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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 (ADs, ZrO, TiO2, Nb,Os, CeQ, and SiQ) under hydrated and dehydrated
conditions. The edge energfg 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 cov@eit V

bonds (CVB) around the central V(V) cations was established based on some V(V) reference compounds/
oxides. For TiQ, Nb,Os, and CeQ 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. ROg,ArO,, and SiQ 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 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 Si@nd ALO;
§ supports can be neglected as compared to the strong absorption
of the V(V) cations. However, the TiDZrO,, CeQ, and NbOs
supports exhibit strong absorption in the BVis region
(especially for TiQ, CeQ, and NBOs whose LMCT transitions
d overlap with the V(V) cations). In the case of the®4/TiO,
catalysts, some researchers extracted the information on the
vanadium oxide species by subtracting the Ji&bsorption
bands from the DRS spectra of theQ4/TiO; catalysts/a11.26b
Other researchers simply employed the Fi€ipport as the
baseline reference to obtain the DRS spectra of @MiO,
catalyst£P-28which was expected to exhibit only the absorption
Rf the V(V) cations'® 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.

UV —vis—NIR diffuse reflectance spectroscopy (DRS) has
increasingly been applied to investigate the structures of V(V)-
containing oxide compounds/mixed oxide4;3-8 V(V)-contain-
ing zeolites?)181%and supported vanadia cataly8#-41 due
to the ligand-to-metal charge transfer (LMCT) transitions o
V(V) in the 20000-48000 crm?! region#? The local structures
of the V(V) cations in these materials are often associated with
the band positions of the LMCT transitiohs:-16.22.25-27,.33,34,36,3941
The LMCT transitions of V(V) cations are usually very broa
and give rise to very qualitative information. However, some
recent publications indicate that the edge enerdigp ¢f the
LMCT transitions may be more quantitative and informative
for elucidating the local structures of the V(V) catigi§g%.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 bee
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 coefficierfs*> may lead to
deviations from the SchusteKubelka—Munk equation and

distortions of the DRS spectra, which can affect the reliability 1€ surface structures of molecularly dispersed vanadium
of the information (the band maxima and edge energies of the oxide species on various oxide supports have been extensively

LMCT transitions) obtained from the DRS studies of the V(V)- characterized by different techniques (IR, Raman, XANES, etc.)

containing solid oxides/catalysts. However, this effect can be &1d have been summarized in ref 47. It is generally accepted
minimized by diluting the samples with white standards, such that: at low vanadia coverages, the surface vanadium oxide
as MgO, SiQ, and AbOs.4345Tandon et af® found that theg, species are present as isolated, 4-fold coordinategspécies;
values of the pure and diluted samples were the same in mostVhereas at monolayer coverage, highly polymerized surface
of semiconductor materials, but slight differences were also Vanadium oxide species are present (except on thessigport
observed for some samples. In the present work, one of theWhere isolated V@species are still dominant). However, the
local structure of the surface polymerized vanadium oxide

*To whom correspondence should be addressed. E-mail: xig2@lehigh.edu; SPECies is still under discussion. For example, under dehydrated
iew0@lehigh.edu. conditions,>V NMR spectroscopy demonstrated the presence
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of both VO, and VQ; species at high coverages on,@4,*8 TABLE 1: Surface Densities of the Supported Vanadia
whereas EXAFS/XANES spectroscopy suggested the presencé-atalysts

of only VO, species? In the present paper, from the evaluation V205 surface density
of the edge energies of reference vanadium oxide compounds, catalysts wt %* (V atoms/nrf)
the possible assignments of the polymerized surface vanadium 19 \,04/SiO, 0.9 0.2
oxide species on different oxide supports are proposed. 12% V,04/SiO° 11.7 2.6
The present work focuses on the molecular structures of the ézf’ V205/Al20s 1.36 04
. . . . . 6 V,05/Al 03 6.92 2.2
surface vanadium oxide species on different oxide supports 109 \L04/AILOs 14.05 49
under hydrated and dehydrated conditions. The importance of  20% \,Os/Al,O5° 23.72 9.3
the edge energy obtained from the BVis studies will be 1% V,04/ZrO, 0.43 0.8
emphasized since th, values can be related to the optical ‘1‘? ¥285/1Z__r82b i’% ?-é
basicity of the oxide&? which is an interesting parameter for 50/2 vioi//T:oib 589 92
characterizing the acigbase properties of the oxide solitls. 1% V,04/Nb,Os 1.21 14
The effect of the polymerization degree and the ligand of the 5% V,0s/Nb,Os" 6.12 7.6
V(V) cations on the edge energy will be investigated for a better 1% V,05/CeG 1.16 1.9

. . b
understanding of the molecular structures of the surface vanadia 4% V205/Ce0; 4.77 9.2
species on oxide supports under different environmental condi- 2 Actual V.Os concentration obtained by atomic absorpti®Mono-

tions. layer coverage as determined by Raman spectroscopy.
TABLE 2: Edge Energies of the Diluted and Pure
Experimental Section V-Containing Compounds/Support Materials
1. Catalyst Preparation. The supports used for this study sample (E?Ilgi\eg) E(?)ﬁer\e/)) ﬁa'f/g;
were AbO3 (Engelhard Sser = 222 nt/g), ZrO, (DegussaSset
= 34 n¥#g), Si0, (Cabosil EH-5,Sser = 332 n#/g), TiOs \,gzogtoMgfs.Oz ggg 231 —0.01
(Degussa P-2%ser = 45 n?/g), Nb,Os (Niobium Products Co., Mzevjoezj_ MgIO 580 283 0.03
Sger = 57 n¥/g), and CeQ@ (SKK company Sget = 36 n¥/g). NH,VO3 + MgO 3.11 3.18 0.07
The supported vanadia catalysts were prepared by the incipient- Mg,V20; + MgO 3.42 3.50 0.08
wetness impregnation of 2-propanol solutions of vanadium  MgaV20s + SIO; 3.48 3.48 0.00
isopropoxide (VO(G-Pr)s, Alfa-Aesar 97% purity) on the _IFI_aGVO4+ MgO 3.46 3.92 0.47
) . . i0, + MgO 3.56 3.60 0.04
various supports. The preparation was performed inside a 710, + Mgo 524 523 —0.01
glovebox with continuously flowing N After impregnation, Nb,Os + MgO 3.42 3.73 0.31
the samples were kept inside the glovebox for overnight. The CeG + MgO 3.08 3.13 0.05
samples were subsequently dried in flowinga 120°C for 1 a AE, (eV) = Eq(pure) — Eq(dilut.)
h and 300°C for 1 h, and were finally calcined in flowing air
at 300°C for 1 h and 45CC for 2 h. Results

2. UV—vis—NIR Diffuse Reflectance Spectroscopy (DRS).
The DRS experiments were conducted on Varian Cary 5EUV o d surf densiti ‘ th q dgi
vis—NIR spectrophotometer with the integration sphere diffuse €OMPOsItions and surface densities of the supported vanadia
catalysts are listed in Table 1. Monolayer surface coverage for

reflectance attachment. The powder samples were loaded in a\/ O5/SIO, s ~2.6 V atoms/nriZ%a and monolayer coverage
2 ~c.

quartz flow cell with a Suprasil window and were measured in . . .
the region of 208-800 or 206-2200 nm at room temperature for other catalysts is 7-69.3 V atoms/nrf which are consistent
. with previous result§’¢ These monolayer catalysts were

A halon white (PTFE) reflectance standard was used as theconfirmed by Raman spectroscopy since n@ycrystallites
baseline unless otherwise notified. The spectra of hydrated y P Py y
samples were obtained under ambient conditions. The spectraWere detectegl. .

2. Comparison of Pure and Diluted Reference Com-

of the dehydrated samples were obtained after the samples were . L .
calcined at 456500 °C in flowing Oy/He for 1 h. pounds.To examine the possible influence of regular reflection

S . . . that is associated with the high concentrations of absorbing
To minimize the effects of regular reflection and particle size, . iarials  the pure and diluted V(V)-containing reference
the samples were diluted with non- or weak absorbing white ¢,mn0unds and the supports that possess LMCT transitions in
standards of MgO or SiQor Al0;. The amount of diluent e yy—vis region are compared in Table 2. Although $iO

used for a sample depends on the absorbance of the sampleyng \go as diluents give rise to similar results, MgO was used
which should result in the KubelkeMunk functionF(R,) < 1 in most cases in this work since it is difficult to make

after diluting. The corresponding diluent was also used as the homogeneous mixture of Si@vith other materials. The results
baseline standard. In addition, some of the supports were alsoghowed that thé, values for most of the diluted samples are
used as diluent as well as standard to examine the effect of thegimost the same as for the pure phases (within 0.1 eV).

oxide support contribution to the overall DRS spectra. Unless However, theE, values of NagvO, and NbOs differ by 0.47
otherwise mentioned, the DRS spectra of the pure and dilutedand 0.31 eV when diluted, respectively.
samples were recorded under ambient conditions. 3. Correction of the Support Contribution. Out of the six

The DRS spectra were processed with Bio-Rad Win-IR supports used for supporting vanadium oxide, four of them
software, consisting of calculation B{R.) from the absorbance.  possess strong absorption in the YWs region with edge
The edge energyE) for allowed transitions was determined energy in the order Zr@> Nb,Os ~ TiO, > CeQ; (see Table
by finding the intercept of the straight line in the low-energy 2). To examine the effect of the support contribution to the DRS
rise of a plot of F(R.)hv]? againstw, wherehv is the incident results of the supported vanadia catalysts, the highest vanadia
photon energy* loading sample of 20% MDs/Al,O3 was diluted with some

1. Bulk Compositions and Surface DensitiesThe bulk
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TABLE 3: Edge Energies of the 20% \,Os/Al,03 Sample
Diluted with Different Materials

E (eV) Eq (eV)
sample (diluted) (pure)
20% V,0s5/Al,05 + Al 03 2.55 2.83
20% V,0s/Al,05 + MgO 2.54 2.83
20% V,0s5/Al,05 + ZrO, 2.46 2.83
20% V,05/Al 05 + TiO, 2.46 2.83
20% V-,05/Al 05 + CeQy 2.41 2.83
.25+
.2
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Figure 2. UV—vis—NIR DRS spectra of the hydrated 5%®/Nb,Os
sample obtained (a) with PTFE as baseline, (b) after subtracting the
.05 DRS spectrum of NfDs with PTFE as baseline, and (c) with p@
as baseline.
0 for the support contribution by using the support as the standard
) I ]

and by subtracting the support spectrum are compared in Figure

2. These two methods result in different spectral features. More
Wavenumber (cm-1) spectra of 1% and 5% XDs/Nb,Os are compared in Figure 3,

Figure 1. UV—vis DRS spectra of the 20%,@s/Al,0; sample diluted/ which were obtained under hydrated and dehydrated conditions.

referenced with (a) ADs, (b) MgO, (c) ZrQ, (d) TiO,, and (e) Ce@ Note that Figure 3A exhibits only one band maximum at
~24 000 cm!, while Figure 3B shows one band maximum

supports and MgO, and the results are shown in Table 3. Theabove 26 000 cm' with a shoulder at~24 000 cnTl. The

1 1 I
45000 40000 35000 30000 25000 20000 15000

edge energy of (20% XDs/Al,03 + Al,03) mixture (AlLO3 as spectral features as well as their changes in response to the
diluent) is about the same as that of (20%¢Al,03 + MgO) environmental conditions are very consistent below 25 00G'cm
because both MgO and AD; are weak and/or non-absorbers in both cases, which suggests that the strong band above 26 000
in the UV—vis region. For ZrQ, TiO,, and CeQ as diluents, cm! that appeared after subtracting the support spectrum might

the difference in thé values are 0.13 eV or less compared to be artificial.
that of Al,O; or MgO as diluents. These results indicate that  The edge energies of these samples after correcting for the
the edge energy is not significantly affected by the nature of support contribution by both methods are presented in Table 4,
the diluent when the gvalue of the surface vanadium oxide together with some Ti@and CeQ supported vanadia samples.
species is lower than that of the diluent #)1.0 eV or more. Unlike the significant spectral difference shown above, the edge
However, when theégy value of the surface vanadium oxide energies obtained by these two methods are very close (within
species is higher or close to that of the diluent or the support, 0.1 eV). This suggests that the edge energy values are relatively
as in the case of the (My,0g + TiO) mixture, no information insensitive to the choice of the correction method, and would
from the V(V) cations can be obtained. be more reliable for the structural assignment of the surface
The DRS spectral features, however, are significantly affected vanadium oxide species. Moreover, the shift of the edge energy
by the use of the diluent/standard, as shown in Figure 1. The upon hydration/dehydration was observed for all these samples.
DRS spectra of the corresponding mixtures listed in Table 3  However, it is surprising that the edge energies of the
depend largely on the edge position of the support. The DRS monolayer samples in Table 4, such as 5%¥Nb,Os and
spectrum of the (20% X¥s/Al,03 + CeQy) mixture possesses 5% V>0s5/TiO,, are only slightly lower than the lower loading
the narrowest band due to its lowest edge position. Apparently, samples (1% YOs). This could result from the strong support
the strong absorption of the support overwhelms the absorptionabsorption in the higher energy region that overlaps the weak
from the vanadium oxide species, and only the absorption thatabsorption from a small amount of V(V) cations in the same
does not overlap with the support absorption can be detected.wavenumbers. Another alternative explanation is that the
The band maxima of these mixtures also vary with the diluent. electronic interaction with the oxide support might modify the
The band maximum is relatively constant for mixtures with energy gap of the surface vanadium oxide species. Therefore,
Al;03, MgO, and ZrQ as diluents, while the band maximum  because th&y values for NbOs, TiO,, and CeQ are so close
is the lowest with Ce@as the diluent. Therefore, in the presence to those of vanadates and vanadium oxides, the results obtained
of strong absorbing components, such as the oxide support, theor the corresponding supported vanadium oxide species may
band position/maximum is not a reliable parameter for structural not be reliable for the structural assignment of the surface
assignment. vanadium oxide species, especially for the low vanadia loading
Consequently, an oxide support with strong t¥is absorp- samples.
tion significantly modifies the DRS spectral feature of the 4. Edge Energies of Supported Vanadia CatalystsThe
surface vanadium oxide species, and it is a great concern howedge energies of the pure and dilutegDg/Al ,03, V205/SiO;,
to extract reliable information from these systems. The DRS and \,Os/ZrO, samples under hydrated and dehydrated condi-
spectra of the hydrated 5%%s/Nb,Os sample, after correcting  tions are presented in Table 5. These supports possess no support
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Figure 3. UV—vis—NIR DRS spectra of the 1% and 5%®s/Nb,Os samples under hydrated (dotted lines), dehydrated (solid lines) conditions:
(A) with Nb,Os as baseline; (B) after subtracting the DRS spectrum ol lwith PTFE as baseline.

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

sample Eq (eV)? Eq (€V)P
1% V,05/Nb,Os (hydr.) 2.66 2.76
1% V,05/Nb,Os (dehy.) 2.75
5% V205/Nb,Os (hydr.) 2.64 2.73
5% V,0s/Nb,Os (dehy.) 2.68 2.79
1% V,04/TiO, (hydr.) 2.74 2.72
1% V,05/TiO (dehy.) 2.77
5% V505 TiO, (hydr.) 2.65 2.65
5% V,0s/TiO, (dehy.) 2.72
4% V,05/CeQ, (hydr.) 2.50 2.62
4% V,05/CeQ; (dehy.) 2.67

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 the Eg value. Thekg values of the pure 520% V,0s/Al ;03
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 thgOYAI,Os
samples are sensitive to the environmental conditions regardless
of the possible effect of regular reflection. In addition, &g

aUsing the support as the standard for the corresponding supported-values in both pure and diluted states decrease systematically
vanadia catalyst$.After subtracting the support DRS spectra (PTFE  with increasing vanadia content/surface density. Interestingly,

as the standard).

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

Eq(eV) Eg(ev)

sample (diluted)  (pure) AEg(eV)?
1% V,0s/Al 03 + Al O3 (hydr.) 3.88 3.86 —0.02
1% V,0s/Al,05 + Al O3 (dehy.) 3.89 3.90 0.01
5% V,05/Al ;03 + Al ;03 (hydr.) 3.21 3.68 0.47
5% V,0s/Al ;05 + Al 05 (dehy.) 3.28 3.67 0.39
10%V205/Al 03 + Al,O3 (dehy.)  3.02 3.27 0.25
20%V,0s/Al 03 + Al O3 (hydr.) 2.55 2.83 0.28
20%V,05/Al 05 + Al,O5 (dehy.) 2.67 2.93 0.26
1% V,04/SiO; (hydr.) 2.47
1% V,0s/SiO; (dehy.) 3.60
12% V,0s/SIO; + SiO; (hydr.) 2.46 2.43 —-0.03
12% V,0s/SiO; + SiO; (dehy.) 3.34 3.43 0.09
1% V,0s/ZrO; (hydr.) 3.48
1% V,0s/ZrO; (dehy.) 3.50
4% V,05/ZrO, + MgO (hydr.) 2.80 2.78 —0.02
4% V,05/ZrO, (dehy.) 3.13

a AEy (eV) = Eg(pure) — Eg(dilut.)

absorption below 40 000 cmh to affect the determination of

it is noted that the DRS spectra and the band maxima for pure
V,0s5/Al,03 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 SiQ and ZrQ were used as the supports, only minor
differences irEg values were observed between pure and diluted
samples even at monolayer coverage.

Discussion

1. Ramification of the Method for Deriving E4 Values.
Several methods have been developed and applied to dgyive
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,5?

ohow O (ho — Eg)n

wherea is the absorption coefficientiw = hv is the photon
energy,n = 2, 3, Y/,, and ¥, for indirect allowed, indirect
forbidden, direct allowed, and direct forbidden transitions,
respectively. Then value for the specific transition can be

the Ey values of the V(V) oxide species. All diluted supported determined by the best linear fit in the lower absorption
vanadia samples after dehydration possess the same or loweregion®3%4 For V,0s, CeG—V.0s, and BOs—V,0s mixed
Ey values than the pure samples. This result excludes theoxides thin films, then value of%, was found to be the best
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Figure 4. UV—vis—NIR DRS spectra of the 1%, 10%, and 20%04Al.0; samples under hydrated (dotted lines) and dehydrated (solid lines)
conditions: (A) diluted samples; (B) pure samples.

TABLE 6: Edge Energies Derived from Different Methods For example, the difference in thg values of the 1% YOs/

E, (eV) ES Ef SiO, sample in the hydrated and dehydrated states for any
sample Nn=2 n=3 n=12 n=32 (eV) (eV) method_ is between 1.12 and 1.1_6_ eV. The resul@s indicate that
the choice of the method for deriving tiig values is not very
\1\2292\5/203 é:ég %:g? g:jé gég %:4315 %;13 important for the purpose of comparison and Hevalues of
Zr0, 509 501 523 513 524 509 differentsamplescan be compared on arelative scale. However,
1% V,0s/Si0, (hydr.) 2.05 1.86 2.47 2.16 2.43 2.08 inthe present work the use of DaviMott’'s method withn =
1% V,04/Si0; (dehy.) 3.17 3.01 3.60 328 359 320 Y;resultsin &g value of 2.31 eV for YOs, which is consistent
4% V,04/Zr0, (hydr.) 221 195 2.79 237 2.80 2.27  \jth most of the reported literature values of 2.3-2.45\#0
4% V,05/Zr0; (dehy.) 2.39 — 3.14 2.63 3.18 2.48

2. Correlation of Edge Energy and Local Structures of
V(V) Oxides. It has been observétt 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 {Cof the central
V(V) catior?® 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) catioFsHowever,
the first proposed correlation seems to over-count the V atoms
in the second coordination sphere by including the weakly

2 Derived from the equation following Davis and M&#fF(R..)hv]
O (hv — Eg)", wheren = 2, 3,%/,, and?/, for indirect allowed, indirect
forbidden, direct allowed, and direct forbidden transitions, respectively.
b Derived from TandorGupta’s method® which takes the point on
the low-energy side of the curve at which the linear increade(fita)
starts.c Derived from the equation following Taw€:[F(R.)(hw)?3] O
(v — Ey>.

fit,5354 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 &éige,

ow® O (ho — Ep°

It appears from the literature that the choice of the specific
equation is based on the best linear fit of the ctA#However,

Tandon and Gupta suggested and applied another method fo

obtaining the forbidden energy g&pThe point on the low-
energy side of th&(R.) O hv curve at which the linear increase

bonded \V-0---V bonds (bond lengtlr 4 A), such as the ¥
O---V bond between the 305 layers. Thus, it is unable to
Iestablish a good correlation for the data in the present work
since the data point for 05 (CN, = 7) is far out of the linear
range. The second type of correlation between the domain size

begins was taken as the value of the forbidden energy gap. Thel@verage ¥-O bond length) and edge energy only accounts for

Eg values of 15 powdered semiconductors were found to be in

the local symmetry of the V(V) cation, and the edge energy is

good agreement with the values obtained by other techniques ProPosed to be inversely correlated with the domain Sifer

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

values of some samples derived from all the above methods.

With Davis—Mott’'s method,n = 2, ¥, and?/, usually give
nice linear fits, whilen = 3 somehow could not give good linear
fits. Both Tandor-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 theEy values obtained by DavisMott’'s method
with n = ¥/, are amazingly close to the values by Tandon
Gupta’s method £0.04 eV). TheEy values obtained by the
Davis—Mott method withn = 2 are, however, close to the
values by Tauc’s method. Althoudty values change with the

method used, a similar trend is observed for all the samples.

example, the domain sizes for isolated and polymerized VO
units are about the same, and the domain size #®s\Wvith
square pyramidal structure is lower than that of Mits18
This correlation did not consider the polymerization of the V(V)
cations and cannot explain why MgWs with VOg coordination
possesses a higher edge energy thgdsWith square pyramidal
coordination, and NkVO3; with polymerized VQ units pos-
sesses a lower edge energy than\"2y and MgV ,O0g with
isolated VQ 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 compoutids.

In the present work, a better empirical correlation between
the edge energyE;) and the number of covalentYO—V bonds
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bonds in the coordination sphere of central V(V) cation. . .
Figure 6. UV—vis DRS spectra of ¥0sxH,O gel and \4Os

in the coordination sphere of the central V(V) cation (CVB) TABLE 7: Surface Structures of Supported-Vanadia
was established for the reference V(V)-containing oxides/ Catalysts under Hydrated and Dehydrated Conditions
compounds studied, as shown in Figure 5. It was noticed that average
Eg is inversely proportional to the CVB number. The CVB E; CVB structural
number is similar to the number of next nearest metal neighbors sample (eV) number assignments
(Nwm) proposed by Weber for Mo compourfdsyhich represents 1% V205/SiO; (hydr.)  2.47 4.27 poly.V@VOe
the degree of aggregate/polymerization of the absorbing species1% V20s/SiC; (dehy.)  3.60 0  isolated VO
The line shown in Figure 5 can be expressed by the equation 12% VAOJ/SIO, (hydr) - 2.46 431 - poly.VENOe

e e 12% V,0s/SiO; (dehy.) 3.34 0.83 isolated VAQ) + V205 (M)
of CVB = (14.03-3.95;) (£+0.34), which is very similar to 1% V,05/Zr0, (hydr) 3.48 0O isolated V@
the correlation obtaineql by Weber.for Mo Qxide clustergio lz/A) &835:82 Egez?l-)) 3-753 205 isalat\tlég \\//g (@) + poly.VOK(m)
= (16—3.85). The similar correlation obtained for both Mo- j‘%‘: VEOSIZroz (d)e/hy'.) 313 1o r;))olil/'.vqu)ﬂe»isolafedy\'/()(?n)
(V1) and V(V) oxides/compounds suggests a general phenom- o, V,05/A1,05 (hydr) 3.88 0 isolated V@
enon that the edge energies of molecularly sized clusters track19 v,05/AI,0; (dehy.) 3.89 0 isolated VO
with the extent of spatial delocalization of the molecular orbitals gzﬁ) ngjﬁl 283 &E}éﬁr.)) 33»23 11%5; iissctjallittifi \\//ﬁ pg:y.xgz;
involved in the electronic transmon_s, as proposed by Wé%)er. 0% \2/205/A2I2C3)3 (hyé’r_) 586 273 polyVe+ poI)F:.V%)dVé)e
The isolated VQ monomers (CVB= 0) possess the highest ;0. VoOs/Al,0s (dehy’) 3.02  2.10  poly.Veid)
edge energies, while the \UO&Og polymers (CVB= 5) with 20% V;05/Al 05 (hydr.) 2.55 3.96 poly.V@VOs+ poly.VO,
high spatial delocalization of the molecular orbitals possess the 20% V.0s/Al.03 (dehy.) 2.67 3.48 poly.VO+ poly.VOs/VOsg
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 c
are observed. As an example, the DRS spectra Ais\bulk
oxide and MOs-x H,O gel (room-temperature dried~ 1.8)3

ad — dominant; m— minor.

3. Surface Structures of Supported Vanadium Oxide
atalysts. The correlation of the edge energy to the CVB
number indicates that the edge energies of the supported
S . ... vanadium oxide species can be used for estimating their local
are presented in Figure 6. The!r local structu_res are very similar, structures. The average CVB number for the supported vanadia
except the weakly bonded sixth oxygen ligand under V(V) catalysts is calculated based on the empirical equation obtained

central catiorf* V.05 bulk oxide consists of two-dimensional above, CVB= (14.03-3.95,) (+0.34). The results are listed
layers stacked together through weak bonding between the V(V) i, Taple 7, together with the possible structural assignments.

atom in the first layer to the oxygen of%O bond in the second  gjnce the CVB number is the averaged contribution from all
layer. For \,0s-1.8 H,O gel, the two-dimensional layers are e surface vanadium oxide species and the support cation may
separated by the water molecules, and the oxygen in the watery|so affect to some extent the variation in the CVB value due
molecule serves as the weak sixth ligand for the V(V) cation. tg the ligand effect, it is necessary to discuss this value in

According to Sanderson’s partial charge calculaffthe partial  association with the structural characterization results obtained
charge on oxygen in #D is —0.25, which is more negative  py other techniques.
than that of G=V group (~0.12) in V20s. Thus, the fact that The surface structures of SiGupported vanadia oxide

the change of ligand from ¥-O=V to V--:OH; results in a  catalysts under hydrated and dehydrated conditions have been
decrease of the edge energy by 0.3 eV may be associated withdiscussed in detail in a previous publicat®falt was found

the low electronegativity (electron-withdrawing) property of that in the dehydrated state only isolated \@Pecies are present
oxygen in HO as compared to ©V group. As a conclusion,  on the silica surface up to monolayer coverage, whereas the
the edge energy is mainly determined by the CVB number/ fully hydrated surface vanadium oxide species are proposed to
polymerization degree of V(V) cations and is affected to some be chain and/or two-dimensional polymers with highly distorted
extent by the nature, such as the electronegativity, of other square-pyramidal V&connected by -OH-V bridges, which
ligands around the central V(V) cation. Therefore, the edge resembles the structure of,®s-nH,O gels. The structural
energy can be used to estimate the local structure of V(V) assignments for these samples listed in Table 7 are consistent
cations to some extent. with the previous conclusion.
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For the ZrQ-supported vanadia catalysts, the structural isolated VQ species after dehydration. The increase of the
assignments appear to be straightforward from the average CVBvanadia loading to 10% XDs decreases further the edge energy
numbers. The 1% ¥0s/ZrO, sample with a surface density of  of the surface vanadium oxide species and increases the average
0.8 V atoms/nripossesses predominantly isolated\&pecies CVB number to 2.74 in the hydrated state, suggesting the
under both hydrated and dehydrated conditions. However, acoexistence of polymerized VQand polymerized V@VOsg
LMCT band intensity/feature change was observed during species. This is in good agreement with the Raman results which
hydration/dehydration, which may be associated with the ligand indicated the presence of polymerized (§)and decavanadate
change between ¥O—2Zr and V—O—H. The net surface pH  (V1dO29)-like clusters on the hydrated 10%®s/Al 03 samplet?
at point of zero charge model predicts that hydrated vanadia Dehydration decreases the CVB number to 2.1, which suggests
species at a low loading on Zg@ossibly possess a \(H), the presence of predominantly polymerized surface Sfecies
structuret’® The DRS results for the 1% @s/ZrO, sample with possibly a small amount of polymerized Y80Og Species.
support the structural change of the surface vanadia species fromAlthough the Raman results indicated the presence of isolated
VO(O—Zr);in the dehydrated state to \4@H), in the hydrated VO, species/? its amount must be too small to affect the
state?’a® For the 4% \Os/ZrO, sample with monolayer  absorption edge of the overall V(V) species. At monolayer
coverage of 8.1 V atoms/rfythe CVB number for the hydrated  coverage of 20% YOs, the CVB number of 3.96 for the
sample is 3.05, which may be associated with predominantly hydrated sample suggests the presence of the polymerized VO
polymerized V@/VOg species with CVB number ranging from  VOg and polymerized V@species since Raman results showed
3to 5. The Raman results showed the presence of decavanadatie presence of decavanadates®g)-like clusters and thelVv
clusters (MoO2g) on the zirconia surface at monolayer coverfife.  NMR result$® demonstrated the concurrent presence of octa-
Thus, a small amount of polymerized Y©pecies with a CVB hedral and tetrahedral species. Dehydration decreases the CVB
number of 2 may also be present in addition to decavanadatenumber by~0.5, indicating the transformation of some poly-
clusters (M¢O2g) with a CVB number of 5, in agreement with  merized VQ/VOg species to polymerized Vspecies. This
the prediction by the point-of-zero-charge mo#féiHowever, result is in good agreement with tR&/ NMR result$® that
the average CVB number of 3.05 for the hydrated 4%y shows the increase of the fraction of tetrahedral V(V) species
ZrO, sample suggests that other types of polymerized;/VO upon dehydration.

VO species, e.g., the polymerized ¥®0Os species with a CVB For CeQ, TiO,, and NbOs supported vanadia catalysts, the
number of 3, may also be present. Upon dehydration, the averageadge energies of the surface vanadium oxide species are all
CVB number of the 4% YOs/ZrO, sample decreases markedly pelow 3.0 eV irrespective of the vanadia loading and environ-
to 1.67, which suggests the presence of predominantly poly- mental conditions. This is because of the possible electronic
merized VQ species in addition to a small amount of isolated interaction due to their similar band-gap energies and/or the
VO, species. strong support absorption that overlaps the signal of the surface

For the \LOs5/Al,03 catalyst system, the edge energy and vanadium oxide species in the same region. In contrast to the
average CVB number are also a strong function of the vanadiaexpectation and practice by many researchers, the W&/DRS
loading, which could be associated with the change in the spectroscopy may not be able to provide reliable results for the
relative amount of the isolated and polymerized surface structural assignments of CgOTiO,, and NBOs supported
vanadium oxide species as well as the change in the polymer-vanadia catalysts.
ization degree of the polymerized species. The 190yAl,03
sample exhibits remarkably high edge energy of 3.88/3.89 eV cgnclusions
under hydrated and dehydrated states due to isolategd VO
species. This higltg value compared to other isolated YO UV —-vis—NIR diffuse reflectance spectroscopy was applied
structures with edge energy 6f3.5 eV might be due to the to study the surface structures of molecularly dispersed vana-
high distortion of the VQ@structure or the ligand effect. Similar ~ dium(V) oxide on various supports (s, ZrO, TiO2, Nb,Os,
to 1% V,0s/ZrO,, although the edge energy of 1%Q0%/Al 03 Ce(Q, and SiQ) under hydrated and dehydrated conditions. The
is almost the same upon hydration/dehydration, the LMCT band edge energyH) of the LMCT transitions of V(V) cations was
intensity/feature is different (see Figure 4), which suggests the found to be excellently correlated with the number of the
ligand change betweenO—H and—O—Al. This is consistent covalent V-O—V bonds (CVB) around the central V(V)
with the 3V NMR resultg® and the prediction by the point-of-  cations. A correlation was established based on some V(V)-
zero-charge modé€Pthat the hydrated 1% XDs/Al ;O3 sample reference compounds/oxides: CW¥B14.03-3.955,. For ALLOs,
may possess V4OH) species. For this low loading sample, ZrO,, and SiQ supports, reliable structural assignments are
hydration/dehydration may only affect the local structure of V derived based on this correlation. The results demonstrate that
cations on alumina by changing the relative ratio ef®—Al the molecular structures of the surface vanadium oxide species
to V—0—H. Thus, the DRS results for the 1%,05/Al,03 are a strong function of the support, environmental conditions,
sample support the structural change of the surface vanadiaand the vanadia surface density. Three types of surface vanadium
species from VO(G-Al); in the dehydrated state to \4@H) oxide species, i.e., isolated \{Opolymerized VQ and poly-
in the hydrated stat€a® For the hydrated 5% M0s/Al,O3 merized VQ/VOg, may be present, and their relative amount
sample, the CVB number of 1.35 indicates the presence of bothand local structure depend on the above factors. However, for
polymerized VQ species and isolated \{Gpecies, which is  TiO,, Nb,Os, and CeQ@ supported vanadia catalysts, the strong
consistent with the prediction of the point-of-zero-charge support absorption in the same region as the V(V) cations
modef’P that the polymerized metavanadate @Ospecies prevents a reliable determination of the local structure of the
coexist with the isolated V§)OH) species in the hydrated state. surface vanadium oxide species by either the LMCT band
Dehydration decreases the CVB number to 1.07, indicative of position or the edge energy. Interestingly, the effect of regular
the decrease of the amount of the polymerized,\8pecies reflection, which is associated with the relative high concentra-
relative to the isolated VOspecies. This result suggests that tion of V(V) cations, appears to affect the edge energies of some
some of the polymerized VQspecies are dissociated to the V(V)-containing materials.
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