysts, the highest vanadia
loading sample of 20% V2O5/Al2O3 was diluted with some

TABLE 1: Surface Densities of the Supported Vanadia
Catalysts

catalysts
V2O5

wt %a
surface density
(V atoms/nm2)

1% V2O5/SiO2 0.9 0.2
12% V2O5/SiO2

b 11.7 2.6
1% V2O5/Al 2O3 1.36 0.4
5% V2O5/Al 2O3 6.92 2.2
10% V2O5/Al 2O3 14.05 4.9
20% V2O5/Al 2O3

b 23.72 9.3
1% V2O5/ZrO2 0.43 0.8
4% V2O5/ZrO2

b 3.97 8.1
1% V2O5/TiO2 1.25 1.9
5% V2O5/TiO2

b 5.89 9.2
1% V2O5/Nb2O5 1.21 1.4
5% V2O5/Nb2O5

b 6.12 7.6
1% V2O5/CeO2 1.16 1.9
4% V2O5/CeO2

b 4.77 9.2

a Actual V2O5 concentration obtained by atomic absorption.b Mono-
layer coverage as determined by Raman spectroscopy.

TABLE 2: Edge Energies of the Diluted and Pure
V-Containing Compounds/Support Materials

sample
Eg (eV)
(diluted)

Eg (eV)
(pure)

∆Eg
a

(eV)

V2O5 + MgO 2.32 2.31 -0.01
Na6V10O28 + SiO2 2.23
MgV2O6 + MgO 2.80 2.83 0.03
NH4VO3 + MgO 3.11 3.18 0.07
Mg2V2O7 + MgO 3.42 3.50 0.08
Mg3V2O8 + SiO2 3.48 3.48 0.00
Na3VO4 + MgO 3.46 3.92 0.47
TiO2 + MgO 3.56 3.60 0.04
ZrO2 + MgO 5.24 5.23 -0.01
Nb2O5 + MgO 3.42 3.73 0.31
CeO2 + MgO 3.08 3.13 0.05

a ∆Eg (eV) ) Eg(pure)- Eg(dilut.)
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supports and MgO, and the results are shown in Table 3. The
edge energy of (20% V2O5/Al2O3 + Al2O3) mixture (Al2O3 as
diluent) is about the same as that of (20% V2O5/Al2O3 + MgO)
because both MgO and Al2O3 are weak and/or non-absorbers
in the UV-vis region. For ZrO2, TiO2, and CeO2 as diluents,
the difference in theEg values are 0.13 eV or less compared to
that of Al2O3 or MgO as diluents. These results indicate that
the edge energy is not significantly affected by the nature of
the diluent when the Eg value of the surface vanadium oxide
species is lower than that of the diluent by∼1.0 eV or more.
However, when theEg value of the surface vanadium oxide
species is higher or close to that of the diluent or the support,
as in the case of the (Mg3V2O8 + TiO2) mixture, no information
from the V(V) cations can be obtained.

The DRS spectral features, however, are significantly affected
by the use of the diluent/standard, as shown in Figure 1. The
DRS spectra of the corresponding mixtures listed in Table 3
depend largely on the edge position of the support. The DRS
spectrum of the (20% V2O5/Al2O3 + CeO2) mixture possesses
the narrowest band due to its lowest edge position. Apparently,
the strong absorption of the support overwhelms the absorption
from the vanadium oxide species, and only the absorption that
does not overlap with the support absorption can be detected.
The band maxima of these mixtures also vary with the diluent.
The band maximum is relatively constant for mixtures with
Al2O3, MgO, and ZrO2 as diluents, while the band maximum
is the lowest with CeO2 as the diluent. Therefore, in the presence
of strong absorbing components, such as the oxide support, the
band position/maximum is not a reliable parameter for structural
assignment.

Consequently, an oxide support with strong UV-vis absorp-
tion significantly modifies the DRS spectral feature of the
surface vanadium oxide species, and it is a great concern how
to extract reliable information from these systems. The DRS
spectra of the hydrated 5% V2O5/Nb2O5 sample, after correcting

for the support contribution by using the support as the standard
and by subtracting the support spectrum are compared in Figure
2. These two methods result in different spectral features. More
spectra of 1% and 5% V2O5/Nb2O5 are compared in Figure 3,
which were obtained under hydrated and dehydrated conditions.
Note that Figure 3A exhibits only one band maximum at
∼24 000 cm-1, while Figure 3B shows one band maximum
above 26 000 cm-1 with a shoulder at∼24 000 cm-1. The
spectral features as well as their changes in response to the
environmental conditions are very consistent below 25 000 cm-1

in both cases, which suggests that the strong band above 26 000
cm-1 that appeared after subtracting the support spectrum might
be artificial.

The edge energies of these samples after correcting for the
support contribution by both methods are presented in Table 4,
together with some TiO2 and CeO2 supported vanadia samples.
Unlike the significant spectral difference shown above, the edge
energies obtained by these two methods are very close (within
0.1 eV). This suggests that the edge energy values are relatively
insensitive to the choice of the correction method, and would
be more reliable for the structural assignment of the surface
vanadium oxide species. Moreover, the shift of the edge energy
upon hydration/dehydration was observed for all these samples.

However, it is surprising that the edge energies of the
monolayer samples in Table 4, such as 5% V2O5/Nb2O5 and
5% V2O5/TiO2, are only slightly lower than the lower loading
samples (1% V2O5). This could result from the strong support
absorption in the higher energy region that overlaps the weak
absorption from a small amount of V(V) cations in the same
wavenumbers. Another alternative explanation is that the
electronic interaction with the oxide support might modify the
energy gap of the surface vanadium oxide species. Therefore,
because theEg values for Nb2O5, TiO2, and CeO2 are so close
to those of vanadates and vanadium oxides, the results obtained
for the corresponding supported vanadium oxide species may
not be reliable for the structural assignment of the surface
vanadium oxide species, especially for the low vanadia loading
samples.

4. Edge Energies of Supported Vanadia Catalysts.The
edge energies of the pure and diluted V2O5/Al2O3, V2O5/SiO2,
and V2O5/ZrO2 samples under hydrated and dehydrated condi-
tions are presented in Table 5. These supports possess no support

TABLE 3: Edge Energies of the 20% V2O5/Al2O3 Sample
Diluted with Different Materials

sample
Eg (eV)
(diluted)

Eg (eV)
(pure)

20% V2O5/Al 2O3 + Al2O3 2.55 2.83
20% V2O5/Al 2O3 + MgO 2.54 2.83
20% V2O5/Al 2O3 + ZrO2 2.46 2.83
20% V2O5/Al 2O3 + TiO2 2.46 2.83
20% V2O5/Al 2O3 + CeO2 2.41 2.83

Figure 1. UV-vis DRS spectra of the 20% V2O5/Al2O3 sample diluted/
referenced with (a) Al2O3, (b) MgO, (c) ZrO2, (d) TiO2, and (e) CeO2.

Figure 2. UV-vis-NIR DRS spectra of the hydrated 5% V2O5/Nb2O5

sample obtained (a) with PTFE as baseline, (b) after subtracting the
DRS spectrum of Nb2O5 with PTFE as baseline, and (c) with Nb2O5

as baseline.
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absorption below 40 000 cm-1 to affect the determination of
theEg values of the V(V) oxide species. All diluted supported
vanadia samples after dehydration possess the same or lower
Eg values than the pure samples. This result excludes the

possibility of thermal migration of the surface vanadium oxide
species from the catalysts to the corresponding oxide support
diluent, since migration would decrease the surface density of
the vanadium oxide species, which would result in an increase
in theEg value. TheEg values of the pure 5-20% V2O5/Al2O3

samples are higher than the diluted samples, which might be
due to the effect of regular reflection that is associated with the
high vanadia concentrations. However, the trend for the edge
energy change upon hydration/dehydration is similar for either
pure or diluted samples. The DRS spectra shown in Figure 4
also indicate that the absorption edges of the V2O5/Al2O3

samples are sensitive to the environmental conditions regardless
of the possible effect of regular reflection. In addition, theEg

values in both pure and diluted states decrease systematically
with increasing vanadia content/surface density. Interestingly,
it is noted that the DRS spectra and the band maxima for pure
V2O5/Al2O3 samples are different from the diluted samples due
to the possible presence of regular reflection. The spectral
resolution and band location appear to be much better when
the samples were diluted.

When SiO2 and ZrO2 were used as the supports, only minor
differences inEg values were observed between pure and diluted
samples even at monolayer coverage.

Discussion

1. Ramification of the Method for Deriving Eg Values.
Several methods have been developed and applied to deriveEg

values of semiconductors and amorphous solid materials from
optical absorption spectra and diffuse reflectance spectra. A
general power law form has been suggested by Davis and
Mott,52

whereR is the absorption coefficient,pω ) hν is the photon
energy,n ) 2, 3, 1/2, and 3/2 for indirect allowed, indirect
forbidden, direct allowed, and direct forbidden transitions,
respectively. Then value for the specific transition can be
determined by the best linear fit in the lower absorption
region.53,54 For V2O5, CeO2-V2O5, and B2O3-V2O5 mixed
oxides thin films, then value of 3/2 was found to be the best

Figure 3. UV-vis-NIR DRS spectra of the 1% and 5% V2O5/Nb2O5 samples under hydrated (dotted lines), dehydrated (solid lines) conditions:
(A) with Nb2O5 as baseline; (B) after subtracting the DRS spectrum of Nb2O5 with PTFE as baseline.

TABLE 4: Edge Energies of the Supported-Vanadia
Catalysts Obtained after Correcting for the Support
Contribution

sample Eg (eV)a Eg (eV)b

1% V2O5/Nb2O5 (hydr.) 2.66 2.76
1% V2O5/Nb2O5 (dehy.) 2.75
5% V2O5/Nb2O5 (hydr.) 2.64 2.73
5% V2O5/Nb2O5 (dehy.) 2.68 2.79
1% V2O5/TiO2 (hydr.) 2.74 2.72
1% V2O5/TiO2 (dehy.) 2.77
5% V2O5/TiO2 (hydr.) 2.65 2.65
5% V2O5/TiO2 (dehy.) 2.72
4% V2O5/CeO2 (hydr.) 2.50 2.62
4% V2O5/CeO2 (dehy.) 2.67

a Using the support as the standard for the corresponding supported-
vanadia catalysts.b After subtracting the support DRS spectra (PTFE
as the standard).

TABLE 5: Edge Energies of the Diluted and Pure
Supported-Vanadia Catalysts Under Hydrated and
Dehydrated Conditions

sample
Eg (eV)
(diluted)

Eg (eV)
(pure) ∆Eg (eV)a

1% V2O5/Al 2O3 + Al2O3 (hydr.) 3.88 3.86 -0.02
1% V2O5/Al 2O3 + Al2O3 (dehy.) 3.89 3.90 0.01
5% V2O5/Al 2O3 + Al2O3 (hydr.) 3.21 3.68 0.47
5% V2O5/Al 2O3 + Al2O3 (dehy.) 3.28 3.67 0.39
10%V2O5/Al 2O3 + Al2O3 (hydr.) 2.86 3.27 0.41
10%V2O5/Al 2O3 + Al2O3 (dehy.) 3.02 3.27 0.25
20%V2O5/Al 2O3 + Al2O3 (hydr.) 2.55 2.83 0.28
20%V2O5/Al 2O3 + Al2O3 (dehy.) 2.67 2.93 0.26
1% V2O5/SiO2 (hydr.) 2.47
1% V2O5/SiO2 (dehy.) 3.60
12% V2O5/SiO2 + SiO2 (hydr.) 2.46 2.43 -0.03
12% V2O5/SiO2 + SiO2 (dehy.) 3.34 3.43 0.09
1% V2O5/ZrO2 (hydr.) 3.48
1% V2O5/ZrO2 (dehy.) 3.50
4% V2O5/ZrO2 + MgO (hydr.) 2.80 2.78 -0.02
4% V2O5/ZrO2 (dehy.) 3.13

a ∆Eg (eV) ) Eg(pure)- Eg(dilut.)

Rpω ∝ (pω - Eg)
n
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fit,53,54 which suggested a direct forbidden transition from
oxygen 2p to vanadium 3d band. A similar equation was
suggested by Tauc et al. for the optical absorption edge,55

It appears from the literature that the choice of the specific
equation is based on the best linear fit of the curve.53,54However,
Tandon and Gupta suggested and applied another method for
obtaining the forbidden energy gap.46 The point on the low-
energy side of theF(R∞) ∝ hν curve at which the linear increase
begins was taken as the value of the forbidden energy gap. The
Eg values of 15 powdered semiconductors were found to be in
good agreement with the values obtained by other techniques.

To justify the method used in this study, Table 6 listsEg

values of some samples derived from all the above methods.
With Davis-Mott’s method,n ) 2, 1/2, and 3/2 usually give
nice linear fits, whilen ) 3 somehow could not give good linear
fits. Both Tandon-Gupta and Tauc’s methods also give rise to
reasonable linear fits of the curves. However, it is difficult to
find one method that is the best fit in all cases. It is interesting
to note that theEg values obtained by Davis-Mott’s method
with n ) 1/2 are amazingly close to the values by Tandon-
Gupta’s method (e0.04 eV). TheEg values obtained by the
Davis-Mott method withn ) 2 are, however, close to the
values by Tauc’s method. AlthoughEg values change with the
method used, a similar trend is observed for all the samples.

For example, the difference in theEg values of the 1% V2O5/
SiO2 sample in the hydrated and dehydrated states for any
method is between 1.12 and 1.16 eV. The results indicate that
the choice of the method for deriving theEg values is not very
important for the purpose of comparison and theEg values of
different samples can be compared on a relative scale. However,
in the present work the use of Davis-Mott’s method withn )
1/2 results in aEg value of 2.31 eV for V2O5, which is consistent
with most of the reported literature values of 2.3-2.4 eV.56-60

2. Correlation of Edge Energy and Local Structures of
V(V) Oxides. It has been observed29a that the edge energy of
the V(V) cations is affected by (i) polymerization degree of the
V(V) cations, (ii) coordination geometry/number around the
central V(V) cation, and (iii) the ligands, i.e., the cations in the
second coordination sphere around the V(V) cation. The edge
energy has been correlated either to the number of vanadium
atoms in the second coordination sphere (CN2) of the central
V(V) cation20 or to the local symmetry that is represented as
the domain size described as an average bond distance of all
the V-O bonds around the central V(V) cations.18 However,
the first proposed correlation seems to over-count the V atoms
in the second coordination sphere by including the weakly
bonded V-O‚‚‚V bonds (bond length> 4 Å), such as the Vd
O‚‚‚V bond between the V2O5 layers. Thus, it is unable to
establish a good correlation for the data in the present work
since the data point for V2O5 (CN2 ) 7) is far out of the linear
range. The second type of correlation between the domain size
(average V-O bond length) and edge energy only accounts for
the local symmetry of the V(V) cation, and the edge energy is
proposed to be inversely correlated with the domain size.18 For
example, the domain sizes for isolated and polymerized VO4

units are about the same, and the domain size for V2O5 with
square pyramidal structure is lower than that of VO6 units.18

This correlation did not consider the polymerization of the V(V)
cations and cannot explain why MgV2O6 with VO6 coordination
possesses a higher edge energy than V2O5 with square pyramidal
coordination, and NH4VO3 with polymerized VO4 units pos-
sesses a lower edge energy than Na3VO4 and Mg3V2O8 with
isolated VO4 units. For V(V) cations, the coordination number
does not appear to be the major factor that affects the edge
energy, as in the case of Ti-containing compounds.61

In the present work, a better empirical correlation between
the edge energy (Eg) and the number of covalent V-O-V bonds

Figure 4. UV-vis-NIR DRS spectra of the 1%, 10%, and 20% V2O5/Al 2O3 samples under hydrated (dotted lines) and dehydrated (solid lines)
conditions: (A) diluted samples; (B) pure samples.

TABLE 6: Edge Energies Derived from Different Methods

Eg (eV)a

sample n ) 2 n ) 3 n ) 1/2 n ) 3/2
Eg

b

(eV)
Eg

c

(eV)

V2O5 2.10 1.98 2.31 2.16 2.32 2.11
Mg3V2O8 3.08 2.87 3.48 3.20 3.48 3.10
ZrO2 5.09 5.01 5.23 5.13 5.24 5.09
1% V2O5/SiO2 (hydr.) 2.05 1.86 2.47 2.16 2.43 2.08
1% V2O5/SiO2 (dehy.) 3.17 3.01 3.60 3.28 3.59 3.20
4% V2O5/ZrO2 (hydr.) 2.21 1.95 2.79 2.37 2.80 2.27
4% V2O5/ZrO2 (dehy.) 2.39 - 3.14 2.63 3.18 2.48

a Derived from the equation following Davis and Mott:52 [F(R∞)hν]
∝ (hν - Eg)n, wheren ) 2, 3,1/2, and3/2 for indirect allowed, indirect
forbidden, direct allowed, and direct forbidden transitions, respectively.
b Derived from Tandon-Gupta’s method,46 which takes the point on
the low-energy side of the curve at which the linear increase inF(R∞)
starts.c Derived from the equation following Tauc:55 [F(R∞)(hν)2] ∝
(hν - Eg)2.

Rω2 ∝ (pω - Eg)
2
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in the coordination sphere of the central V(V) cation (CVB)
was established for the reference V(V)-containing oxides/
compounds studied, as shown in Figure 5. It was noticed that
Eg is inversely proportional to the CVB number. The CVB
number is similar to the number of next nearest metal neighbors
(NM) proposed by Weber for Mo compounds,62 which represents
the degree of aggregate/polymerization of the absorbing species.
The line shown in Figure 5 can be expressed by the equation
of CVB ) (14.03-3.95Eg) ((0.34), which is very similar to
the correlation obtained by Weber for Mo oxide clusters:NMo

) (16-3.8Eg). The similar correlation obtained for both Mo-
(VI) and V(V) oxides/compounds suggests a general phenom-
enon that the edge energies of molecularly sized clusters track
with the extent of spatial delocalization of the molecular orbitals
involved in the electronic transitions, as proposed by Weber.62

The isolated VO4 monomers (CVB) 0) possess the highest
edge energies, while the VO5/VO6 polymers (CVB) 5) with
high spatial delocalization of the molecular orbitals possess the
lowest edge energies.

The nature of ligands around the central V(V) cation can also
affect its edge energy, and deviations from the linear relationship
are observed. As an example, the DRS spectra of V2O5 bulk
oxide and V2O5‚x H2O gel (room-temperature dried,x ≈ 1.8)63

are presented in Figure 6. Their local structures are very similar,
except the weakly bonded sixth oxygen ligand under V(V)
central cation.64 V2O5 bulk oxide consists of two-dimensional
layers stacked together through weak bonding between the V(V)
atom in the first layer to the oxygen of VdO bond in the second
layer. For V2O5‚1.8 H2O gel, the two-dimensional layers are
separated by the water molecules, and the oxygen in the water
molecule serves as the weak sixth ligand for the V(V) cation.
According to Sanderson’s partial charge calculation,65 the partial
charge on oxygen in H2O is -0.25, which is more negative
than that of OdV group (-0.12) in V2O5. Thus, the fact that
the change of ligand from V‚‚‚OdV to V‚‚‚OH2 results in a
decrease of the edge energy by 0.3 eV may be associated with
the low electronegativity (electron-withdrawing) property of
oxygen in H2O as compared to OdV group. As a conclusion,
the edge energy is mainly determined by the CVB number/
polymerization degree of V(V) cations and is affected to some
extent by the nature, such as the electronegativity, of other
ligands around the central V(V) cation. Therefore, the edge
energy can be used to estimate the local structure of V(V)
cations to some extent.

3. Surface Structures of Supported Vanadium Oxide
Catalysts. The correlation of the edge energy to the CVB
number indicates that the edge energies of the supported
vanadium oxide species can be used for estimating their local
structures. The average CVB number for the supported vanadia
catalysts is calculated based on the empirical equation obtained
above, CVB) (14.03-3.95Eg) ((0.34). The results are listed
in Table 7, together with the possible structural assignments.
Since the CVB number is the averaged contribution from all
the surface vanadium oxide species and the support cation may
also affect to some extent the variation in the CVB value due
to the ligand effect, it is necessary to discuss this value in
association with the structural characterization results obtained
by other techniques.

The surface structures of SiO2-supported vanadia oxide
catalysts under hydrated and dehydrated conditions have been
discussed in detail in a previous publication.29a It was found
that in the dehydrated state only isolated VO4 species are present
on the silica surface up to monolayer coverage, whereas the
fully hydrated surface vanadium oxide species are proposed to
be chain and/or two-dimensional polymers with highly distorted
square-pyramidal VO5 connected by V-OH-V bridges, which
resembles the structure of V2O5‚nH2O gels. The structural
assignments for these samples listed in Table 7 are consistent
with the previous conclusion.

Figure 5. Edge energies of V(V)-containing reference oxides/
compounds as a function of number of covalently bonded V-O-V
bonds in the coordination sphere of central V(V) cation.

Figure 6. UV-vis DRS spectra of V2O5‚xH2O gel and V2O5

TABLE 7: Surface Structures of Supported-Vanadia
Catalysts under Hydrated and Dehydrated Conditions

sample
Eg

(eV)

average
CVB

number
structural

assignmentsa

1% V2O5/SiO2 (hydr.) 2.47 4.27 poly.VO5/VO6

1% V2O5/SiO2 (dehy.) 3.60 0 isolated VO4
12% V2O5/SiO2 (hydr.) 2.46 4.31 poly.VO5/VO6

12% V2O5/SiO2 (dehy.) 3.34 0.83 isolated VO4(d) + V2O5 (m)
1% V2O5/ZrO2 (hydr.) 3.48 0 isolated VO4
1% V2O5/ZrO2 (dehy.) 3.50 0 isolated VO4
4% V2O5/ZrO2 (hydr.) 2.78 3.05 poly.VO5/VO6(d) + poly.VO4(m)
4% V2O5/ZrO2 (dehy.) 3.13 1.67 poly.VO4(d) + isolated VO4(m)
1% V2O5/Al2O3 (hydr.) 3.88 0 isolated VO4
1% V2O5/Al2O3 (dehy.) 3.89 0 isolated VO4
5% V2O5/Al2O3 (hydr.) 3.21 1.35 isolated VO4 + poly.VO4

5% V2O5/Al2O3 (dehy.) 3.28 1.07 isolated VO4 + poly.VO4

10% V2O5/Al2O3 (hydr.) 2.86 2.73 poly.VO4 + poly.VO5/VO6

10% V2O5/Al2O3 (dehy.) 3.02 2.10 poly.VO4(d)
20% V2O5/Al2O3 (hydr.) 2.55 3.96 poly.VO5/VO6 + poly.VO4

20% V2O5/Al2O3 (dehy.) 2.67 3.48 poly.VO4 + poly.VO5/VO6

a d - dominant; m- minor.
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For the ZrO2-supported vanadia catalysts, the structural
assignments appear to be straightforward from the average CVB
numbers. The 1% V2O5/ZrO2 sample with a surface density of
0.8 V atoms/nm2 possesses predominantly isolated VO4 species
under both hydrated and dehydrated conditions. However, a
LMCT band intensity/feature change was observed during
hydration/dehydration, which may be associated with the ligand
change between V-O-Zr and V-O-H. The net surface pH
at point of zero charge model predicts that hydrated vanadia
species at a low loading on ZrO2 possibly possess a VO2(OH)2
structure.47b The DRS results for the 1% V2O5/ZrO2 sample
support the structural change of the surface vanadia species from
VO(O-Zr)3 in the dehydrated state to VO2(OH)2 in the hydrated
state.47a-b For the 4% V2O5/ZrO2 sample with monolayer
coverage of 8.1 V atoms/nm2, the CVB number for the hydrated
sample is 3.05, which may be associated with predominantly
polymerized VO5/VO6 species with CVB number ranging from
3 to 5. The Raman results showed the presence of decavanadate
clusters (V10O28) on the zirconia surface at monolayer coverage.47b

Thus, a small amount of polymerized VO4 species with a CVB
number of 2 may also be present in addition to decavanadate
clusters (V10O28) with a CVB number of 5, in agreement with
the prediction by the point-of-zero-charge model.47b However,
the average CVB number of 3.05 for the hydrated 4% V2O5/
ZrO2 sample suggests that other types of polymerized VO5/
VO6 species, e.g., the polymerized VO5/VO6 species with a CVB
number of 3, may also be present. Upon dehydration, the average
CVB number of the 4% V2O5/ZrO2 sample decreases markedly
to 1.67, which suggests the presence of predominantly poly-
merized VO4 species in addition to a small amount of isolated
VO4 species.

For the V2O5/Al2O3 catalyst system, the edge energy and
average CVB number are also a strong function of the vanadia
loading, which could be associated with the change in the
relative amount of the isolated and polymerized surface
vanadium oxide species as well as the change in the polymer-
ization degree of the polymerized species. The 1% V2O5/Al2O3

sample exhibits remarkably high edge energy of 3.88/3.89 eV
under hydrated and dehydrated states due to isolated VO4

species. This highEg value compared to other isolated VO4

structures with edge energy of∼3.5 eV might be due to the
high distortion of the VO4 structure or the ligand effect. Similar
to 1% V2O5/ZrO2, although the edge energy of 1% V2O5/Al2O3

is almost the same upon hydration/dehydration, the LMCT band
intensity/feature is different (see Figure 4), which suggests the
ligand change between-O-H and-O-Al. This is consistent
with the51V NMR results48 and the prediction by the point-of-
zero-charge model47b that the hydrated 1% V2O5/Al2O3 sample
may possess VO3(OH) species. For this low loading sample,
hydration/dehydration may only affect the local structure of V
cations on alumina by changing the relative ratio of V-O-Al
to V-O-H. Thus, the DRS results for the 1% V2O5/Al2O3

sample support the structural change of the surface vanadia
species from VO(O-Al)3 in the dehydrated state to VO3(OH)
in the hydrated state.47a-b For the hydrated 5% V2O5/Al2O3

sample, the CVB number of 1.35 indicates the presence of both
polymerized VO4 species and isolated VO4 species, which is
consistent with the prediction of the point-of-zero-charge
model47b that the polymerized metavanadate (VO3)n species
coexist with the isolated VO3(OH) species in the hydrated state.
Dehydration decreases the CVB number to 1.07, indicative of
the decrease of the amount of the polymerized VO4 species
relative to the isolated VO4 species. This result suggests that
some of the polymerized VO4 species are dissociated to the

isolated VO4 species after dehydration. The increase of the
vanadia loading to 10% V2O5 decreases further the edge energy
of the surface vanadium oxide species and increases the average
CVB number to 2.74 in the hydrated state, suggesting the
coexistence of polymerized VO4 and polymerized VO5/VO6

species. This is in good agreement with the Raman results which
indicated the presence of polymerized (VO3)n and decavanadate
(V10O28)-like clusters on the hydrated 10% V2O5/Al2O3 sample.47b

Dehydration decreases the CVB number to 2.1, which suggests
the presence of predominantly polymerized surface VO4 species
with possibly a small amount of polymerized VO5/VO6 species.
Although the Raman results indicated the presence of isolated
VO4 species,47a its amount must be too small to affect the
absorption edge of the overall V(V) species. At monolayer
coverage of 20% V2O5, the CVB number of 3.96 for the
hydrated sample suggests the presence of the polymerized VO5/
VO6 and polymerized VO4 species since Raman results showed
the presence of decavanadate (V10O28)-like clusters and the51V
NMR results48 demonstrated the concurrent presence of octa-
hedral and tetrahedral species. Dehydration decreases the CVB
number by∼0.5, indicating the transformation of some poly-
merized VO5/VO6 species to polymerized VO4 species. This
result is in good agreement with the51V NMR results48 that
shows the increase of the fraction of tetrahedral V(V) species
upon dehydration.

For CeO2, TiO2, and Nb2O5 supported vanadia catalysts, the
edge energies of the surface vanadium oxide species are all
below 3.0 eV irrespective of the vanadia loading and environ-
mental conditions. This is because of the possible electronic
interaction due to their similar band-gap energies and/or the
strong support absorption that overlaps the signal of the surface
vanadium oxide species in the same region. In contrast to the
expectation and practice by many researchers, the UV-vis DRS
spectroscopy may not be able to provide reliable results for the
structural assignments of CeO2, TiO2, and Nb2O5 supported
vanadia catalysts.

Conclusions

UV-vis-NIR diffuse reflectance spectroscopy was applied
to study the surface structures of molecularly dispersed vana-
dium(V) oxide on various supports (Al2O3, ZrO2 TiO2, Nb2O5,
CeO2, and SiO2) under hydrated and dehydrated conditions. The
edge energy (Eg) of the LMCT transitions of V(V) cations was
found to be excellently correlated with the number of the
covalent V-O-V bonds (CVB) around the central V(V)
cations. A correlation was established based on some V(V)-
reference compounds/oxides: CVB) 14.03-3.95Eg. For Al2O3,
ZrO2, and SiO2 supports, reliable structural assignments are
derived based on this correlation. The results demonstrate that
the molecular structures of the surface vanadium oxide species
are a strong function of the support, environmental conditions,
and the vanadia surface density. Three types of surface vanadium
oxide species, i.e., isolated VO4, polymerized VO4 and poly-
merized VO5/VO6, may be present, and their relative amount
and local structure depend on the above factors. However, for
TiO2, Nb2O5, and CeO2 supported vanadia catalysts, the strong
support absorption in the same region as the V(V) cations
prevents a reliable determination of the local structure of the
surface vanadium oxide species by either the LMCT band
position or the edge energy. Interestingly, the effect of regular
reflection, which is associated with the relative high concentra-
tion of V(V) cations, appears to affect the edge energies of some
V(V)-containing materials.
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