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Abstract

A combination of in situ Raman, XANES, and EPR spectroscopies is used to study the nature of the interaction between V and Ce in
the ceria-supported vanadia catalysts. Vanadium oxide species disperse on ceria up to 9/Mratashsupport. Surface ¥ species
closely interacts with ceria support promoting a reduction of surfade @ Ce**. Upon heating or during reaction surface vanadia reacts
with ceria support forming a CeVfOphase. The active site appears to B VO-Cé™ for both systems. The redox cycle for oxidative
dehydrogenation appears to be associated with Ce, rather than with V sites.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction studies under reaction conditions provide new insights into
the behavior of surface vanadia species during hydrocarbon
Total oxidation reactions account for the majority of uses 0xidation reactions: (i) the dehydrated surfac® \species
of CeG-containing matedls in catalysis[1]. The redox appears to be the predominant surface species, and (ii) the
properties of ceria and the high lability of its lattice oxy- extent of reduction of the surface vanadia species depends
gen are among the most important factors that contribute on the reducing power of the hydrocarbon, the specific oxide
to the catalytic reactivity of Ce®in oxidation reactions;  support, and the ratio of polymeric to isolated surface vana-
in particular, for total oxidation reactions. However, the cat- dia specie§11,12] The surface polymeric vanadia species
alytic behavior of Ce@ can be modified by the addition of on ceria are more reducibleah the isolated ones, accord-

dopants that interact with the ceria suppfrt. The pres- ing to in situ Raman spectroscofi3]. There is not much
ence of vanadia on ceria aff@thteresting performances for  information available about the nature of surface vanadium
oxidative dehydrogenation (ODH) reactiof%3]. In gen- oxide species on cer[2,3,12—-14] In general, the interfaces
eral, supported vanadia catalysts are one of the most activebetween a metal oxide supported on a metal oxide substrate
and attractive catalysts for light alkane OJ#-8]. Sev- have been less studied that the interfaces between metal and

eral studies address the structure and the oxidation statemetal oxide substratg45]. During alkane oxidation reac-
of supported vanadia catalysts during hydrocarbon oxida- tions, the conversion decreases due to deactivation, which
tion reactiong9-11] The in situ Raman and UV-vis—-NIR  appears related to the formation of CeM[3,12]. However,
detailed information about the nature of the vanadia—ceria
msponding author. Instituto de Catalisis y Petroleoquimica, CSIC mterfacg Is scarce. In situ Raman, XANES, an(_j EPR spec.-
Marie Curie, 2, E-28049, Madrid, Spain. Fax: +34 91 585 4760. troscopies are used to afford some understanding about this
E-mail address: mbanares@icp.csic.es (M.A. Bafiares). interaction.
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2. Experimental 2.4. XANESdata

XANES data at the \K edge were measured on line 9.3
of the SRS synchrotron at Daresbury, UK. A Si(111) double-
crystal monochromator was used with a detuning of ca. 60%

The vanadium oxide was supported on GgBngelhard; o minimize the harmonic content of the beam. Transmission
36 nt/g) according to the experimental procedure described experiments were carried out using/®,-filled ionization
elsewherg2]. Essentially, the catalysts were prepared by in- chambers. The energy scale was simultaneously calibrated
cipient wetness impregnation with V-isopropanol in a glove by measuring the corresponding metal foil inserted before a
box with nitrogen flow. The impregnated samples were kept third ionization chamber. Samples as self-supporting disks
at room temperature overnight in the glove box. Then the (absorbance 1.5) were place in a controlled-atmosphere cell
samples were dried at 12C for 1 h and at 300C another  developed at the 9.3 beamline for treatment. XANES spectra
1 h with nitrogen flow. Finally, the samples were calcined at were taken at the temperature and under the controlled at-
300°C for 1 h and 450C for 2 h in flowing oxygen. The  mosphere (e.g., £8s/Oz/He = 1/2/8 or dry air) indicated
catalysts are referred to asVCe,” where x” represents  for each case.
the weight percent of ¥Os on CeQ. The monolayer cover-
age of vanadia on alumina is understood as the dispersion2.5. EPR measurements
limit loading, i.e., the maximum vanadia loading on alu-
mina that can be supported as surface vanadia speci€s; V EPR measurements were carried out at 77 K with a
aggregates form above this loading crystalline. Raman spec-Brilkker ER200D spectrometer provided with a T-type dou-
troscopy is use to determine this monolayer coverage, sinceble cavity and operating in the X band (9.55 GHz). Fre-
it can readily detect ¥Os crystallites. The maximum load-  quency calibration was performed using a DPPH standard
ing of vanadia free of crystalline )05 was 4% \LOs5/CeQp, (g = 2.0036). All the spectra were recorded-at96°C us-
which corresponds to 9 V atgmn? of ceria support. ing a microwave power of 19 mW. Computer simulations
were used when necessary to check spectral parameters.
Aliquots of the catalst (30—40 mg) were placed into a quartz
probe cell with greaseless stopcocks, which can be exter-
nally heated with a tubular furnace. All the samples were

Ethane oxidation was carried out in an isothermal fixed- pretreated in oxygen at 30C for 1 h and subsequently out-
bed reactor. The catalysts (2@jwere evaluated in the 450  gassed at the same temperature for 1 h. Oxygen adsorption
to 610°C temperature range, at atmospheric pressure. Theexperiments were carried out in a conventional high vacuum
reaction gas mixture consisted oflds/O2/He (1/2/8) and line made of Pyrex, which is able to achieve dynamic pres-
was used with a total flow rate of 30 éfmin. The reactor  sures lower than 2 10-2 N m2. A fixed dose £ 100 pmol
consisted of a quartz tube of 6 mm o.d. (4 mm i.d.) where no per gram of sample) of this gas (L'Air Liquide; 99.9%) was
void volume was permitted by using a 4 mm o.d. quartz tube admitted in the cell at 77 K, and subsequently the sample
insert to avoid homogeneous reaction from the gas phase. evacuated at the same temperature for 30 min in order to re-
move weakly adsorbed (physisorbed) oxygen, which could
lead to the broadening of the signals by dipolar interactions.

2.1. Catalyst synthesis

2.2. Oxidative dehydrogenation of ethane

2.3. Laser Raman spectroscopy

The in situ Raman spectra were obtained with a Ren- 3 Reqilts
ishaw Micro-Raman System 1000 equipped with a cooled
CCD detector{73°C) and a holographic super-Notchfilter - 31 Activity study
that removes the elastic scattering. The samples were excited

with the 514 nm Ar line in an in situ cell (Linkam, TS- Table 1shows the steady-state ethane oxidative dehy-
1500), which allows temperature treatments up to T8D0  drogenation data for the \@CeQ catalysts at different
under flowing gases. The samples were in powder form to reaction temperatures. CeY@s also included as a refer-
prevent diffusion problems and ensure that all catalyst in the ence. The catalysts show someactivation during time on
cell is exposed to the flowing gases. The spectral resolutionstream, which is more intense at higher vanadia loading, dur-
is 3 cnT %, and the spectra acquisition consisted of five accu- ing the first couple of hours. In the absence of vanadium,
mulations of 60 s. The samples for the in situ measurementspure ceria is extremely reactive; however, the main product
were pretreated in #He at 450°C for 1 h before any fur-  is CO,. Ethane conversion values are below 70% in the 510—
ther treatment. In situ spectra during temperature treatments590°C reaction temperature range due to oxygen-limiting
are taken at high temperature, during a stepwise heating. Raconditions. The performance is dramatically different upon
man spectroscopy provides molecular information about the addition of vanadium. With 1% »Os/Ce; (i.e., 1/5 mono-
bulk of the material for it penetrates ca. 1 um. layers) the activity decreases to very low conversion values,
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Table 1
Ethane ODH onxVCe catalysts including CefQand CeVQ references
Catalyst T Conversion Selectivity (%)
(°©) (%) CoHg co, co
CeO, 510 611 4 96 0 841
1VCe 14 35 65 0
2VCe 13 64 36 0
3VCe Q7 69 25 6
4VCe 10 52 6 42
5VCe 10 44 8 48
CeVOy 17 42 32 26
CeQ 550 662 4 96 0
1VCe 50 28 64 8
2VCe 32 44 16 45
3VCe 36 46 13 41
4VCe 26 50 6 44
5VCe 29 43 12 45
CeVOy 4.1 27 20 52
CeO 590 684 5 95 0
1VCe 196 20 54 27 234
2VCe 86 38 11 50
3VCe 87 35 13 53 590
4VCe 73 44 7 49
5VCe 59 42 14 45
CeVOy 74 27 22 51 a
Reaction conditions: 20 mg, 30 pimhin, C;Hg/O2/He = 1/2/8 molar ra-
tio.
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and the product distributiorhgfts from combustion to ODH. . .
The formation of CG decreases with vanadia loading on ce- Fig. 1. In situ Raman spectra of (a) reference ge®) dehydrated fresh

. . . - g9 3VCe, (c) dehydrated used 8¢, and (d) reference Ce\O

ria. For a given reaction temperature, conversion decreases

and the ethylene selectivity greases with vanadia loading

on ceria. 1VCe exhibits a product distribution that resem- Man baqu of CeVp 214, 260, 368, 460, 785, 798, and
bles a linear combinationf shose of ceria and CeV but 841 cnmt. The Raman band at 841 crhis assigned to Alg

the product distribution is closer to that of Cey{vanadia ~ Vanadate symmetric stretching, at 798 and 785 to the

loading is higher. Eg and B2g antisymmetric stretching of vanadates, (at
460 and 368 cm! to B2g and B1lg deformations{ and
3.2. Raman study v2, respectively)[17]. The formation of CeV@ on ceria-

supported vanadia catalysts used for propane ODH reaction

The in situ Raman spectrum at 30D of dehydrated ~ has also been reportég.
fresh 3VCe catalyst is shown iRig. 1. The Raman spec-

trum of reference CeVg(Alfa, 99.9%) is shown irFig. 1d 3.3. Insitu oxidizing environments
Pure CeQ@ (Fig. 19 exhibits an intense Raman band at
460 cnT!, and smaller bands at 239 and 590 dmThe Dehydrated catalysts were heated stepwise in the in situ

dehydrated fresh catalysFif). 10 exhibits a Raman band Linkam cell in a dry air stream. Every catalyst exhibited
at 1027 cntl, characteristic of the terminal¥O bond of a solid-state reaction forming CeMOFig. 2 illustrates

the dehydrated surface vanadia spediely. The Raman  the temperature-programmed Raman (TP-Raman) study of
band near 940 cmi is assigned to the active stretching 1VCe in dry air. The surface dehydrated structures of vana-
mode of V-O-V functionality of surface polymeric vana- dia do not change up to 43C. Two Raman bands at 1017
dia [11]. The Raman bands characteristic of the terminal and 1034 cm? correspond to the ¥O modes of surface
V=0 and V-0-V bonds of the surface vanadia species, areisolated and polymeric vada species, respectively/1,13]
sensitive to hydration; this hydration—dehydration process of At 500°C and above, the Raman bands of the surface vana-
the supported vanadia catalysts is completely reversible atdia species become weaker. Such weakening is not due
300°C [16]. The dehydrated used 3VCe catalyBSig; 19 to thermal broadening since other supported vanadia oxide
exhibits the Raman band at 1026 chrharacteristic of the  species show very moderate effects on theQ/vibration
terminal V=0 bond, and new Raman features that become at high temperaturgl1]. Near 700°C, the Raman band of
more intense with vanadia loading. The new Raman bandsthe V=0 mode is hardly visible and new Raman features
at 260, 779, 799, and 854 crh are the most intense Ra- become apparent near 765 and 839 ¢niThese new Ra-
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Fig. 2. Raman study during temperagtprogrammed heating of fresh de-
hydrated 1VCe in dry air. Spectra takat the temperature indicated in the
figure.

Fig. 3. Raman study during tempernagtprogrammed heating of fresh de-
hydrated 3VCe in dry air. Spectra takat the temperature indicated in the
figure.

man bands are the most intense ones for Ce\yg. 3 3.4. XANESstudy

illustrates the TP-Raman study of 3VCe in dry air. Surface

vanadia species on ceria show a Raman band at 1028,cm The in situ vanadiunK-edge XANES profile for the
characteristic of the ¥O mode of surface vanadia species. 5vCe sample under in situ conditions is presentefii 6.

The two V=0 modes of surface isolated and polymeric The dehydrated catalyst in air at 30D presents an essen-
vanadia species appear to coalesce in a single Raman bangally featureless spectrunfig. 63, indicative of a strong

if vanadia coverage is above ca. 20% monolayer cover- disorder at the local levél8]. However, a comparison with
age[11]. No important changes in the Raman spectra are the \P* reference systems (see the derivative spectra in the
evident up to 525C in air. However, new Raman features inset of Fig. 6) points out to a reasonable resemblance to
at 772 and 841 cm' (due to CeVQ) become apparentnear that of CeVQ, particularly in the preedge region. This sug-
550°C. There is an important decrease of the Raman bandsgests that the V-0 distance and local coordination symmetry
of surface vanadia species at 6% and no surface vanadia are rather similar in both systenfi8,19] The low signal-
species appear to be present at BD0A detailed close-up of  to-noise ratio at 300C does not allow, on the other hand,
the surface vanadia spectral window is presenté&iign4 for a reliable EXAFS study of the V-local order. As XANES is
4VCe during TP-Raman study. In this case, the formation of only sensitive to local order, this would indicate that V in the
CeV(y starts at 400C and the removal of surface vanadia dehydrated state at 30Q has a significant number of differ-
species is complete by 58C. The solid-state reaction be- ent local structures at the ceria surface but that most of them
tween surface vanadia and ceria starts at’45h 5VCe and have Ce ions in close neighborhood such that there is an in-
no surface vanadia species remain visible by 87 %ig. 5). fluence on the V-0 distance and on the local environment
In summary, the Raman bands of Ce)Mhase are detected in a way that resembles the CeyPhase. The characteristic
by Raman above 70@ for 1VCe, around 558C for 3VCe, CeVOy XANES shape only develops at higher temperatures,
and near 450C for both 4VCe and 5VCe in dry air. There-  providing evidence that the® -containing phase forms un-
fore, the CeVQ detection temperature by in situ Raman in der reaction conditions, gaining at the same time homogene-
an oxidizing environment deeases with increasing vana- ity at a local level for the V local environment. The XANES
dium loading in the ceria-supported vanadia catalysts. spectra displayed iRigs. 6b and gjive evidence of the sta-
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bility of the V-Ce binary phase in either ODH conditions or
under air at high temperature.

3.5. EPR study of oxygen adsorption

The EPR spectra of the VCe samples calcined and
outgassed at 30@ present a series of very weak lines
nearg; = 1.94 and A = 13 x 103 cm~%, which can
be attributed to the hyperfine structure of residual isolated
VO?* groups £V nuclear spin/ = 7/2; natural abundance
99.75%)[20-23] Similar signals have previously been de-
tected in \LOs5/CeQy materials treated at temperatures lower
than those required for the formation of Cey{21-23] In
addition, the samples that contain Ge@pically show a
sharp axial signal witly; = 1.965 andg; = 1.940. These
features have been previously related with either quasi-free
electrons or with C& cations located in distorted sites of
the fluorite latticg21-24] A recent study has assigned this
signal to CP* impurities of CeQ at the ppb leve[25]. In
any case, these centers of the Gald not seem to be rel-
evant for the surface reactivity of the VCe catalysts, and
therefore they will not be further discussed. On the other
hand, the EPR spectra of the Cey&ample treated in vac-
uum at 300C do not show any signal. EPR monitoring of
the oxygen adsorption has been frequently used as a method
to study the surface redox characteristics of samples contain-
ing cerium[26,27] Reduced cerium centers (&9 are not
easily detectable due to their short relaxation tj2&; how-
ever, it will be possible to reveal indirectly their presence at
the surface by titration with oxygen. This procedure is based
on the fact that the following reaction readily occurs upon
oxygen adsorption if the G& centers are coordinatively
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Fig. 6. XANES profiles of theK edge of vanadium of (a) 5VCe at 300C, (b) 5VCe during ethane ODH reaction condition at 800 (c) 5VCe at 800C
under air after ethane ODH, and (d) reference CgM@set: derivative spectraf a and reference compounds.

unsaturated:
cet +0, > Cet -0, (1)

The resulting surface complexes,‘teO,™, can be de-
tected by EPR spectroscopygkihe characteristic of the sig-
nals can provide valuable information about the chemical na-
ture of the reduced cerium cent§26—29] It has been previ-
ously found that the presence of metal ions other than cerium
(e.g., Al, Zr, Ti) in the second coordination sphere results in
a shift of theg, component, following the axes ascription
reported elsewhere to a lower magnetic fig28—30] This y
behavior has been related to an increasing covalent character L__,_/Q\E//
of the bond between the* orbitals of the superoxide frag- , < o ,
ment and the lanthanide cati¢®6,27,29,30Q] This would 3325 3350 3375 3400 3425
lower the efficiency of the charge transference between the Magnetic Field (Gauss)
surface and the adsorbed oxygen. On the other hand, theFi - EPR o of th | e e §

H H H s spectra o e samples (a e , (C e, an
signal W.Ith 8x Clc.’ser toge (2.0023) has been. attributed to (d§J 1VCe caIciFr]1ed in @at 300°C?outg§a)ss%3(2 the s?m((a t)emperature and
sgpe_romde species attached to Ce centers with reduced COOIg hsequently contacted with 100 pmol of & —196°C.
dination, which are preferentially formed in the (111) plane
of the CeQ [26].

The EPR spectrum of the reference Ge€ample pre-  signal, CV1, which can be simulated havigg = 2.023
treated at 300C and contacted with oxygen at196°C is and gy = 2.011. On the basis of the absence of hyperfine
displayed inFig. 7a A pseudo-axial signal, C1, with ap- structure, and considering thine obtained parameters are
proximate components gf = 2.035 andg; = 2.011 is the significantly larger thage [26—31] it can be concluded that
main contribution to the spectrum, although a second signal,signal CV1 are not related with V centers but with cerium
C2, with a component at cg. = 2.008 can be also envis- cations at the CeV@surface. In fact, CE'—O,~ species
aged. In accordance with the literature, these lines can beformed at low Ce®@ coverage ory-Al203 give rise to ax-
assigned to superoxide species adsorbed on more (signal Clipl signals similar to CV126,30] This observation is not
and less (signal C2) coordinatively saturated-Csites of surprising considering that in this mixed oxide, vanadium
the surfacg26,27,29,30]On the other hand, the spectrum presents its maximum oxidation state’(y, and therefore it
of pure CeVQ (seeFig. 7b submitted to the same treat- can hardly donate electronic density to the oxygen molecules
ment is shown inFig. 7b and it consists of a single axial as to form superoxide radicals, as describedhy (1) Ac-
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cording with the usual interpretation, the shiftgf, which
is equivalent tog; for signal VC1, represents an increase
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ethane ODH. Such a change appears related to the deac-
tivation of the catalyst, which is mainly due to a decrease

of the degree of covalency of the bond of the superoxide in CO, formation. Vanadia loading and calcination temper-

fragment with the metgl26—-30] Consequently, a delocal-
ization of the electron betwedhe three centers rather than
the formation a purely ionic ¢&—0,~ adduct could better

ature promote the formation of and/or sintering of CevO
aggregates in ceria-supported vanadia. The temperature for
this phenomenon in air decreases with vanadia loading. It

describe the electronic configuration of the species generat-is interesting to underline that surfac@Vspecies are not

ing signal VC1. Since the transferred electron is located in restored upon reoxidation (Raman band at 1026 9nin

an antibonding orbital, this process contributes to activate this study. A reversible formation of Ce\{Chas been re-
the oxygen molecules. Near one-third of these superoxideported[3]. In that case, surface vanadia species are restored

radicals remain at the Ce\iQurface after heating the sam-

upon hydration. That CeVphase is very incipient (very

ple to room temperature (RT); however, these species areweak Raman features) and it makes sense that the formation
weakly bound as they are easily removed following a short of CeVO; may be reversible. Such precursor of the CgvO

outgassing at RT.

phase, here detected by XANES and EPR, can be viewed

The EPR spectra of the samples 1VCe and 5VCe pre-as surface V species at chenliganteracting distances with

treated at 300C and contacted with oxygen at 300 are
also plotted inFig. 7. In the case of sample 1VCe a signal,
VC2, with approximate parametegs= 2.025,g, = 2.022,
and g, = 2.011 is observed; 5VCe exhibits an axial sig-
nal, VC3, with parameterg, =2.024 andg; =2.010. The
amplitude of these lines ineases with vanadium content.

On the basis of the similarity of parameters of these sig-

nals with those of VC1, lines of the type VC2 and VC3

Ce*t ions and having V-0 first coordination distance and lo-
cal symmetry rather close to those of the well-formed binary
phase. However, the CeV((phase formed here at higher
temperatures (and detected by Raman) must possess larger
domains (sharper Raman bands) and show no reversibility.
The latter might be ascribed to the formation of bulk-like
aggregates during the sintering of V-containing species. The
absence/presence of V-0O-V links under such phase may ex-

can be attributed to superoxide species adsorbed on ceriunplain the reversitity or not under hydration. The nature of

centers that share an oxidmion with a vanadium atom.
The present data suggest that®teO? —V>* sites form
when vanadia is well-dispersed on the GesDpport. These

V—Ce oxide interaction appears to affect the redox state of
the ceria upon exposure to reducing environmgh&3,34]
Interestingly, considerable amount of surfacé Cepecies

Ce*r—0?~—V°t sites can be considered precursors of a remain after exposures to oxygen in bulk cg88], being

well-developed CeV@ On the other hand, the intensity of
the weak signals associated with ¥Ois not significantly

particularly true for nanosized materid35]. The surface
Cet (chemical) state stability could be further enhanced

affected by oxygen adsorption. For these VCe samples, it canby interaction with another element, like vanadium. Wong
be concluded that the activation of oxygen molecules takesand Vohs show that surface Bereduces to C& oxidizing
place at the sites formed by cerium surface atoms modifiedvanadium atoms on CeQL11)[34]. It thus appears that V

by vanadium atoms located in the coordination sphere (i.e.

cet—02—Vvot).

4. Discussion

The activity of CeQ decreases upon vanadia addition,
mainly due to a reduction of GOformation. The combus-
tion properties of Ce®@are due to highly reactive oxygen
species. The possibility of readily switching betweer? Ce
and Cé* and the high lability of lattice oxygen are well
known[1,32,33] they are among the most important factors
which contribute to the catalytic reactivity of Ce@ total

,limits the easy valence state switching of théd Q€e**" re-

dox pair, characteristic of ceria, by enhancing the energy
stability of the C&" chemical state.

The fact that the selectivity trends are rather similar be-
tween ceria-supported vanadia and CeWpuld suggest
that the active site in both types of systems is the same.
The only common functionality is the V—O—Ce bond. How-
ever, Ce sites are ¢& in CeQ, support but C&" in CeVOy.

The difference in oxidation state of Ce in V-O-Ce bonds
would suggest a different reactivity. Since, the performance
is rather similar for both systems, it would imply that vana-
dia affects surface ceria sites that may become trivalent upon
coordination with surface vanadia species. The EPR and

oxidation reactions. They also appear to be the driving force XANES results provide evidence that this may be the case

for V-Ce oxide interface interactioi34]. The dramatic ef-

while XANES additionally shows no appreciable reduction

fect of V, even at very low monolayer coverage, suggests thatof V°* sites. Therefore, the V-O—Ce bond in both ceria-
surface vanadium oxide species must preferentially titrate supported vanadia and CeY@ould be \P*-O-Cé*; al-

the most reactive sites at the surface of geO

though, as said before, a lack of medium- and long-range

As vanadia coverage on ceria increases, the product dis-order is present in the ceria-supported vanadia at low tem-

tribution approaches that of CeMOThe used catalysts
present Raman bands of Ce¥(his trend becomes more
evident as vanadium loadingdreases. These catalysts ex-
hibit a change in their striigre and performance during

peratures. In this “precursor” state, oxygen related properties
would follow those of the CeV@phase while V may main-

tain to a certain degree the characteristics typical of isolated
species and differ from those of the above-noted phase. Note
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that, as said before, the lack of medium- and long-range or- face oxygen of Ce@and the inappreciable reduction of
der of such a precursor state makes it Raman silent. species at any ethane ODH reaction temperature.

CeV(Qy is present in used catalysts even when they op-  Unlike most supported vanadia catalysts, the catalytic re-
erate at reaction temperatures lower than that required fordox cycle in ceria-supported vanadia appears to be due to
bulk CeVQ, formation. The formation of a well-developed that of cerium sites near vanadium sites. Vanadium would
CeVQy phase is promoted by ODH conditions; this may be moderate the lability of ceria oxygen sites. In addition, the
due to the consecutive cycles of oxidation/reduction. The redox cycle of C&3/Ce** sites during ethane ODH reac-
oxidation state in CeV@are \P* and Cé" and XANES tion would be the driving force to enable the formation and
show no appreciable reduction oV during reaction, it~ growth of CETV>t0O, from V°>F/Ce* 0, at temperatures
thus makes sense to assume thatditalytic redox cycle lower than those observed in air.
on ceria-supported vanadia may be due to the redox cy-
cle of cerium near vanadium; unlike most supported vana-
dia catalysts, which work othe redox cycle of vanadium  Acknowledgments
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