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Abstract

The partial oxidation of methanol to formaldehyde on ceria-supported monolayer vanadium oxide was studied using temperature-
programmed desorption (TPD), microcalorimetry, and X-ray photoelectron spectroscopy (XPS). Methanol TPD demonstrated that the
activation energy for the dehydrogenation of adsorbed methoxides to produce formaldehyde is a function of the oxidation state of the vana-
dium cations in the supported layer. During BH TPD, CHO was produced at 525, 550, and 610 K, chtyV4+, and \At, respectively.

The heat of reoxidation of supported vanadia/ceria samples that had been reduced by performi@HaTPB experiment was measured
using microcalorimetry and found to be 245/&bl of O,. The heat of adsorption of GGOH on the vanadia layer was also measured and
found to be 80 kdmol on both oxidized and partially reduced Y@eQ, samples. The implications of these results for understanding the
mechanism of methanol oxidation on supported vanadia are discussed.

0 2003 Elsevier Inc. All rights reserved.

1. Introduction the identity of the support [2,6], the apparent activation en-
ergy for selective oxidation reactions, such as the oxidation
Supported vanadia catalysts exhibit high activity and se- 0f methanol to formaldehyde, is largely support indepen-
lectivity for a variety of reactions including the oxidation of dent. The apparent activation energy for this reaction has
o-xylene to phthalic anhydride, methanol to formaldehyde, Peen reported to be approximately 84/ibl for a wide
and the selective catalytic reduction of N@ith ammo- range of supports (e.9., TQNbZO& 210, CeQ, Al20s, .
nia (SCR) [1-3]. An important aspect of these catalysts is @nd SiQ) [9,11,12]. Based in large part on this observation
that the vanadia only exhibits high activity when present as it has been suggested that the support must influence other
a monolayer or submonolayer species. While it is well es- Parameters such as the heat of dissociative adsorption of
tablished that the structure of the surface vanadia complexMéthanol. Unfortunately, in kinetics studies employing flow
is not a strong function of the identity of the underlying ox- "€actors it is generally not possible to independently deter-
ide support [4-7], the overall reactivity of supported vanadia mine qll the pargmeters tha_t appearin the overall kinetics ex-
catalysts is still highly support dependent. For example, the pression. Thus, important kinetics pa}rameters such as the ac-
turnover frequency for the selective oxidation of methanol to Flva'Flon energy forthe .deh.yd_rogenatlon of adsorbed mgthox-
formaldehyde at 525 K varies from 3.53for V,0s/ZrO, ide |nterme'd|ates, which is likely to pe the rate-determining
t0 1.01 5 X for V,05/TiO5 to 0.057 5 for V,0s/Al 03 [8]. step, have in most cases not been dlrgctly measured.' Unpler-
The origin of the influence of the support on reactivity is standing how the ur)de.rlylng support influences the kinetics
still not well understood, but it is generally thought that the parameters for the individual elementary steps may be key

V-O-support bonds play an important role in determining to unraveling the ongins of the support effept.' .
reactivity [9,10]. In ord.er to provide a more Qetalleq desgrlptlon of react!op
Another interesting aspect of supported vanadia catalystsmeChan'smS’ structure-activity relationships, and the origin

is that despite the fact that the overall reactivity depends on of the support effect in supported vanadia catalysts our re-
search group over the past several years has been studying

this catalytic system using a combination of temperature-
* Corresponding author. programmed desorption (TPD), thermal gravimetric analy-
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troscopy (XPS). This work has made use of both model sys- desorbing species were monitored using the mass spectrom-

tems consisting of vapor-deposited vanadia films supportedeter. Multiplen: /e ratios were collected during each TPD

on metal oxide single crystals [13—17] and high surface run. Individual products were identified by their character-

area supported vanadia catalysts [18,19]. One of the specificstic mass fragmentation patterns. The desorption spectra

goals of these studies has been to measure kinetics paramder specific molecules presented below have been corrected

ters for the individual elementary steps in the oxidation of for overlapping cracking fragments from other products and

methanol to formaldehyde (e.g., dissociative adsorption of quantified using standard procedures.

methanol, and dehydrogenation of surface methoxides) as a

function of the identity of the support. In this paper we have 2.3. Calorimetry

extended our previous studies to include the adsorption and

reaction of methanol on polycrystalline V@@eG. Calorimetry was used to determine the heats of reoxida-
tion of partially reduced catalysts and the heats of adsorption
of CH3OH on fully oxidized and partially reduced catalysts.

2. Experimental A detailed description of the custom-built calorimeter used
in this study can be found in a previous publication [18,20].
2.1. Catalyst preparation Approximately 2 g of the catalyst was used in each calorime-

try experiment. The sample was initially heated to 475 K in
The cerium oxide used as the support in this study was vacuum  10-3 Torr) to remove adsorbed water. In order
synthesized by annealing Ce(N)@ 6H20 (99.5%, Alfa Ae- to partially reduce the supported vanadia layer the samples
sar) in air at 875 K for 5 h. The surface area of the result- were exposed to 50 Torr of G®H for 10 to 15 min, the sys-
ing ceria as measured using the BET method was 3Fm  tem was then evacuated, and the sample was heated to 750 K
Vanadia was deposited on the ceria support using incipientat a rate of 15 Kmin (this procedure was designed to sim-
wetness of an aqueous solution of ammonium metavana-ulate the conditions used in the TPD experiments). In one
date (NH,VO3, Sigma) and oxalic acid (©4H2, Aldrich) set of experiments with a pure ceria sample, the sample was
in a 1:2 molar ratio. The concentration of vanadate and the reduced by continuous exposure to 10 Torr ofdd 775 K.
amount of impregnation solution was adjusted in order to The heats of adsorption of oxygen on the reduced samples
produce catalysts with vanadia weight loadings between 1 and methanol on both fully oxidized and reduced samples
and 10 wt%. After impregnation of the vanadate the sam- were measured for a series of small pulses of each gas with
ples were dried overnight at 400 K and then calcined in air the sample held at 425 and 295 K, respectively.
at 775 Kfor5h.
2.4. X-ray photoelectron spectroscopy
2.2. Temperature-programmed desor ption
X-ray photoelectron spectra of the supported vanadium
The TPD apparatus used in this study has previously oxide catalysts were collected using an ultrahigh vacuum
been described in detail [19] and consisted of a Cahn vac-chamber equipped with an X-ray source (VG Microtech)
uum microbalance that was modified to allow the sample and a hemispherical electron energy analyzer (Leybold-
to be heated using an external oven. The system was alsdHeraeus). Samples analyzed by XPS consisted of self-
equipped with a diffusion pump and a mass spectrometersupporting disks that were produced by pressing00 mg
(Thermo ONIX). For TPD studies 30—40 mg of catalyst was of the powder catalyst. The UHV analysis chamber was
loaded into the sample pan of the microbalance and the sys-equipped with a sample transfer system and a prechamber
tem was evacuated to a baseline pressure of Torr. In in which a sample could be annealed in a controlled gas am-
most cases after being placed into the TPD system the vanabient. XP spectra were collected using Al-K-rays. The
dia/ceria sample was pretreated by heating in vacuum tobinding energy scale was referenced to the primary O 1s
475 K in order to remove adsorbed water, surface hydrox- photoemission peak located at 529.6 eV. Satellites of this
yls, and other weakly adsorbed impurities. This annealing peak resulting from photoemission excited by AlzKand
temperature was chosen based on results obtained in a previK,, X-rays which fall in the same region of the spectrum as
ous study of vanadia/Ce111) [15] which showed thatitis  V 2p peaks were subtracted using standard procedures.
sufficiently low to not induce reduction of the vanadia layer.
For a TPD experiment the catalyst was initially exposed to
~ 15 Torr methanol vapor at room temperature. The expo- 3. Results
sure time varied somewhat from run to run but was always
long enough to ensure that the sample was saturated with3.1. CH3OH TPD—CeO;
methanol as determined by a leveling off of the weight gain.
After pumping the system back to its base pressure and al- To provide a basis for comparison, the reaction of
lowing the sample weight to again stabilize, the sample was methanol on the bare ceria support was initially character-
heated to 800 K at a rate of 15/Kiin. While heating, the  ized using TPD. The ceria sample used in these experiments
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Fig. 2. TPD spectra obtained from GBH-dosed 1 and 6 wt% »Osg sup-

Fig. 1. TPD spectra obtained from GBH-dosed Ce@. i
ported on ceria.

was pretreated by annealing in vacuum at 475 K. TPD spec-
tra obtained from methanol-dosed Ge@re displayed in ~ Table 1 _ _
Fig. 1. The primary desorbing species were methanol, which Relative product yields (excluding GOH)

desorbed in a broad feature spanning from 350 to 630 K, Sample Relative yield (%)

and CO which desorbed in a large, narrow peak centered co H,CO HO CO,
at 605 K. The only other products detected were small CeO 93 5 2 0
amounts of CHO and HO, which were produced at 595 1 wt% V,05/CeQy 623 220 6.2 9.6
and 605 K, respectively. Previous TPD studies of the oxida- i at’f;" x285§g§% ‘z‘g-g gg; 1;-; gg
tion of methanol on ceria smglg crystals and ceria thin films 5 Wto/z VEOE/CEQ 105 664 g 64
have shown that this reaction is structure sensitive [21,22] g 96 v,05/Ce0, 188 567 191 54
with the peak temperatures and product distributions being 8 wt% v,05/Ce0, 233 578 107 8.2
a function of the extent of reduction of the ceria surface. 10 wi% V,05/Ce0, 139 495 221 145

Nearly stoichiometric Ce@surfaces are relatively inactive

[21] while partially reduced surfaces are active for the oxida-

tion of CHsOH to CH,O and CO with the selectivity to CO ~ Water. After the sample had cooled to room temperature a
increasing with the extent of reduction of the ceria surface. Methanol TPD experiment was performed. The only prod-
Thus, the fact that CO was the primary oxidation productin Ucts in the TPD spectra for the vanadia/ceria catalysts were
the CH5OH TPD experiments with the polycrystalline ceria  CHsOH, CH0, CO, B0, and CQ. Complete sets of TPD
sample indicates that the surface of this sample contained elata for the 1 and 6 wt% samples are displayed in Fig. 2. Rel-
high concentration of oxygen vacancies. As will be shown ative product yields (excluding methanol) for the TPD runs

below, the CO peak at 605 K during TPD with a §BH- for all vanadia coverages are listed in Table 1. As shown in
dosed sample can be used as a signature for the reaction ofig. 2, the CHOH desorption curves varied somewhat with
CH3OH on this surface. vanadia coverage and contained broad features between 350

and 600 K. For all vanadia coverages the primary oxidation
3.2. CH3OH TPD—vanadia/ceria products were CO and CGi©. Only small amounts of CO

and HO were produced. The4€O to CO ratio was a func-
CH3OH TPD data were collected for a series of vana- tion of the vanadia coverage and increased from 0.35 for the
dia/ceria catalysts. The specific vanadia loadings that werel wt% V>Os to 3.0 for 6 wt% \,Os.
includedinthe serieswere 1, 3,4, 5, 6, 8, and 10 wt%. Inthis  The trends in the desorption spectra for the oxidation
series of experiments the catalyst sample was initially out- products with vanadia coverage can be seen more clearly in
gassed in the vacuum system for several hours at 300 K andrigs. 3 and 4, which display the CO and gbidesorption
then briefly annealed at 475 K in order to remove adsorbed spectra, respectively, for all of the vanadia coverages that
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Fig. 4. CHO desorption spectra obtained during TPD with4CHH-dosed
samples as a function of the vanadia weight loading. The spectra have been
normalized to take into account variations in sample mass.

Fig. 3. CO desorption spectra obtained during TPD with3OH-dosed
samples as a function of the vanadia weight loading. The spectra have bee
normalized to take into account variations in sample mass.

were studied. As shown in Fig. 3, for vanadia loadings less of methoxide intermediates on the support. The remaining
than 4 wt% the CO desorption spectrum contained a single peaks at 515 and 550 K are due to reaction on the vanadia.
peak centered at 615 K. This peak temperature is close toThe appearance of two separatgd® peaks indicates that
that observed for CO desorption from @BH-dosed poly-  there are multiple reaction channels for the production of this
crystalline Ce@. Thus, this feature can be attributed to the product.
oxidation of methoxide intermediates that reside on the ceria  In our previous TPD studies of the reaction of £€BH
support. The observation that the intensity of this peak de- on polycrystalline \¥Os/TiO», multiple HLCO desorption
creases with increasing vanadia coverage is consistent withpeaks were also observed [18]. In that case it was demon-
this assignment. The near absence of the CO peak due testrated that the HCO peak position correlated with the
reaction of methoxides on the ceria support for vanadia load- oxidation state of the vanadium cations in the supported
ings greater than 5 wt% indicates that this loading corre- vanadia layer. Similar results have also been reported in
sponds to approximately monolayer vanadia coverage. Forstudies of the reactivity of vanadia monolayers supported
the ceria support used in this study, which had a surfaceon both Ce@(111) and TiQ(110) single crystal surfaces
area of 35 /g, this corresponds to 9.5 V atoyms? in the [16,17,24]. In these studies it was found that the tempera-
vanadia monolayer. This value is a little higher than the 8 VV ture at which dehydrogenation of adsorbed methoxide in-
atomg nn? reported by Burcham and Wachs for monolayer termediates to produce GB occurred during a C4OH
coverage of vanadia on ceria [23]. For vanadia loadings be- TPD experiment was a function of the oxidation state of
tween 5 and 8 wt%, the CO desorption spectra contain two the cations in the vanadia layer. This is illustrated in Fig. 5
small peaks centered at 530 and 600 K, while only the low- which shows two TPD spectra obtained in our earlier study
temperature peak is present in the spectrum from the 10 wt%[16] of a 0.5 monolayer V@ film on CeQ(111). The up-
sample. per portion of the figure shows the formaldehyde desorption
The H,CO desorption spectra as a function of vanadia spectra obtained from a GB®H-dosed 0.5 monolayer vana-
loading displayed in Fig. 4 show that for monolayer or dia film that contained exclusively % as determined by
slightly higher vanadia coveragespE€O is produced in a  XPS. For this sample the GI® peak is centered at 605 K.
single peak centered at 525 K. For lower vanadia coverages,The CHO desorption spectrum in the lower half of the fig-
the formaldehyde desorption curves are more complex andure which contains a peak centered at 540 K was obtained
appear to contain three overlapping peaks centered at 515from a CH5OH-dosed 0.5 monolayer vanadia film that con-
550, and 605 K. The position of the high-temperature peak tained predominantly % and a small fraction of ¥ as
is close to that for production of formaldehyde on the pure determined by XPS. These previous results suggest that the
CeO sample and can, therefore, be attributed to the reactionmultiple CH,O peaks in the TPD spectra from gBIH-
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Fig. 6. CHO desorption spectra obtained from gBH-dosed, 6 wt%
Fig. 5. H,CO desorption spectra obtained from gibH-dosed 0.5 mono-  v/,05/Ce0; following various sample pretreatments: (a) freshly prepared
layer vanadia film supported on a Cg@11) single crystal. In the upper  sample annealed at 475 K in vacuum prior to the TPD run, (b) subsequent

panel the vanadium cations were e>§clusive_ly in the@dd_ation state and TPD run with the sample used in (a), (c) subsequent TPD run with the sam-
in the lower panel they were predominantly in the &xidation state. These ple used in (b), (d) after reoxidation of the sample used in (c) in 0.1 Torr
data are from Ref. [16]. 0, at 300 K, (e) after reoxidation of the sample used in (c) in 0.1 Torr O

at 475 K, (f) after reoxidation of the sample used in (c) in 0.1 Togra®
. . . 750 K, (g) after reoxidation of the sample used in (c) in 1 TosraD750 K,
dosed polycrystalline vanadia/ceria samples are also due tQqp) freshly prepared sample annealed at 750 K in vacuum prior to the TPD

reaction of methoxide intermediates on V sites with different run.
oxidation states. In order to provide additional evidence for
this conclusion, a series of GAH TPD experiments were
X 0 . .
e e v e e beaama oo cres s o T of e 0 i, ) vas
the oxidation states of the vanadium cations in the supportedaISO studied. The OX|dat|on treatments varied from exposure
; . . “to 0.1 Torr of @ for 10 min at 300 K (curve (d)), 475 K
vanadia layer. Formaldehyde desorption spectra obtained 'n(curve (), and 750 K (curve (f)) to exposure to 1 Torr of

this series of _expgnments are displayed in Fig. 6. . O for 10 min at 750 K (curve (g)). (For the samples an-
Curve (a) In F|g..6 corresponds to the gBidesorption nealed at elevated temperatures thew@s evacuated after

spectrum obtained in a GH TPD run from a freshly pre- o0 b cooled to room temperature.) In this series of exper-

pared sample that hqd been briefly annealed at 475 K prior to; 1 ants the low-temperature GB peaks grow in intensity

the experiment (this is the same curve as that for the 6 Wt% je that of the high-temperature peak decreases in inten-

sample in Fig. 4). As described above, theZCHdesorp- ity 45 the strength of the oxidation treatment is increased.

tion curve for this sample contained a single peak centeredEXposure to 1 Torr of @at 750 K was required in order to

at 525 K. Curve (b) was obtained in the subsequeniQH obtain a sample which exhibited a @8l desorption curve

TPD run and is substantially different from that obtained gjmilar to that obtained from the fresh sample.

from the fresh sample. The GB desorption curve for this The effect of annealing a sample in vacuum at 750 K on

run consists of two overlapping peaks centered at 550 andcH,0 production during a C§DH TPD experiment was

610K. The total area of the GI® peaks also decreased from - 5o investigated. Curve (h) in Fig. 6 was obtained from a

run one to run two. Curve (c) was obtained in a subsequentsample pretreated in this manner. Note that high-temperature

CHzOH TPD run with the sample used for curve (b). This cH,0 desorption peaks are observed in this data set, sug-

desorption spectrum contains a single, small peak at 610 K. gesting that annealing to 750 K in vacuum also results in
Since the oxidation of methanol to formaldehyde is ac- partial reduction of the vanadia layer.

companied by reduction of the vanadia layer, the sample

becomes increasingly reduced with each TPD run. Thus, the3.3. Calorimetry

changes in the CyD desorption spectra as a function of

the number of TPD runs can be attributed to changes in the  Calorimetry was used to measure the isosteric heat of re-

extent of reduction of the vanadia layer. The effect of reoxi- oxidation of partially reduced supported vanadia catalysts.

dizing samples that had previously been reduced via several
CH3OH TPD runs (i.e., samples which exhibit @Bl des-
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Fig. 8. Heat of adsorption of G#DH at room temperature on 6 wt%

Fig. 7. Heat of adsorption of at 425 K for pure Ce@ and 1, 6, 8, V,05/Ce0, and 6 wt% \4O3/CeOy.

and 10 wt% \,O5/CeO,. Pure ceria was reduced prior to the calorime-
try measurements by annealing in hydrogen and methanol, respectively. ] )
Ceria-supported vanadia samples were reduced prior to the calorimetry Samples, since the measured heats will be an average of the

measurements by annealing in 50 Torr of THH at 750 K. heats for reoxidation of both the vanadia layer and the ce-
ria support. The ratios of adsorbed oxygen to vanadium at
Table 2 saturation, which are given in the figure, confirm that this is
Isosteric heat of reoxidation of partially reduced supported vanadia catalystsindeed the case. For the 1 and 3 wt% samples thé @-
Sample Reductant Isosteric heat/fkbl) O, tios at saturation were 1.59 and 0.46, respectively. Both of
Ce Hoy 430+ 10 these values are greater than what would be required assum-
CeQ CH3OH 335+ 10 ing all the vanadium in each sample was initialljVand
1 wt% V,05/CeQ, CH3OH 305+ 10 was completely oxidized to ¥ . The fact that the measured
3 wi% V,05/CeQy CH3OH 305+ 10

heats decrease with increasing vanadia coverage is also con-
sistent with this conclusion. Note, however, that the isosteric
heat of reoxidation reaches a limiting value of approximately
245 kJ¥mol of O, for the 6 and 8 wt% samples. For these
The isosteric heat per mole ofGadsorbed is plotted in  samples the ceria support is completely covered by vana-
Fig. 7 for samples with vanadia loadings of 1, 3, 6, and dia and the measured heats should therefore more accurately
8 wt%. The measured isosteric heats of reoxidation of par- reflect the reoxidation of the supported vanadia layer. These
tially reduced supported vanadia are also listed in Table 2. values are still approximate, however, since as will be shown
In order to partially reduce the supported vanadia layer below by XPS, the ceria support may still have been partially
the samples were exposed to 50 Torr of {CHH for 10 to reduced.
15 min, the system was then evacuated, and the sample was The heat of adsorption of methanol on both an oxidized
heated to 750 K at a rate of 15/Kiin. For comparison  and a reduced 6 wt% vanadia/ceria sample was also mea-
purposes data for two pure ceria samples, one reduced by ansured. The oxidation and reduction treatments used here
nealing in B and one reduced by annealing in §BH, were were they same as those used in the calorimetry study of the
also collected. Note that there is a large difference in the heats of reoxidation. The results of this set of experiments
heats of reoxidation for these two samples: 4300 kJ/mol are presented in Fig. 8. For both samples the heat of adsorp-
of Oy for the H-reduced sample and 33510 kJ/mol of tion was approximately 80 kinol at low CH;OH coverages
O, for the CH;OH-reduced sample. Theokhnnealed sam-  and decreased gradually with increasing coverage.
ple required more oxygen to be completely reoxidized com-
pared to the CEOH-annealed sample. Thus, the Heat- 3.4. XP spectra of CeO,-supported vanadium oxide
ment resulted in a higher extent of reduction compared to the
CH3OH treatment. It is possible that the @BH treatment XPS was used to characterize the oxidation state of the
resulted in only surface reduction, while the Heatment cations in the vanadia layer and the ceria support as a func-
led to partial reduction of the bulk and this is responsible for tion of sample pretreatment. Ce(3d) spectra for pure ceria
the variation in the heats of reoxidation for the two different and 6 wt% vanadia/ceria are displayed in Fig. 9. Part a of
pretreatments. this figure contains spectra for fully oxidized samples (i.e.,
The data for the CkOH-annealed pure ceria sample annealed in air at 775 K and then heated to 475 K in vac-
demonstrate that this pretreatment s sufficient to at least par-uum), while the spectra in part b were obtained immedi-
tially reduce the ceria support. This in turn complicates the ately after a CHOH TPD experiment that was performed in
analysis of the calorimetry data for the supported vanadia the prechamber on the UHV system using conditions (i.e.,

6 Wt% V,05/Ce0y CH3OH 245+ 10
8 Wi% V,05/Ce0, CH3OH 245+ 10
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Fig. 10. O 1s and V 2p XP spectra for 10 wt% Vi@eG,: (a) freshly
prepared, fully oxidized samples and (b) after agCHi TPD run.

XP spectra. For this study, it suffices to point out that the
spectra for both fresh samples are consistent with that re-
ported in the literature for nearly stoichiometric Ce@e.,
Cée*t [25,26,28]. As shown in part b of the figure, for both
samples additional features appear in the Ce(3d) spectra fol-
lowing a CHBOH TPD experiment. These changes can be
attributed to a reduction of a portion of the @eto Ce**.
Unfortunately, due to the complexity of the Ce(3d) spectra it
is difficult to quantify the extent of reduction. Based on the
peak shapes it appears, however, that the extent of reduction
is similar for both the ceria and the vanadia/ceria samples.
XPS spectra of the O(1s) and V(2p) regions were also
collected. As noted in Section 2 the V(2p) peaks overlap
with Al-K o, and Ky,-induced satellites of the O(1s) peak.
For samples with monolayer or less vanadia coverage the in-
tensity of the V(2p) peaks was similar to that of the O(1s)
satellites. Upon subtraction of the satellites the V(2p) peaks
were barely discernable above the noise level in the spec-
tra. This, unfortunately, precluded accurate determination of
the vanadium oxidation states for these samples. Such infor-
mation could be obtained, however, from the spectra of the
10 wt% vanadia/ceria sample. The O(1s) and V(2p) region
of the XP spectrum for this sample is displayed in Fig. 10.
Spectrum (a) corresponds to a freshly prepared sample while

CH3OH dose and heating rate) similar to those used for the spectrum (b) was obtained after a §lbH TPD experiment.
TPD studies. The Ce(3d) spectra are rather complex due to arhe TPD experiment was again performed with the sample
variety of shakedown features. The reader is referred to pa-positioned in the prechamber on the UHV analysis system.

pers by Creaser et al. [25] and Pfau and co-workers [26,27]

The large peak centered at 529.6 eV in each spectrum

for specific assignments of the various features in the Ce(3d)corresponds to the O(1s) peak of both the support and the
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vanadia film. The much smaller doublet that appears at at 605 K. It was shown that this peak could be fit using first-
lower binding energies can be assigned to the Y(mnd order kinetics, a preexponential factor of'$&~1 and an
V(2pz/2) states. For the fresh sample, the V{2)p peak activation energy of 158 Kdnol. For the \bO5/Ce(111)
is centered at 516.7 eV. This binding energy is close to sample, CHO was produced in a much broader peak cen-
that reported in [29] for ¥+ and confirms that the vana- tered at 540 K. An adequate fit to this peak required the use
dia is fully oxidized. As shown in spectrum (b), follow- of an unusually low preexponential factor 0210’ s—1
ing the CHOH TPD experiment both V(2p) peaks shift to and an activation energy of 83.7dol. It was pointed out,
lower binding energies. The V(2p) peak is centered at however, that the broad nature of this peak might have been
515.8 eV in this spectrum. This binding energy is consis- due to the presence of botf¥and \P*. The results of the
tent with that reported in the literature forP¥ [29,30]. As present study suggest that this was indeed the case. Since
shown by the curve fits in the figure, the V@2p) spectrum individual peaks for ¥+ and \P* cannot be resolved in
contains a shoulder toward higher binding energies. This in- the single crystal data it is not possible to use this data to
dicates that some 4 or possibly \?* is also present in  accurately determine the kinetic parameters for the dehydro-
this sample. These results further confirm that the vanadiagenation of methoxides on20s/CeQ. If one assumes a
layer undergoes reduction during the €H TPD experi- preexponential factor of 8 s~1, an estimate for the activa-
ment. Since 10 wt% vanadia is above monolayer coverage,tion energy can be obtained, however, using theGldeak
one needs to be a little cautious in extrapolating this re- temperature from the polycrystalline samples. This gives an
sult to the mono and submonolayer coverage samples. Noteactivation energy for dehydrogenation of adsorbed methox-
however, that this result is identical to that obtained in our ides of 147 kJmol.
previous studies of submonolayer vanadia films supported The partial oxidation of methanol to formaldehyde on
on CeQ(111) [15]. The use of a single crystal support in supported vanadia is generally thought to proceed via the
the previous study facilitated the collection of much higher following Mars-Van Krevelen-type mechanism in which
quality XPS spectra. methanol adsorbs dissociatively on a surface vanadium site
to form an adsorbed methoxide and hydroxyl group [reac-
tion (1)] [12,23,31]. The methoxide then undergoes dehy-
4. Discussion drogenation to produce gaseous formaldehyde in the rate-
determining step. This step proceeds either via hydride trans-
The TPD and XPS results obtained in this study indi- fer to an adjacent vanadium center [as indicated in reac-
cate that the activation energy for the dehydrogenation of tion (2)] or via proton transfer to a nearby oxygen. The
adsorbed methoxides to produce formaldehyde on vana-remaining steps involve the reaction of hydroxyl groups to
dia/ceria is a function of the oxidation state of the vanadium produce water and reoxidation of the vanadium site
cations in the supported layer. On oxidized, monolayer vana-
dia films that contain predominantly?, CH,O is produced =~ CHzOH+V* + O* & V*~OCH; + O*—H, 1)
during CHsOH TPD at 525 K, while on highly reduced vana-  v*_QCH; = CH,0 + V*—H, 2)
dia layers that contain predominantly¥, this reaction oc- . N .
curs at 610 K. These assignments are consistent with those —H+0"-He Vo +HO0+ 0, (3)
reported previously in a study of the reaction of methanol Oz + 20 < 20*. 4)
on a vanadia film supported on a G&011) single crys-
tal. In that study it was found that for)0s/Ce(111) and
V203/CeG(111) samples CED was produced at 540 and
605 K, respectively, during C¥OH TPD [16].
In addition to the CHO peaks at 525 and 610 K,
which have been assigned to reaction ofir\Vand 2,
respectively, an additional Gi® peak was observed dur-

(g, Vv*, O*, and \* correspond to an oxygen vacancy, a fresh
vanadia site, an oxygen site, and a reduced vanadia site, re-
spectively.)

The rate expression based on this mechanism and the
assumption of a low surface methoxide concentration is as
follows [12,31,32]:

ing CHsOH TPD in the present study centered at 550 K. In Pch OHPC1)/4
light of the assignments of the other two peaks it is plausi- TOF= kapparentx %
ble that this peak is due to reaction o'V This assignment H.0

is consistent with the XPS results in Fig. 10, which indi- 12 ,1/4

cate that the reduced sample contains a range of vanadiun{'N€rékapparene= (K1K3™"Ky™") X kras: o
oxidation states. In our previous TPD study of the reaction _ | N€ apparentactivation energy for this rate expression is
of CHzOH on VO,/CeOy(111) an intermediate temperature  9Iven by the following equation:

CH20 peak at 550 K was not resolved [15,16]. There is _ 1 1

some evidence, however, that suggests that an intermedi app= Erds T AH1+ 5 AHz + G AHs
ate temperature G0 peak may have also been present in If step (2) of the reaction occurs via proton transfer rather
the TPD data obtained in that study. FosQ4/Ce((111), than hydride transfer identical expressions for TOF Bggh
CH»0O was produced during TPD in a narrow peak centered are obtained except thatH3 corresponds to reaction of
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two O*—H species rather than an€H and a VV-H. Sev-
eral previous studies of the kinetics of partial oxidation of
methanol on vanadia/ceria have reported valuesHgs,
near 84 kJmol [9,23,33]. To provide insight into the ori-
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rently being made for vanadia monolayers on several other
metal oxide supports.

It is useful to consider how the results obtained in this
study may provide some insight into the mechanism of

gin of the support effect for supported vanadia catalysts it the dehydrogenation of adsorbed methoxides to produce
would be useful to determine how the various contributions formaldehyde. As noted above, two different mechanisms

to Eapp, especiallyErgs, vary as a function of the identity
of the support. Unfortunately, using overall rate data it is

for this rate-determining step have been proposed, proton
transfer and hydride elimination [10,12,24,36,37]. In the for-

generally not possible to separate out each contribution. Themer, dehydrogenation of the methoxide proceeds via transfer
techniques used in the present study, however, have allowedf a proton from the methyl group of the methoxide to a

two of the parameterd;,qs and A Hy (the heat of adsorption
of methanol) to be directly measured and a thivdl, (the

basic bridging or terminal oxygen in the supported vana-
dia layer. While in the latter, the reaction can be described

heat of reoxidation of the vanadia layer) to be approximated. as ag-hydride elimination in which the hydride is trans-

As noted above for monolayer®s/CeQ, Ergs, and A Hy
were determined to be 147 and 8¢ kbl, respectively.

ferred to a vanadium ion. Recently, Oyama et al. [12] have
argued in favor of the hydride transfer mechanism based on

The heat of reoxidation of a partially reduced vanadia the grounds that this pathway is more consistent with oxida-

monolayer was found to be 245 Aol and this value can be
used as a first-order approximatiorwt,. Itis useful, how-

tion being a loss of electrons from the organic species and
a gain of electrons by the metal ion. Furthermore, Oyama

ever, to consider what this number actually corresponds to in et al. have suggested based on NEXAFS data that the activ-

a little more detail. Following the C#DH reduction treat-

ity for methanol oxidation to formaldehyde correlates with

ment used in the calorimetry study the TPD and XPS datathe density of electron-accepting states on the metal cen-
indicate that the 6 and 8 wt% samples initially contained a ter and that this may be the origin of the support effect for

mixture of V3 and V*+. The TPD data also shows that ex-
posing a reduced 6 wt% sample t@ @ 475 K results in
a sample that contains predominantl§*VVand some V.

Thus, the measured heat is most likely an average for the

oxidation of \A* to V4 and V** to V°*. It is interesting

supported monolayer oxide catalysts. Hydride elimination is
also consistent with predictions obtained in several theoreti-
cal studies [38,39].

It is possible that the dependence of the activation en-
ergy for the dehydrogenation of the adsorbed methoxide on

to compare this result to that predicted by thermodynamics the oxidation state of the vanadium cations may also pro-

for bulk vanadium oxides. The heats of oxidation gfQ4
and W,0O4 at 425 K, the temperature at which the calorime-
try measurements were carried out, are as follows [34]:
2V203 + Oz — 2V20s4,
2V204 + O — 2V20s,

AH = —379 kymol of Oy,
AH = —306 kymol of O,.

This shows that for the bulk oxides theH s for the oxida-
tion of both \A* to V4 and V** to V>t are significantly

vide some clues into the mechanism and transition state for
this reaction. In our previous methanol TPD studies with
VO,/CeM(111) a kinetic isotope effect was observed for
the CHO desorption peak on both,®s/CeG(111) and
V203/Ce(111) confirming that C—H bond breaking is the
rate-limiting step in both cases [16]. In the present study
it was shown that the heat of adsorption of §0H on
supported Y03 and V,Os monolayers was approximately
80 kJmol. This result along with the activation energies

greater than the average value measured for monolayeffor the dehydrogenation step that were estimated from the
VO,/CeG. Thus, the vanadium—oxygen bond strengths in TPD peak temperatures allows an energy versus reaction co-
supported vanadia appear to be less than those in the bullordinate diagram to be constructed for this system. Such a
oxides. This conclusion is consistent with the fact that the diagram is displayed in Fig. 11. This diagram serves to il-
monolayer species are much more active oxidation catalystlustrate the point that since the heat of adsorption does not
than the bulk oxides. depend on the vanadium oxidation state, the variation in the
We have previously reported similar measurements for activation energy must be due to differences in the stability
vanadia supported on TiOBased on TPD results from of the transition state.
V20s5/TiO2(110), Egs Was estimated to be 125 kdol Since the C—H bond-breaking reaction takes place at a
[35] and calorimetry measurements with polycrystalline positiong to the vanadium cation, the influence of the vana-
VO, /TiO; give an approximate value fax Hq of —240 kJ dium oxidation state on the energetics of the transition state
mol [18]. These values are only slightly smaller than may be analogous to similar substituent effects that have
those reported here for )0s/Ce(Q. Based on these re- been reported in the literature f@-hydride elimination
sults one might expectX0s/CeQ and V>O5/TiO; to have from alkoxides adsorbed on Cu and Ag surfaces. For exam-
similar overall reactivities for the oxidation of methanol ple, Gellman and Dai have used TPD to study the energetics
to formaldehyde. The published turnover frequencies for of the dehydrogenation of a series of fluorinated ethoxides
methanol oxidation on supported vanadia indicate that this (F,CHs_,CHO, n = 0-3) on Cu(111) [40]. The TPD peak
is indeed the case [10]. In order to provide more insight into temperatures for the fluorinated acetaldehyde products were
the origin of the support effect similar measurements are cur- used to determine the activation energies for the dehydro-
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may be significantly greater than that of the vanadium cation

'tT V+3 to which the methoxide is bonded, especially if the reaction
E(kJ/mol) Ve . proceeds through a late transition state, which is generally
-, CH,0 (®) thought to be the case f@rhydride elimination from alkox-
147 AH, ides.

Unfortunately, the current study does not provide a de-
4 finitive answer to the question as to whether the reaction
proceeds via hydride transfer or proton transfer. Thus, the
latter explanation for the influence of the vanadium oxida-
tion state on the energetics of the reaction is still somewhat
speculative. The Gellman work, however, suggests a set of
experiments that may provide an answer to this question. If
the reaction proceeds vjgrhydride elimination, the trends
observed by Gellman and Dai with fluorinated ethoxides on
Fig. 11. Potential energy diagram for the reaction of3Cit to CH,O on Cu(111) should also occur on supported vanadia, i.e., the ac-
vanadia/ceria. tivation energy for dehydrogenation of the ethoxide should
increase with the extent of fluorination of the methyl group.
genation reaction. It was observed that increasing the elec-These experiments do not require that the vanadium oxida-
tronegativity of the methyl group by increasing the extent of tion state be varied and can be performed independently on
fluorination produced a systematic increase in the activation v/,05/CeQ, and V,0s/CeCy. We are currently carrying out

energy. It was argued that increasing the electronegativity such a study, the results of which will be the subject of a
of the methyl group would serve to destabilize a transition future publication.

state in which there is a positive charge on ghearbon.

This would be the case if the reaction proceeds via hy-

dride transfer since the transition state would be of the form 5. Conclusions
C8+...Hé—.

In the present study changing the oxidation state of the  The TPD results obtained in this study demonstrate that
vanadium cation from 3 to 5+ should have an effect sim-  the activation energy for the dehydrogenation of adsorbed
ilar to that of increasing the extent of fluorination of the methoxide intermediates to produce formaldehyde on vana-
methyl group in an adsorbed ethoxide. In both cases thesedia/ceria is a function of the oxidation state of the vanadium
changes result in an increase in the electronegativity of acations in the supported layer. During TPD with methanol-
group that is adjacent to the-carbon where the dehydro-  dosed vanadia/ceria samples, formaldehyde was produced at
genation reaction takes place. Thus, if the dehydrogenationthree separate temperatures, 525, 550, and 610 K, depend-
reaction proceeds vig-hydride elimination on supported ing on the pretreatment conditions. TPD and XPS data in
vanadia, one might expect the trends in the activation en- conjunction with comparisons to previous studies employ-
ergy for dehydrogenation of the methoxide with increasing ing single crystal ceria supports indicate that these peaks
vanadium oxidation state to mirror those observed when in- correspond to reaction of methoxide species adsorbed on
creasing the extent of fluorination of the methyl group in V>t v4t and \A*, respectively. Based on the TPD results
ethoxides on Cu(111). In the case of the supported vanadiathe activation energy for this reaction was estimated to be
however, the effect is just the opposite: the activation en- 147 kJmol on \?* and 158 kJmol on \3*. Calorimetry
ergy decreases as the vanadium oxidation state increases. iheasurements showed that the vanadium oxidation state did
is tempting to interpret this result as evidence that the reac-not affect the heat of adsorption of methanol, which was
tion does not proceed via-hydride elimination. Indeed it 80 kJymol on both \b0s/CeQ and V,03/CeQy. Together
could be argued that the observed trend is consistent withthese results demonstrate that a lower vanadium oxidation
a transition state in which there is a negative charge on thestate destabilizes the transition state for the dehydrogena-
B-carbon (i.e., € -..H%T) and, therefore, the reaction pro- tion reaction. Calorimetry measurements also showed that
ceeds via proton transfer. This argument, however, does notthe heat of reoxidation of monolayer vanadia/ceria cata-
take into account the fact that if the reaction proceeds via lyst that had been reduced by annealing in methanol was
B-hydride elimination two separate vanadium cations are in- 2454 10 kJ'mol of O,, which is similar to that reported
volved in the transition state: one to which the methoxide is for vanadia/titania.
bonded and a second which receives the transferred hydride.

The increase in the electronegativity of this second V cation

with increasing oxidation state would have a stabilizing ef- Acknowledgment

fect on the transition state for hydride transfer and cause a
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