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Dispersed on SiQ, Al,03, TiO,, ZrO,, and HfO,
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Spectroscopic techniques (X-ray absorption, Raman, ang\iBible) were utilized to monitor the effect of
adsorbed water, calcination temperature, and reduction ionHhe structure of dispersed Y@r vanadia
supported on Sig Al,Os, TiO,, ZrO,, and HfQ prepared with VQ surface densities ranging from 0.46
VO,/nn? to 11.1 VQ/nn?. Supported vanadia was found to exist as monovanadate, polyvanadat€)sor V
species, the distribution among these species depending on the support for a givenrf&Oe density.
Dehydration resulted in the appearance of monovanadate species on all supports, with the extent of these
species decreasing in the order Hf® Al,O3 > ZrO, > TiO, > SiO,. Hydration of the samples caused a
decrease in the monovanadate species and a slight increase in polyvanadate species. Oxidation at elevated
temperature resulted in an increase in the crystallinity gdMpresent on Sig a conversion of YOs into
polyvanadate species on 8, and the appearance of mixed-metal oxide phases op, i@, (ZrV,0y),

and HfG, (HfV,0;). The appearance of an interaction between vanadia and titania coincides with the
transformation from anatase to rutile TiZrV,0; and Hf\,O; are postulated to form via the interaction of
surface VQ species with the support as the support begins to undergo a phase transition from tetragonal to
monoclinic. H reduction produced limited changes in the structure of dispersed vanadia exceptOgn Al
where WLOs was transformed into polyvanadate species.

Introduction temperaturé. >V NMR and Raman and U¥visible spec-

Supported vanadium oxide catalysts are active and selectivetroscOpies detect changes in SiSlpported ¥ coordination
PP y number from four in the dehydrated state to six in the hydrated

o sverl patl et i, neladng he slcie i 5n) oo emperar,waer sl et o1 V0
nation of alkanes:3 The catalytic properties of these c)gtal gsts Al20s and VO/TIO, structure?? At higher temperature(393
) prop i Y K), water does not cause detectable changes in/$O;,
depend on the structure of the supported vanadium spegies. but its eff 1,O- and O
Depending on the support material and the \é@ncentration structure, but its effect on VIAI205 and VO/TIO, structure
X ’ becomes significari®

supported vanadium oxide can exist as isolated tetrahedral
PP In the absence of water, supported )€atalysts undergo

monovanadates, one- or two-dimensional polyvanadate domains, T
or bulk V,0s crystallites? structural changes when oxidized at elevated temperatures. As

Isolated monovanadate structures have been detected at lo Eg g?(s"da;gg;%g:;act;r\?v;{mﬁgssis fo(;r?'t%hljgrlr?]ag %jlef?fg,
vanadium coverage on SiDAI,O3, TiO,, ZrO,, and HfGQ P PP evr.

support€* VOy species condense into chains or two- ﬁ;rezirgcggzagéItWee(;(g))aﬁﬁnggegzshid(hat?ecrtn aerz(:ﬁrdgélg
dimensional domains and ultimately into bulkQ®% crystallites N S 9 P

as VQ loading increase$V NMR and Raman spectroscopy and surfa_ce VQ@have k_)eerlzr(')eported to migrate into Hi@
show that \?* centers evolve from tetrahedral coordination at forTrr;]_a m|xEd-(;r(1jetal OX'df . ing th f
low coverage to octahedral coordination at higher coverage on hs_wor a rt(ejsses L reIeC')SSL_;_?S cozncernlng T—|fe SIE#thure 0
Al,0; and TiO:56 Also the structure of dispersed vanadia Yanadia supported on SiAI,0s, TiO, Zr0;, and HIQ. The
changes upon exposure to water vabbr? Since water is a first is the eff_ect_of hydrationdehydration, th_e s_econd is the
product of oxidation reactions, the structure of the catalyst under effect _Of calcmatlon temperature, and the third IS the effect of
reaction conditions may differ from that in dehydrated samples. reducthn and reoxidation. Ramf?m spectroscopy Is used n order
The extent to which water affects the structure of dispersed to monitor structural changes in the dispersed vanadia as a

vanadia depends on the composition of the support and on the_functlon of pretreatment conditions. UWisible spectroscopy

temperature at which the exposure to water occurs.,-SiO is used to detect changes in the domain size of the dispersed

supported vanadium is especially susceptible to structural V‘E‘md'a't as th'tsh tedghnlqug hafs prtO\llen ézézblefeffecttllve for
changes upon exposure to water at room temperature. Dehy-C aracterizing the dispersion ot metal oxiaes:information
drated MCM-48 materials containing®V ions change color about the local structure of% cations in dispersed vanadia is

from white to orange when contacted with,® at room obtained from X-ray absorption spectra.
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TABLE 1: Vanadium Content, Surface Area, and 800 T T
Calculated VO Surface Density for Supported Vanadium [ 15v0 /si0 O=V-(O-S-(O-tBu) ). — >
Oxide Catalysts Studied r X7 2 s
V.05 BET VOx %0 r
content surface area surface density F
support catalyst (wt %) (m?/q) (VO/nmy) 400 -
Al,O;  0.7VOJ/AILO5 0.7 88 0.5 2»; r
2VOJ/A03 2 100 1.3 & H
3.5VO/AI O3 3.5 100 2.3 2 300
5VOX/ Al 203 5 96 3.5 E" t Vzos
10VOY/AI O3 10 89 7.7 ~ 200 L
15VO/AI O3 15 86 12.0 F
Sio; 2VOJSIO, 2 287 0.46 [
5VO/SiO, 5 283 12 100 [
10VOYSIiO, 10 271 2.4 r
15V0O/SiO, 15 251 4.0 L 1
TiO; 0.7VQ/TIO, 0.7 73.5 0.63 oL I P i Y S R R
2VO/TIO, 2 69.0 19 15 2 25 3 35 4 45 5
3.5VQ/TIiO; 3.5 69.5 3.3
5VOJTiO; 5 58 5.7 Energy (eV)
Zro;  2VOJZr0, 2 144 0.92 Figure 1. UV-—visible spectra of 15V@SiO, before and after
5V0,/Zr0, 5 155 2.1 dehydration.
10vQ/Zro, 10 170 3.9
HfO 152\</Q//Z|_:% 15 2 122 Eg situated at a 90angle incident from the X-ray beam, was used
2 Svo%f02 2 3 79 o5 to measure the fluorescence emission from samples.
6_1VXOX/HfOZ 6.1 125 32 Raman spectra were obtained using a HoloLab 5000 Research
9.4VQ/HfO, 9.4 115 5.4 Raman spectrometer (Kaiser Optical Systems, Inc.) with a 532

nm solid-state laser (Coherent Laser Group). Backscattered light
(99%, Aldrich, Inc.). Oxalic acid was added to these solutions was measured with a thermoelectrically cooled CCD detector

(Mallinckrodt, analytical grade; NifVOs/oxalic acid = 0.5 (Princeton Instruments, Inc.). Spectra were acquired over the
molar) in order to ensure complete dissolution of ammonium range 6-4000 cnt! using 50 mW and a spectral collection time
metavanadate precursors. Si(Davison Chemical), A3 of 5 min or less. Catalyst samples(.1 g) were pressed at 70
(Degussa, AG), and Ti©O(Sud-Chemie, AG) supports were MPa into 9 mm diameter by 1 mm thick wafers. Wafers were
obtained from commercial sources. Zirconium (ZrO(@Hnd placed on a rotating stage within a reactor fitted with a Suprasil
hafnium (HfO(OH)) oxyhydroxides were prepared by copre- quartz optical window. The stage was mounted on the end of a
cipitation at pH 10 from the corresponding oxychloridester ceramic rod fitted to a magnetically coupled rotary motion

impregnation, samples were dried overnight in air at 393 K and feedthrough device (Huntington Mechanical Laboratories).
treated in flowing dry air at 773 K for 3 h. OV[OSi{Bu);]3?3 Rotation speed was controlled between 20 and 500 rpm with a
was used as a reference compound for-¥Asible and X-ray power supply and step motor driver (Applied Motion Products).
absorption studies, to characterize isolated tetrahedrally coor-The reactor could be heated to 973 K using two 150 W
dinated vanady! groups. semicylindrical radiant ceramic heaters (Omega Engineering,
Surface areas were measured in a pﬂ]ysisorption flow Inc.). The reactor was attached to a gas manifold in order to
apparatus using thermal Conductivity detection and mu|tip0int allow in situ characterization. Gases were obtained from Bay
BET analysis methods. Samples were dehydrated in He at 473Airgas (He, 99.999%; € 99.994%; H, 99.999%) and purified
K for 1 h before surface area measurements. using 13X molecular sieve traps (Matheson 451).
Diffuse reflectance UVvisible spectra were obtained with
a Varian-Cary 4 spectrophotometer equipped with a Harrick Results
diffuse-reflectance attachment, using MgO as a reference. Effects of Hydration and Dehydration. Table 1 provides a
Catalyst samples were placed in a cell equipped with a heater,summary of vanadia weight loading, catalyst surface area, and
water-cooling system, thermocouple, and gas flow system for calculated VQ surface density for all catalysts studietlV —
in situ characterization. Spectra of hydrated samples werevisible spectra of hydrated and dehydrated 188D, are
measured at ambient conditions. These samples were thershown in Figure 1; they are representative of the data recorded
dehydrated by treatment in flowing dry air at 723 K for 1 h. for all samples. Included in Figure 1 are spectra of bujoy
Dehydrated samples were cooled to room temperature in flowing and of OV(OSi(@Bu)s)s, which provide reference absorption
dry air before obtaining spectra. edge energy values forfV species in extended square pyramidal
X-ray absorption measurements were carried out at the structures and in isolated tetrahedral environments, respectively.
Stanford Synchrotron Radiation Laboratory using beamline 2-3. The calculation of absorption edge follows the procedure
Dehydration was carried out in a cell equipped with a thin (1 described in detail by Barton et #.Reflectance data are
mm) quartz capillary to contain the catalyétThe capillary is converted into absorption spectra through the KubeMank
connected to a gas manifold and is surrounded by a heater sdunction F(R.). Absorption edge energies are then calculated
that the sample can be treated in situ at temperatures of up toby extrapolating to zero energy a linear least-squares fit of the
773 K. The absorption spectrum was measured at the K edgelow-energy section of a graph of(R.)hw)¥2 versushy, in
of vanadium (5463 eV) in the fluorescence mode using a double accordance with the procedure for amorphous semiconductors
crystal (Siy) monochromato?® Two ion chambers were em-  with indirect electronic transition®: 28 The spectra in Figure
ployed for X-ray detection. The first was filled with He and 1 are plotted asH(R.)hv)Y2 versushw and they are shown with
placed before the cell in order to measure the intensity of the the linear fit of the low-energy edge. Charge transfer bands in
beam before absorption. A second chamber, filled with Ar and Al,Os;, SiO,, HfO,, and ZrQ occur at much higher energies
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Figure 2. Absorption edge energies measured for hydrated and dehydrated vanadium catalystsy/S&.V®) VOJ/AIOs; (c) VOJTIOy; (d)
VO,/Zr0Oy; (€) VOJ/HIO,.

than for VQ, species, and they do not interfere with the analysis deposited on the surfaé&22Dehydration of all catalysts leads
of the absorption edge regions of Y@enters. The charge to an increase in the absorption edge energy, indicating a
transfer band of Ti@ (3.17 eV) does overlap with bands decrease in vanadium domain size or a change in the coordina-
corresponding to VQspecies. To calculate the contribution of tion of the vanadium cations. The magnitude of this shift
V5t species to the UM visible spectrum, a pure Ti&pectrum depends on the support material and the surface density of VO
was subtracted from that of \(TiO, samples. species. On Si@supported samples, an edge shift of 0.4 eV is
Values of the absorption edge for hydrated and dehydrated observed upon dehydration at the lowest vanadia loading, and
samples are given in Figure 2. Edge energies for all hydratedthis shift decreases with increasing Y6urface density. On
samples decrease as Y8urface density increases, consistent Al,O; and ZrQ supported samples, the edge shift shows no
with the growth in domain size expected as more vanadia is discernible trend with VQIloading and all shifts are smaller
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Figure 3. XANES spectra of (a) V@SIO,, (b) VOJ/AIOs, and (c)
VO,/ZrO, catalysts at ambient conditions.

than 0.2 eV. On Hf@ supported samples, the edge shift
following dehydration increases with \{@oading, reaching a
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vanadium atom&? Included in Figure 3b are near-edge spectra
of V,0s and NHVO3, compounds with known ¥ coordina-
tion. The near-edge spectra of all hydrated S$Opported
catalysts are nearly identical, and they resemble the spectrum
of V,0s. It appears that, at all VGsurface densities, vanadium
coordination in hydrated VEGiO, resembles that in 30s
(square pyramidal %). As VO surface density increases, the
near-edge spectrum of hydrated ¥&1,0; shifts from one
resembling that of NgV/O3 (tetrahedral V") to one resembling
V,0s (square pyramidal ¥). The near-edge spectra of all
hydrated VQ/ZrO, catalysts are similar and resemble the
spectrum of NHVO3; more than that of YOs, suggesting that
tetrahedral V@ species remain even after exposure #®Hat
room temperature.

Near-edge spectra of hydrated and dehydrated catalysts with
similar VO surface density (47.7 VO/nn¥) are shown in
Figure 4. Dehydration leads to a shift in the K-edge spectra
from that resembling YOs to that representative of isolated
vanadyl species such as those found in the compoungt NH
VO3. This effect is more pronounced for Si@nd ALOs
supported vanadia than for Zs@r HfO, supported vanadia.

Raman spectra of hydrated and dehydrated samples with
similar VO surface density (47.7 VOJ/nm?) are shown in
Figure 5. All spectra were acquired while the sample was rotated
at ~400 rpm in order to limit dehydration caused by laser
heating. All samples, except for 5¥i0,, show Raman bands
near 144, 285, 407, 486, 525, 699, and 995 ttypical of
V,0s crystallites?413:30.31None of the hydrated samples produce
a clear monovanadate band, normally present around-1020
1040 cnr1210

Hydrated 15VQ'SiO, exhibits a shoulder at 1020 crh
arising, perhaps, from partial dehydration and formation of
monovanadate species due to laser heating. The sample also
produces a very weak, broad band centered at 900%.cm
suggesting the presence o0 bonds in polymeric vanadia
domains>49:12.13.32.3pon dehydration, the peaks assigned to
V05 become narrower and more intense and a sharp peak at
1039 cn1l, assigned to ¥O stretching in monovanadate
species, appears. A band is also observed at 1060. chhis
feature has been reported previodslyut cannot be assigned
unambiguously.

Hydrated 10VQ/Al,O3 shows a weak, broad band centered
on 828 cntt, as well as a shoulder on the low wavenumber
side of the MOs peak at 994 cmt. The latter peak can be
assigned to %O stretching in polyvanadate structures, but the
former might be attributable to eitherMO—V or V—0—M
stretching modes in polymeric vanadia®12.13:323%¢llowing
dehydration, a peak appears at 1032~ &mindicating the
evolution of isolated monovanadate species, while a broad
feature in the 8061000 cnt! region suggests the presence of
polyvanadate domains. No significant changes #®03/peaks
are detected upon dehydration.

Hydrated 5VQ/TiO, produces two poorly resolved bands
centered at about 800 and 900 ¢iyindicating the presence of
polyvanadate speciés:®12.13323Raman intensity in the region
of 800 cnT! may also be due to second-order scattering from

maximum of 0.3 eV at the highest surface density studied. After TiOz2 (2 x 400 cnt?). Upon dehydration, the broad polyvanadate
in situ characterization, exposure of catalyst samples to ambientbands remain, but the band centered near 900" dsacomes

air for 2 h restores the U¥visible spectra to that of the hydrated
samples. Identical treatments of bulk® do not lead to
detectable changes in the WVisible spectra.

Near-edge X-ray absorption spectra of hydrated/8a®,,
VO,/Al 03, and VQ/ZrO, are shown in Figure 3. The position

less intense. The appearance of a peak at 1022 odicates

the formation of monovanadate species. Four peaks at 149, 395,
511, and 639 cm' attributable to anatase Ti@o not change
throughout hydratiordehydration cycle$!3

Hydrated 15VQ/ZrO, and 9.4VQ/HfO, exhibit broad Raman

of edge and pre-edge features reflects the local coordination ofbands in the region of 7561000 cnt? typical of polyvanadate
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Figure 4. XANES spectra before and after dehydration for (a) 1%8@D,, (b) 10VQ/AI O3, () 15VQ/ZrO,, and (d) 9.4VQHfO,.

species. The Zrgsupported catalyst exhibits a peak at 772&€m  weight loadings without the intermediate formation of two-
attributable to Zr\JO; and the HfQ supported sample exhibits  dimensional polyvanadate domaifs3¢ The only significant
an analogous peak at 800 chassigned to Hfy07.2 Upon change is seen in the Raman spectrum taken at 923 K. At this
dehydration, ¥Os peaks in both samples decrease in intensity temperature, near the melting point 0@ (963 K), peaks
relative to the polyvanadate and (Zr/H)®; peaks. The center  attributable to \-O—V, V=0, and 0O stretches in YOs
of each polyvanadate peak shifts to a slightly higher frequency completely disappear and the monovanadate peak shifts to 1018
(906 to 926 cm! on ZrQ,; 923 to 940 cm! on HfQ,). The cm 1,
concurrent appearance of a Raman band attributablet® V UV —visible absorption edges for the SiGupported sample
stretching in monovanadate species and the observed strength(Table 3) are present at 2.1 and 2.8 eV after oxidation at 723 K
ening of V=0 bonds in polyvanadate species upon dehydration for 1 h. This suggests that the;®s detected by Raman exists
suggest that these bonds are the most susceptible to hydrationin different domain sizes, perhaps as bulkO¢ and as a
Effects of Oxidation and Reduction.The effects of treating monolayer-type sheet of@s. Only one UV-visible absorption
supported vanadia in air at progressively higher temperaturesedge remains after treatment in air at 923 K. The edge at 2.0
and the influence of reduction indt 723 K were investigated eV, which is equivalent to that of XDs, suggests that amorphous
using samples with a vanadia surface density between 4 andvandia, as well as monovanadate species, condense into a six-
7.7 VOJ/nm?, corresponding to approximately 0.5 to 1.0 coordinate overlayer structure resembling bulOy on SiG
polyvanadate monolayet$34.35 when silica-supported vanadia is treated at temperatures high
15VQ/Si0; (3.95 VGQ/nn?). Raman spectra of 1580, enough to allow surface rearrangement. Raman results support
taken in flowing 10% Q/He at 723, 823, and 923 K are shown this proposal. The middle panel of Figure 6 compares Raman
in Figure 6, top. High surface area, amorphous, Sfa poor spectra taken at 298 K of 1530, after oxidation at 723
Raman scatterer, and no peaks attributable teCSstretches and 923 K. \4Os peaks that were absent in spectra acquired at
are detecte@ Peaks at 143, 282, 406, 489, 524, 694, and 993 923 K (Figure 6, top) reappear after cooling and are higher in
cm~tindicative of \LOs are present in the spectra acquired at intensity and sharpness thanO4 peaks produced by the sample
723 and 823 K. These two spectra also show a peak at 10350xidized at 723 K. One particular difference is the increase in
cm~1 characteristic of ¥=0O stretching in monovanadate spe- intensity of the peak-510 cnt! which has previously been
cies®® These results are consistent with previous studies which assigned to V+O—V stretching in \40s.30
report that vanadia interacts weakly with Si@hd tends to form After oxidation at 723 K (100 c#min of 10% Q/He for 1
coexisting monovanadate species and crystallig®s\at high h), the SiQ supported sample was exposed to cycles of
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Figure 5. Raman spectra for (a) 15MSi0;, (b) L0VQ/AIOs, (c) 5VOITIO,, (d) 15VQ/ZrO,, and (e) 9.4VQHFO, before and after dehydration.

reduction (100 c#imin of 10% Hy/He for 2 h) and oxidation of monovanadate peaks, indicating that structural changes
(100 cn#/min of 10% Q/He for 3 h) at 723 K. Raman spectra induced by reduction are reversible.

of the sample taken in dry He at 373 K after each treatment are  10VQ/Al,O; (7.7 VQ/nn?). Raman spectra of 10VfAl ;03
shown in Figure 6, bottom panel. Peaks corresponding@sV  taken in flowing 10% Q/He at 723, 823, and 923 K are shown
sharpen upon reduction and the monovanadate peak at 103%n Figure 7, top panely-Al,O;, like SiO;, is a poor Raman
cm ! decreases in intensity relative to theQ4 peaks. Only scatterer and no peaks attributable te@yare observed in the

one UV-—visible absorption edge energy (2.9 eV) is present spectra®® At 723 K, peaks at 140, 282, 406, 521, 696, and 993
following reduction (Table 4). Reoxidation restores the-dV ~ cm™! indicate the presence of @s; the peak at 1027 cmi
visible edge energy at 2.1 eV and increases the Raman intensityindicates the presence of monovanadate units, and a weak broad
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reduction, and (c) reoxidation at 723 K.

band in the 756950 cnT! region suggests the presence of
polyvanadate species on the,® support. Upon heating to
823 and 923 K, the ¥Os peaks disappear while the broad
polyvanadate peak separates into two peaks centered @
and~880 cnit.

The middle panel of Figure 7 shows that higher oxidation
temperatures lead to improved vanadia dispersion GOAI
After oxidizing at 723 K, \tOs predominates on the surface,
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Figure 7. Raman spectra of 10MMAIOs: (top) taken at (a) 723, (b)
823, and (c) 923 K; (middle) taken at 298 K after calcining at (a) 723
K and (b) 923 K; (bottom) taken at 298 K after (a) oxidation, (b)
reduction, and (c) reoxidation at 723 K.

with some evidence of polyvanadate environments. Oxidizing
at 923 K converts YOs species into polyvanadate arrays.

The UV-visible absorption edges for the &) supported
sample (Table 3) are present at 2.3 and 2.5 eV after oxidation
at 723 K for 1 h. The higher absorption edge energy, relative
to that seen for VQISIO,, suggests that the )05 seen in the
Raman spectra of VAl 05 exist in smaller domains than@s
on SiG. Oxidizing at 923 K produces no detectable change in
the UV—visible absorption spectrum (Table 3). Raman spectra
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shown in the middle panel of Figure 7 clearly show, however,
that the dispersed XDs changes its structure when treated at
high enough temperature. On 8, this results in transforma-
tion of V,0Os into polyvanadate species, while on SiDleads

to the formation of crystalline ¥Os overlayers, suggesting that
vanadia wets the surface of A3 more effectively than the
surface of SiQ

After oxidation at 723 K (100 cAimin of 10% Q/He for 1
h), the 10VGQ/AI,O3 sample was exposed to reduction (10Ftm
min of 10% HyHe for 2 h) and oxidation (100 c#min of 10%
O,/He for 3 h) cycles at 723 K. Raman spectra of the sample
taken in dry He at 373 K after each treatment are shown in
Figure 7, bottom panel. Reduction results in the disappearance
of the V,Os peaks and the development of two polyvanadate ol o v
peaks centered at770 and~910 cntl, similar to those
observed after oxidation at elevated temperatures.

V2,05 peaks reappear following reoxidation but the intensities
of the bands for this species are less intense compared with 110°
those for monovanadate species, than in the spectrum of the I
freshly oxidized sample (Figure 7, bottom). The broad poly-
vanadate peak is also more intense than that for the freshly
oxidized sample, but less intense than that for the reduced
sample. This indicates that some of the polyvanadate species
generated by the reduction ob®s have not reoxidized to the
original V,0s state. This observation could be explained by the
results of Andersen and Kung, who found that reoxidation
conditions have a significant effect on the extent of reoxidation
for VO,/Al,03.37 Specifically, these authors found that reoxi-
dation temperatures had to be raised above reduction temper-
atures to achieve full reoxidatict. /

5VQ/TiOz (5.7 VQ/nnd). Raman spectra of 5VTiO, taken 0
in flowing 10% Qy/He at 723, 823, and 923 K are shown in the
top panel of Figure 8. All spectra show peaks at 149, 394, 512,

Raman Intensity (AU)

810*
810*

410*

Raman htensity (AU)

210*

and 636 cm? indicative of the anatase phase of 333 Spectra 810 v

are displayed after background subtraction in the region of-730 i

1100 cnt?! in order to amplify the portion of the spectrum 710' |

arising from vanadia. At 723 K, the broad band from 800 to , E

1000 cnrt indicates the presence of polyvanadate species and ) o0

the weak band at 1022 crhindicates the presence of isolated > 510°

monovanadate unitsAfter heating to 823 K, the peak at 1022 E :

cm~1 decreases in intensity but the polyvanadate peak remains 8 410*

unchanged. At 923 K, the polyvanadate region separates into g a10t |

two bands centered at800 and~915 cnt! and the TiQ peaks ;

decrease in relative intensity. The middle panel of Figure 8 210° |

illustrates these changes more clearly by comparing spectra :

taken at 298 K after treatment at 723 and 923 K. After calcining 110*

at 923 K, the polyvanadate region exhibits two separate peaks, I S T e = —
centered at~810 and~930 cnt. It also appears that TiO 200 400 600 800 1000 1200

has begun a phase transition, evidenced by the broad peak at
444 cnmt! and a shoulder at 608 crh attributable to rutile Figure 8. Raman spectra of SVENiOz (top) taken at (a) 723, (b)
TiOp 1318 Th_e transformation (.)f Tigfrom anatase to ru_tlle_ 8293, and (c) 923 K; F()middle) taken at2298 Igafter calcining at (,a) 723
would explain the sharp drop in surface area after calcination ;.4 (b) 923 K: (bottom) taken at 298 K after (a) oxidation, (b)
at 923 K (Table 2). reduction, and (c) reoxidation at 723 K.
The absorption edge energy for the Fi€upported sample
(Table 3) appears at 2.3 eV after oxidation at 723 K for 1 h.
Higher calcination temperatures do not produce detectable Structuret® Other investigators have observed the formation of
changes in the absorption edge energy. a mixed oxide of vanadia with rutile Tik3°29As the oxidation
These results agree with previous studies of AT, temperature is increased, the transition from anatase to rutile is
catalysts, which indicate that TiOdisperses vanadia well. caused by the migration of vanadia into the Ti@ttice. The
Monovanadate and polyvanadate species with 5-fold coordina-spectra presented here show some evidence of rutile formation.
tion form on TiG.438 An earlier oxidation study utilizing Raman ~ The migration of vanadia into the TiQattice could explain
and UV-visible spectroscopy showed the formation of vana- the decrease in intensity of the monovanadate peak seen in
dium—titanium mixed oxides, in which Tigretains the anatase  Figure 6, but not the collapse in surface area (Table 2). Thus,

Raman Shift (cm ™)



1524 J. Phys. Chem. B, Vol. 104, No. 7, 2000 Olthof et al.

TABLE 2: BET Surface Area and VO, Surface Density 3t ——m————
after Oxidation at 723 and 923 K L 4sv0 0
- x 2

calcination temperature 2510* |
723K 923 K

BET surface VOysurface BET surface VO surface
area density area density
sample (mAg (VO/ny) (m?/g) (VOJ/NmY)

5VO(TIO; 58 5.7 39 8.5
15V0/Zro, 160 6.2 35 28.3
9.4VQ/HfO, 115 5.4 52 12.0
15V0O/Sio, 251 4.0 215 4.6
10VO/AI 05 89 7.7 85 8.1

Ramen intensity (AU)

TABLE 3: UV —Visible Absorption Edge Energies (eV) after Lo 1
Oxidation at 723 and 923 K ol v v oy

oxidation temperature 200 400 600 800 1000 1200
sample 723 K 923 K * Ramen Shift(cm ™)

5VO,/TiO, 2.3 2.3 710°
15V0,/Zr0, 2.3 2.2 [
9.4VQ/HfO, 2.7 25 | [ 1evemo,
15VQ,/SiO; 2.1,2.8 2.0 610"
10VO/Al;0; 23,25 23,25

510* ;
TABLE 4: UV —Visible Absorption Edge Energies (eV) after :
Oxidation and Reduction at 723 K

sample oxidized reduced reoxidized

5VO,/TiO- 2.3 2.9 2.3
15V0/Zro, 2.3 2.3 2.3 t
9.4VO/HfO, 2.7 2.7 2.6 210° |
15V0O/Sio, 21,28 2.9 21,29 ¥
10VGO/AI05 23,25 2.4 23,25 110 [

410" [

310* |

Raman Intensity (AU)

it seems likely that the migration of vanadia into pi@ccurs oL v v
concurrently with the transformation of Tidrom anatase to 200 400 600 800 1000 1200
rutile. Ramen Shift (cm )

After oxidizing at 723 K (100 crfimin of 10% Q/He for 1
h) the TiQ, supported sample was subjected to reduction (100 510" et S
cm®/min of 10% Hy/He for 2 h) and oxidation (100 ctmin of [ 15v0zro,
10% OyJ/He for 3 h) cycles at 723 K. Raman spectra taken in 1
dry He at 373 K after each treatment are shown in the bottom
panel of Figure 8. The four peaks arising from anatase @i®
not change upon reduction or reoxidation. The peak at 1022
cm1 attributed to monovanadate species in the oxidized sample
is no longer present after reduction. Reoxidation does not
produce significant changes in the spectrum of the reduced
sample. This would suggest that hydrogen reduction either forms
a stable, anatase, mixed-metal oxide or induces monovanadate
polymerization. Alternatively, a V@rutile TiO, species may
be forming, but not enough TiChas undergone transition to nY
produce a detectable change in the Raman spectrum. Py P R T DR R R B

The UV—-visible absorption edge shifts from 2.3 to 2.9 eV 200 400 600 800 1000 1200
upon reduction by hydrogen at 723 K (Table 4), indicating a Rarman Shift (cm )
decrease in the domain size of surface vanadia species. This

: : : .1 Figure 9. Raman spectra of 15M{Zr0O,: (top) taken at (a) 723, (b)
agrees well with the mechanism proposed by Went et al. which 823, and (c) 923 K; (middle) taken at 298 K after calcining at (a) 723

involves reduction of monomeric and polymeric vanadia from 214 (b) 923 K. (bottom) taken at 298 K after (a) oxidation, (b)

5-fold to 4-fold coordination cente8 Reoxidation restores the  requction, and (c) reoxidation at 723 K. ’

UV —visible absorption edge to 2.3 eV, indicating that the largest

vanadia domains are restored upon reoxidation. Combined withK shows a peak at 1028 crh indicative of monovanadate

the Raman results, this suggests that after reoxidation all surfacespecies, and a broad band from 700 to 980 trindicative of

vanadia is present as extended polyvanadate domains. Vanadatgolyvanadate species. After heating to 823 and 923 K, this broad

species initially present as tetrahedral monovanadate units havéband decreases in intensity, while two peaks at 778 and 977

either migrated into the TigQor polymerized to form polyvana-  cm™, attributed to Zr\{O;, appeat3-14A shoulder at 1030 cr

date domains. on the 977 cm?! peak suggests the presence of monovanadate
15VQ/ZrO, (6.2 VQ/nn?). Raman spectra of 15ZrO, species along with Zr¥O;. The changes seen in the Raman

taken under flowing 10% @He at 723, 823, and 923 K are  spectrum occur simultaneously with a sharp decrease in the

shown in the top panel of Figure 9. The sample treated at 723 surface area (Table 2).

Raman intensity (AU)
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Spectrum a in the middle panel of Figure 9 shows the 13VO 290 — 1 ——————
ZrO, sample at 298 K after oxidation at 723 K. Peaks at 175, . [ 94VOMHO,
330, 477, and 648 cni indicate ZrQ in its tetragonal structure. -
Spectrum b in the same figure shows the 1580, sample 1510° |
at 298 K after oxidation at 923 K. Peaks appear at 266 and 358
cm™1, indicating the transition from tetragonal to monoclinic
Zr0,.1440 These results agree with Sohn et al., who reported
ZrV,0; formation at similar temperatures, along with the
transition of ZrQ from its tetragonal to its monoclinic pha¥e.
The results here suggest that 204 is formed by polyvanadate
surface species interacting with Zr@s it starts to form a 5000
monoclinic phase. [

The UV-visible absorption edge for the ZgGsupported
sample (Table 3) appears at 2.3 eV after oxidization at 723 K, P T S R
with higher calcination temperatures leading to a slight decrease 200 400 600 800 1000 1200
in the absorption edge energy. This suggests that formation of Rarran Shitt cm )
ZrV,07 does not significantly alter the domain size of surface
V5t centers. 510° ——r—

After oxidation at 723 K (100 cAfmin of 10% Q/He for 1 | 84V0 MO,
h), the ZrQ-supported sample was exposed to reduction (100 ) ]
cm?/min of 10% HyHe for 2 h) and oxidation (100 ctimin of 410" -
10% QJ/He for 3 h) cycles at 723 K. Raman spectra of the [
sample taken in flowing He at 373 K after each treatment are
shown in Figure 9, bottom panel. Upon reduction, peaks at 143 ;
and 995 cm! are no longer present, indicating the reduction
of V,0s. Peaks for Zr@and for monovanadate and polyvana- § 210* F
date species do not change upon reduction. After reoxidation, g 1
the two V,Os peaks return to their original intensity, indicating

110*

Rarman intensity (AU)

L B LA S e sy o e e

310° L

Intensity (AU)

that reduction and oxidation are entirely reversible in ZrO 110*
supported samples. i

Reduction at 723 K does not influence the main absorption ol
edge at 2.3 eV (Table 4). This behavior is consistent with that 200 400 600 800 1000 1200
of the oxidation experiments; V&ype species linked in Raman Shift (cm )

polyvanadate domains retain their connectivity following reduc-

tion or formation of Zr\AOx. -' 54;/6mc; AN L
i X 2

9.4VQ/HfO, (5.4 VQ/nn?). Raman spectra of 9.4HfO, 410* .
taken in flowing 10% @Q/He at 723, 823, and 923 K are shown I :
in the top panel of Figure 10. At 723 and 823 K, a peak at
1027 cntl indicates the presence of monovanadate species, a
broad band from 820 to 980 crhindicates the presence of
polyvanadate species, and a peak at 800%cis attributed to
hafnium vanadate (Hf¥0;).2 At 923 K, three bands at 271,
380, and 510 cmt corresponding to monoclinic HfCappeart®
The Raman spectrum is dominated, however, by two sharp peaks
at 800 and 993 cmi. Spectra taken at 298 K after treatment at
723 and 923 K are shown in Figure 10, middle panel, to illustrate
the changes in V@HfOy structure induced by oxidation at . N
higher temperature. 200 400 600 800 1000 1200

On the basis of the similarity between these results and those Rarnan Shift (cm )

reported here for ZryO; formation, it appears that the two peaks  Figure 10. Raman spectra of 9.4UBHfO,: (top) taken at (a) 723,
at 800 and 993 crt are indicative of H\(O7, a compound  (b) 823, and (c) 923 K; (middle) taken at 298 K after calcining at (a)
isostructural with ZrgO,.41 Both ZrV,0; and Hf\,07 exist in 723 K and (b) 923 K; (bottom) taken at 298 K after (a) oxidation, (b)

Raman Intensity (AU)

a NaCl cubic structure composed offvland \,O74~ ions. In reduction, and (c) reoxidation at 723 K.
this structure, ¥ ions exist in tetrahedral coordination and™M
ions exist in octahedral coordinatiéh??As with ZrV>0y, the These authors analyzed*M,04~ compounds (M= Ti, Zr,

formation of Hf\,07 occurs concurrently with the transition of  Hf) o establish the effect of the metal cation on the internal
the support to its monoclinic phase, as evidenced by both Ramaniprations of BO.. They found that the P§vibration frequen-
results and by the concurrent decrease in the surface area Ofjes increased from 980 and 1116 ¢ntio 991 and 1132 ¢t

these samples (Table 2). This would suggest thatBi\and  \yvhen M was changed from Zr to Hf. These shifts correspond
ZrV;07 are formed via identical pathways. very well with the shifts reported here for vanadate frequencies
The assignment of the two bands at 800 and 993ctn in ZrV,07 and Hf\,Oy. The lower of the two main bands shifts

HfV .07 is based on an analogy to the vibrational mode analysis from 778 to 800 cm?! while the higher band shifts from 977 to
of M**P,074~ compounds published by Hubin and Tafte. 993 cntl.
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The UV-visible absorption edge energy for 9.4¥Bf0O, HO OH o} o
(Table 3) is present at 2.7 eV after oxidation at 723 K for 1 h. \/ [ |
Higher oxidation temperatures lead to a decrease in the UV AN , VLOH; 0/\|,\0 +H0
visible absorption edge energy, perhaps due to a loss in surface  © [ —> o]0 — o
s 9 | O | | O | | [
area and the subsequent linking of YSurface groups. M | M M | M M | M
After oxidation at 723 K (100 cAimin of 10% Q/He for 1 M M M
h), a HfQ-supported sample was subject to reduction (108 cm @ (b) ©
min of 10% HyHe for 2 h) and oxidation (100 c#min of 10%
Oz/He for 3 h) cycles at 723 K. Raman spectra of the sample 0 0 (o}
taken in flowing He at 373 K after each treatment are shown in \", \“, oH \“/
the bottom panel of Figure 10. As with \(@rO,, reduction in o7 ™Mo “1>No v2 | — s 2 07 N0 +H,0
H. leads to the disappearance of04 peaks followed by their | O o | M | O |
reappearance after reoxidation. There is no evidence of reductionM | 1\|,1 M M | M
M

of either HfQ, or of the other vanadia species on the HfO ) ) )
support, and the reduction does not alter the -Wisible Figure 11. (top) Schematic representation of the dehydration of mono/

: polyvanadate species: (a) hydrated diol species; (b) water association;
absorption edge energy (Table 4). (c) dehydrated tetrahedral species. (bottom) Depolymerization of

Discussion polyvanadate species upon dehydration.

In agreement with previous repoft&344 the structure of  manner. The appearance of a Raman band at 1030t cm
supported vanadia exposed to ambient air depends on the suppowdssociated with ¥O stretching vibrations in monovanadate on
material and on the VEsurface density. On SiQthe primary all supports has been attributed to either dehydration of V{OH)
structures detected by Raman spectroscopy are crystaliibe V. species (Figure 11, top)! or to depolymerization of polyvana-
and very small amounts of polyvanadate species. The proportiondate species (Figure 11, middfe)he latter process requires
of V,0s grows with increasing vanadia surface density, as the participation of hydroxyl groups from the support surface,
evidenced by both Raman spectroscopy and near-edge X-rayand it has been suggested that the stronger the basicity of these
absorption spectroscopy (XANES). The absolute value of the groups, the greater the extent of polyvanadate dehydrétion.
UV —visible absorption edge energy is similar to that o0y Consistent with this suggestion, we find that the extent of
and approaches this value asymptotically as the surface densitymonovanadate formation at a nearly constant surface loading
of vanadia increases. s crystallites, undetectable by X-ray of vanadia decreases in the order HfOAI,O3 > ZrO, > TiO,
diffraction at surface densities of 0.5 W@n¥, line breadths > SiO,. The observed decrease in polyvanadate Raman bands
corresponding to 3640 nm as the surface density reaches 4.0 on SiG; and ALO3; may be due to depolymerization of these

VO,/nmP.2 species as proposed in Figure 11, middle panel. With the
The structure of hydrated (Al O3 also changes with VO exception of VQ/HfO,, there is little evidence of any change

surface density. At low surface densitiessl( VO,/nnpd), in the structure of crystalline XDs. In the case of VQH{O,,

polyvanadate species coexist with a small amount 83:VAs the Raman spectra shown in Figure 5e indicate an increase in

VO, density increases, the structure of the dispersed vanadiathe concentration of polyvanadate species relative A0sVIn
resembles that detected on $iGhe only difference being a  view of the strong similarity between ZgCand HfQ,, the
somewhat higher concentration of polyvanadate species thandifference in hydration effects between Y&rO, and VQ/HfO,

on VO/SIO,. Consistent with this picture, the UWisible is unexpected.

absorption edge energy decreases with increasing vanadia Raman spectra taken during the oxidation of dispersed

surface density and asymptotically approaches that@sMn vanadia clearly show that the vanadia overlayer can undergo
contrast, hydrated V@TiO,, VO,/ZrO,, and VQ/HfO, are significant structural changes depending on the oxidation
present primarily as polyvanadate species; on,Zaqd HfQ, temperature and the composition of the support. For vanadia

they coexist with small amounts of @s. Small amounts of dispersed on Sipand ALOs;, the Raman features attributable
ZrV,07 and Hf\V,O; are also evident in the samples of high to V,Os crystallites disappear and new features appear as
surface densityX5 VO,/nn?) when vanadia is supported on temperature increases from 723 to 923 K (Figures 6 and 7, top
ZrO, and HfQ,. panels). While the highest calcination temperature (923 K) is
Dehydration of supported vanadia results in several charac-below the melting point of bulk ¥Os (963 K), the temperature
teristic changes on all supports. The YVisible absorption edge  is above the Tamman temperature so that surface spreading of
energy increases, consistent with a decrease in the average siz€,0;s is likely to occur. The exact structure or structures formed
of the vanadia domains and slight changes in the coordinationfrom the interactions of Sigand ALOz with V,0s are unclear,
of the vanadium cations. This effect is most pronounced for but it is reasonable to suggest that these may resemble individual
VO,/SiO, and VQ/TIO,, and for the higher density samples of sheets or partial sheets 0£®s. Significant differences in the
VO,/HfO,, but is relatively small for VQAI,O3 and VQ/ZrO.. effects of support composition are observed though, when
Raman spectroscopy shows that in all cases a band at abouspectra are taken upon cooling ¥SIO, or VO,/Al,O3 from
1030 cmt appears upon dehydration, characteristic of isolated 923 to 298 K (see Figures 6 and 7, middle panels). In the case
monovanadate species. For gi@nd AbO; supported V@ of SIO,, the bands for YOs become more intense relative to
Raman spectroscopy also reveals a decrease in the concentratiotihat for monovanadate species. By contrast, the spectrum taken
of polyvanadate species relative te®%. For vanadia dispersed  of VO,/Al,O3 shows no evidence for X0s but only features
on ZrG; and HfG,, however, the proportion of XDs appears to that can be ascribed to mono- and polyvandates. This suggests
decrease relative to polyvanadate species upon dehydration othat on AbOs, high-temperature calcination results in the wetting
the samples, this trend being more pronounced for vanadiaof the support surface by two-dimensional sheets or ribbons of
supported on Hf@ vanadia derived from Y¥0Os. Since vanadia does not wet SO
The effects of dehydration on the structure of dispersed high-temperature calcination results only in the agglomeration
vanadia reported here can be interpreted in the following of V,Os into larger particles.
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On TiO,, polvanadate structures formed upon oxidation at tion of very little oxygen removal from the oxide by eitheg H
723 K remain stable up to 823 K, but at 923 K they appear to or CsHs. VO,/HfO, catalysts behave in all respects to YO
undergo some type of transformation since new Raman bandsZrO..
appear centered at 800 and 900¢énThe intensity of the band
at 900 cn! decreases upon cooling from 923 to 298 K. The Conclusions
appearance of rutile Tigbands confirms previous findings that

surface vanadia migrates into titania and forms a rutile-vanadia g ,cture and behavior of supported Yeatalysts. Following

compound-*2°No evidence of WO crystallites is observed.  gehyqration, all supports indicate the presence of monovanadate
Vanadia dispersed on Zg@nd HfQ, occurs primarily inthe  species at low weight loadings. These monovanadates tend to

form of polyvanadate species with evidence for only a small develop into larger-domain vanadia species asy \¢éOrface

amount of Zr\s07 or HfV,07 (see Figures 9 and 10, middle  density increases. At high \\doading, vanadia exists pre-

panels). Oxidation at progressively higher temperatures elimi- dominantly as polyvanadate species on JixO,, and HfG,

nates the polyvanadate band and strongly increases the intensitput as \tOs on SiQ, and ALOs.

of the (Zr/Hf)V,0O; bands. Upon cooling the sample following UV —visible and near-edge spectra indicate that supported

Support composition and iGurface density influence the

oxidation at 723 K, a very small amount o5 is observed, VO, species exist in larger domains and have higher-coordinate
but there is no change in the Raman spectrum observed uporcenters when hydrated. Dehydration consistently leads to a
cooling after treatment at 923 K. breakup of these domains. Raman spectra suggest ts& V

Significant changes in the Raman spectrum of dispersed bonds in.mono- and polyvanadate spepies are most susceptible
vanadia after reduction at 723 K inpldre evident only for VQ to hydration. On all supports, _dehydratlon leads to the develop-
Al,O3. As seen in the bottom panel of Figure 7; t¢duction ment of monovanadate species. Polyvanadate on, U@D;,

at 723 K has much the same effect as calcination at 823 K andand HIC, .also unglergo structqrql changes when hydrated.
higher. All traces of \JOs disappear, and the only observable Interpretation of this is more difficult because of the broad

species are polyvanadates and monovanadates. It would, therel_?aman bands which allow only qualitative assignments. Support

fore, appear that the creation of anionic vacancies ¥V material plays an important role in determining the extent of
’ h” . L > hydration, but this role might arise from the ability to support
somehow facilitates the wetting of AD;. Reoxidation at 723 y 9 y PP

K ‘ ¢ the X0e but ticeabl ¢ of polymeric vanadia species.
restores some of the 20s, but a noticeable amount © Higher calcination temperatures produce significant changes
polyvanadate species remain. While the process by which H

duction facili h di . LOn i in VO structure. On Si@ V,0s sheets agglomerate, while on
reduction facilitates the spreading ob®s on Al;O; is not Al,O3, these same sheets transform into polyvanadate species.
understood, the surface rearrangement caused by reduction hag,, Zr0, and HfO,, a metal vanadate compound is formed.

significant catalytic implications. For the oxidative dehydroge- zp,0, is formed at a lower temperature than HE¥%, but the
nation of propane, V@AI,0s was found to be more selective  formation of both is accompanied by a decrease in surface area
and active than VgJSiO,.? The spectra labeled a in the middle  ang a conversion of support phase, suggesting that both phases
panels of Figures 6 and 7 indicate that freshly oxidized 6O are formed as the support begins to transform into a monoclinic
found on both supports primarily as monovanadate ag@sV  phase. Polyvanadate species form a mixed-metal species with
species. Once reduced, however, the surface structures becomgytile TiO,.
significantly different as seen in the spectra labeled b in the  H, reduction produces the most significant changes in/VO
bottom panels of Figures 6 and 7. The activation effCbonds Al,Os;, where surface ¥Os transitions into polyvanadate
in oxidative dehydrogenation reactions might induce a similar environments. On Zr@and HfQ, surface \Os is also reduced,
surface rearrangement and explain the high selectivity observedout it is not clear what type of Vspecies results. Reduction
for VO,/AI,O3 catalysts: This interpretation of the similarity ~ of VO,/TiO; leads to disappearance of monovanadate species.
between reduction and oxidative dehydrogenation mechanismsReoxidation restores the original \{Gtructures on Si@) ZrO,,
would also explain the low activity and selectivity observed and HfG. On Al,Os, reoxidation does not progress to comple-
for catalysts with low VQ coveragé At low VO, surface tion, perhaps because of kinetic limitations. Monovanadate
density, monovanadates are the most abundant surface speciespecies do not reappear on ifter reoxidation.
The inability to reduce these species, as observed by Raman,
m|ght exp|ain the low activity of monovanadates. ) ACknOWIedgment The aUthOf;S wish to aCknOWIedge T.D.
For ZrQ, and HfQ, supports, the only change in the Raman Tilley for the provision of OV[OSi(CBu)sls and G. D. Meitzner
spectrum detected upon reduction ipai 723K is a loss of all for.assstance in the interpreting X-ray near ?dge abor.ptlon data.
V705 bands. These bands reappear, however, upon reoxida'[iorgh'.S work was su'pporteq by the D.|r.e'ctor, Office of Basic Energy
245
of the samples at 723 K. It could be assumed that reduction of ciences, Chemical Sciences Division, of the U.S. Department
| of Energy, under Contract DE-AC03-76SF00098. The authors

surface_ \Os produces polyvanadate Species as I do_es 0N acknowledge Stanford Synchrotron Radiation Laboratory and
but no increase in polyvanadate bands is detected in the Raman,, |, g Department of Energy for use of the beamline

spectra of reduced samples. A different explanation would be
that V,Os reduction forms color centers which give rise to strong References and Notes
absorption of the incident and scattered light in the reduced

samples. Reoxidation would reverse this change and thereby (1) Bond, G. C.; Tahir, S. ngpl. Catal..lggl 71, L
restore \fOs peaks. 18L(%)()Et<h0dakov' A.; Olthof, B.; Bell, A. T.; Iglesia, E]. Catal. 1999
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