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Mechanistic Studies of Methanol Oxidation to Formaldehyde on Isolated Vanadate Sites
Supported on High Surface Area Zirconia
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The oxidation of methanol on both ZsGand V/ZrG, was investigated using temperature-programmed
experiments together with in situ infrared spectroscopy. Characterization of Y& calcination by Raman
spectroscopy and XANES shows that the vanadium is present as isolataghif©in a distorted tetrahedral
geometry. Methanol was found to adsorb dissociatively on both?rZr and V—O—Zr species to create
Zr—OCHs/Zr—0H and \\-OCHy/Zr—OH pairs, respectively. Upon heating, &bH and HO desorb initially
from all samples. Above 423 K, surface formate species are detected wtaledHCO are the main products
formed on ZrQ. Upon addition of vanadium, G production increases dramatically during temperature-
programmed reaction. The absence of ;OHduring temperature-programmed desorption and oxidation
experiments on V/Zr@is likely due to rapid readsorption of the product onto the ZsOpport, leading to
the formation of formate species and.Hhe apparent activation energy for V/Zr@& 18 kcal/mol. The
activities of isolated vanadate species supported on, Sil®,, and ZrQ are compared and discussed.

Introduction noted that surface carbonates and dioxymethylene species were
gresent on the suppdtiDuring TPD, methanol was the major
product with CO and C@detected above 575 K. Formaldehyde
was not observed to desorb from Zr@urcham and Wachs
Sperformed in situ infrared studies on a monolayer of WO
supported on Zr@° Methanol adsorbed to form YOCH;
species via reaction with YO—Zr bonds. Transferfa H atom

%rom these species was taken to be the rate-limiting step in the
formation of formaldehyde. Formate species were observed at

of the support, however, has a large effect on catalyst activity. higher temperatures due to the readsorption of formaldehyde

For example, it has been reported that the activity ofAZED, formed dl,mn,g TPD. ) ) ) )
is similar to VO/TiO,, and 3 orders of magnitude higher than The objective of this study was to investigate the mechanism
that of VO/SiO, under comparable reaction conditidnhe of methanol oxidation to formaldehyde catalyzed by isolated
cause for this remarkable sensitivity to support composition is Vanadate species supported on zirconia, and to compare this to
not well understood and, in particular, why zr@nd TiO, previous work in our group on isolated vanadates supported on
should increase the activity for formaldehyde formation by such Silica and titania:**Raman spectroscopy and X-ray absorption
a large degree. near edge s'_truc_tur_e (XANES) were us_ed to qharactenze the
Attempts to understand the interactions of methanol with,ZrO catalyst, and in situ m_frared spectra acquired during temperature-
and VQ/ZrO, have been reported by several investigators. programmed desorption (TPD), temperature-programmed oxida-
Dilara and Vohs have reported the results of temperature- 0N (TPO), and temperature-programmed reaction (TPRx) were
programmed desorption (TPD) studies of methanol adsorbeqYsed to determine reaction intermediates leading to the formation
on both the (100) and the (110) surfaces of cubic zircdnia. of formaldehyde as _weII as other prodL_Jcts Qbse_rved _in the gas
Methanol adsorbed dissociatively on both surfaces to form Phase. These studies show that, while zirconia will adsorb
methoxide and hydroxyl species. The main product observed methanol and promote its oxidation to small amounts of
during TPD was methanol at temperatures below 700 K. It was formaldehyde, the introduction of isolated vanadate species onto
also observed that approximately 25% of the methanol was the support greatly enhances the rate of formaldehyde formation.
converted to carbon monoxide, methane, and formaldehyde.
However, formaldehyde was only observed on the Zt@0) Experimental Methods
surface, and this was attributed to steric factors leading to more ) ) .
accessible lattice oxygen. The authors proposed that bidentate A high surface area zirconia support was prepared by
dioxymethylene species are the reactive intermediates in the'€fluxing a 00'5 M solution of zirconyl chloride (ZrO(Ng-
formation of formaldehyde. Narishige and Niwa have also 8H20, 99.99%, Aldrich) for 10 days: After the addition of

conducted TPD studies of methanol adsorbed on, Zr@ have NH4OH to agglomerate the particles, the precipitate was
recovered by vacuum filtration, washed with deionized water,

* Author to whom correspondence should be addressed. E-mail: beli@ @nd dried at 383 K for 12 h. The sample was calcined at 2 K/min
cchem.berkeley.edu. to 873 K and held for 3 h, with dry air flowing at 100 éfmin.
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Isolated vanadate groups supported on metal oxides such a
SiO,, Al,0s, Zr0O,, and TiG have been shown to be active for
the selective oxidation of methanol to formaldehyd&Char-
acterization of the vanadate centers by multiple techniques ha
demonstrated that at low vanadium coverage the supportad VO
species have a distorted tetrahedral geometry consisting of
single =0 bond and three ¥O—M bonds (M = support
metal), irrespective of support compositibi. The composition
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Vanadium oxide was deposited onto the zirconia by chemical 4000~ 5 190,
vapor deposition. Vanadium acetylacetonate [VO(agd&)- 3500 ] ;
drich, 98%) and Zr@were mixed in a mortar and pestle and 5 1as0]
then placed inside a quartz reactor. The mixture was heated to & 3000 H
513 K at 5 K mimt in N flowing at 30 cnf min~! and then 5 500 .
held at this temperature f&8 h to ensure complete reaction. g Raman shitt (cm )
The gas flow was changed to zero-grade air flowing at 100 cm < 2000-
min—! and the material was calcined at 773 K for 17 h. The % 1500 \
loading of V was determined to be 1.9 wt % by ICP. s \

The BET surface area of the sample was measured usinga = 1000-
Micromeritics Autosorb-1 instrument. Prior to carrying out N 500
adsorption/desorption measurements each sample (50 mg) was
outgassed for 16 h at 393 K. By using the five-point Brunauer 0 T T T T . .
Emmett-Teller (BET) method, the surface area was calculated 20 40 600 auo‘ 1000 1200
to be 84 m/g. On the basis of this surface area, the surface Raman Shift (cm™)

density of vanadium is 2.0 V/ntnwhich is well below the level Figure 1. Raman spectrum of V/Zr(black) and ZrQ (red) after
of 7 V/nm?2 at which isolated vanadate groups begin to form d_ehydration in dry air at 773 K for 2.h. Inset iq Raman plot shows the
polyvanadate species and®% crystallitest3 difference between V/ZrPand ZrQ in the region between 975 and

Infrared spectra were recorded using a Thermo-Nicolet 1075 ent™.
NEXUS 670 FT-IR equipped with an MCT-A detector. Spectra MeOH/12% G/He flowing at 30 crdmin-L. For al three types

were recorded with a resolution of 2 cfy with 32 scans !
. of experiment, the temperature was ramped from 323 to 773 K
averaged for each spectrum. Samples (40 mg) were pressed intQ

. . A at 4 K/min. Infrared spectra were collected every 75 s in order
20 mm diameter pellets at 10 000 psi and placed within a low - .
dead volume in situ infrared cell, containing Gakindows, to obtain a scan every 5 K. The effluent from both the infrared

capable of reaching temperatures up to 773 K cell and the microreactor was analyzed by an MKS Mini-Lab
Pulsed-adsorption of methanol was perform.ed in order to quadrupole mass spectrometer. Data were coIIect(_ad for 27
determine the amount of methanol adsorbed on ,Zadd masses every 7.5 s. Response factors and fragmentation patterns

. were determined for § H,O, O,, CO, CQ, CH;OH, CHO,
_V/ZrOz. For the_se experiments;40 mg of catalyst was placed CH:OCHs, and CH relative to the He signal, which was used
into a quartz microreactor. The reactor was flushed with ultra-

g brssur (UFP) Ho and thn head 0 923K Nethano 5 4 ETal Sandar, and o yaeswereaofsed o accour
was introduced by flowing UHP He through a methanol-filled the fra menF'zation attern of methanol formaldei{gde. oxygen
bubbler maintained at 293 K. The methanol/He mixture was 9 P ’ yde, oxygen,

passed throuya 6 way valve to which was attached a 0.49 and carbon monoxide produce overlapping peaks in the range

cm? dosing volume held at 338 K. Under these conditions, the ?; nnz;ifift_hgg,ziswﬁglsxedceocnot?i\lgﬂltlijct)lr?: grz;iﬂuéegé?essui;%r
amount of methanol in each pulse was 2:280l. The exit d gas-p P '

. i analysis, the data were smoothed using adjacent-averaging of
stream from the microreactor was monitored by a mass 15 points
spectrometer to quantify the methanol leaving the reactor during P : .
) . X-ray absorption (XAS) measurements were performed at
each pulse. Pulses of methanol were supplied to the reactor until

three successive pulses of equal size were observed. The tota]tlhe Stanford Synchrotron Radiation Laboratory (SSRL) on begm
ine 2—3. These measurements were performed at the vanadium
amount of methanol adsorbeNyeon, Was calculated by the

equation: K-edge. The edge energy for each sample was determined as
’ the first inflection point of the main peak in the spectrum, and
n the edge energy of the vanadium foil was set to 5465 eV. The
_ O _ optimal sample amount was calculated on the basis of the weight
Nuteor = Niieor(Mrax AV A @) fraction of all atomic species to obtain an absorbance 25,
with boron nitride added if necessary to make a stable pellet.
Samples were placed in a controlled-atmosphere cell that

total number of pulsesimay is the average area of the three aII0\1/\‘/1ed for heating up to 823 K in the presence of flowing
successive pulses measured at the point of adsorbent saturatiorg,af' The V/ZrQ, sample Wrgs p_r(itlr eatedrf@ h at 773 K in
andA is the area of théth pulse of methanol observed by the 10% Q/He flowing at 30 cmi min™. After the pre4treatment
mass spectrum. was completed, the cell was evacuated tx 6104 Pa and

Temperature-programmed desorption, oxidation, and reaction¢00!€d t0 77 K before the XAS data were collected.
experiments (TPD, TPO, and TPRX, respectively) were carried The software program IFEFFIT, along with its complementary

out in both the infrared cell and a quartz microreactor. Methanol G,UIS Athena and Artemis, was used for the data anal?éﬁs.
was adsorbed from a mixture of 4% methanol in helium flowing First: a linear pre-edge was subtracted from the data, fit to the
at 30 cn? min~1. A catalyst sample weighing-40 mg was range of—150 to—75 eV relative to the edge energy. Then a
exposed to the methanol-containing gas at 323 K for 3 min. A guadratic polynomial fit to the range of 109 to 300 eV, relatlv_e
short exposure time was used to minimize the loss of vanadium © the.edge energy, was used to.determlne the postedge line.
from the catalyst® Following adsorption, the reactor was purged The difference befrween the two lines at the edge energy was
with a flow of 100 cni min~2 of He for at least 45 min in order ~ Set t0 1 to normalize the data.

to remove any residual gas-phase methanol. For TPD experi-
ments, the samples were then heated in He flowing at 30 cm
min~1, whereas for TPO experiments, the samples were heated Catalyst Characterization. Raman spectra of both Zg@nd
in a 5% Q/He mixture flowing at 30 cimin~1. For TPRx VIZrO, are shown in Figure 1. For ZeQthere are peaks at
experiments, the samples were exposed to a mixture of 6%178, 256, 328, 373, 469, and 618 tinThe peak at 256 cri

whereNY,.o,, is the amount of methanol in each pulsds the

Results and Discussion
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Figure 2. Normalized XANES spectra of (a) Na\4O(b) V20s, (c)
V/ZrO,.

is characteristic of tetragonal zirconia, whereas the peaks at 178,
328, and 373 cmt are characteristic of monoclinic zirconia.
This shows that both crystal phases are present at the surface
of the zirconia. After the addition of vanadium, a broad band is
observed at 1025 crd because of the symmetric stretch of the
vanadyl bond. While the frequency of this band is lower than
that reported previously, 1041033 cnT?, this difference can

be explained by the low vanadia surface density of the sample
used in these studiésNo features are observed at 995¢m

or lower wavelengths, indicating the absence gDy

X-ray absorption experiments were performed to identify the 2700 2800 2900 3000 3100
oxidation state and local structure of the vanadium centers B
dispersed on the zirconia. Figure 2 shows the normalized Wavenumber (cm’)
XANES spectrum of V/Zr@after calcination. XANES spectra  Figure 3. Low and high wavenumber infrared spectra of Zt@ken
for NaVO; and \»Os are also shown for reference. For calcined during TPD of adsorbed methanol. Flow rate of H&0 cn¥ min?.
V/ZrO,, the edge energy is 5484.0 eV. This value lies between (7‘32)3320?;'7(%?3' (c) 423, (d) 473, (e) 523, (7) 573, (g) 623, (h) 673, ()
the edge energies for® in NaVO; at 5483.5 eV and YOs at ' '
5484.8 eV, strongly suggesting that after calcination the TABLE 1: Tabulated Assignment of All Infrared Bands
oxidation state of the V is-5. Detected on the Surface of Anatase and V/Zr@under

: : Experimental Conditions Where a Range Is Given for Each
Vanadium in NaV@has tetrahedral symmetry, whereas the - xsqjonment Because of the Shift in the Peak Positions at

Vin V;0s has square planar or distorted octahedral symmetry. pitferent Temperatures or Surface Coverage
The size of the pre-edge peak at 5470 eV can be used to

Absorbance (a.u.)

determine the coordination of the vanadium atom if the standards zr v

and samples have the same formal oxidation state and the same ¢ €—H (-OCHy) 1445, 1465 14761473
ligands in the first coordination shell. Since the pre-edge peak gzmm%i%i%((%m%%) igggiggg iggiig;g
is due to electron transitions from the vanadium 1s to 3d [Evel, Vsy; C—H (—OCHy) 2812-2820 28022832
which are spin forbidden, the intensity of this peak should be  1,,,,C—H (—OCHy) 2025-2928 2929-2932
weak. However, when the geometry around the vanadium atom v C—H (CHOO) 2873-2878 2880-2884
becomes noncentrosymmetric, mixing between the oxygen 2p 2958-2961 2962-2965

and the vanadium 3d levels can occur, leading to an increasefgrmation of a broad band at 3300 ciand the loss of the
in the observed intensity. This means that a purely octahedralpands at 3675 and 3765 cf which were observed for the
geometry will have almost no pre-edge feature, whereas calcined sample and have been previously assigned to isolated
tetrahedrally coordinated V will have a large pre-edge feature. hydroxyl groups’ The band at 1610 ci is attributed to the
On the basis of a comparison to the geometry of the standardsformation of water on the surface of the catalyst. These band
the calcined V/Zr@has a distorted tetrahedral geometry similar assignments, along with other surface species detected in the
to that of NavQ. temperature-programmed experiments on both,Zm@ V/ZrQ,
Interactions of Methanol with ZrO ,. Figure 3a shows that  are listed in Table 1.
upon adsorption of methanol on zirconia at 323 K, new infrared  Infrared spectra recorded during the TPD of methanol
bands are observed at 1444, 1465, 1610, and 2812,cas adsorbed on Zr@are shown in Figure 3. From 323 to 473 K,
well as broad peaks centered at 2925 and 3300'.ciihe bands there is very little difference in the infrared bands on the surface.
at 1465, 2812, and 2925 crhare attributable to methoxide The bands seen in Figure 3d are very broad and become
species formed by dissociative adsorption of methanol acrossbetter defined at high temperatures. This pattern is associated
Zr—0—Zr bonds to produce both the ZOCH; and the Zr with the very high absorbance of the sample in the presence of
OH species?2° The large increase in the number of surface methanol. As the concentration of adsorbed species decreased,
Zr—OH groups also leads to hydrogen bonding between the sample absorbance decreased and the quality of the data
neighboring surface hydroxyl groups, as evidenced by the improved. At temperatures above 523 K, new bands appear at
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8.0 The presence of gas-phase oxygen leads to a shift in the CO
70 ~ and H peaks to 635 K and the appearance of a small €k
’ I\ at 650 K. The CQpeak is likely due to the combustion of CO
o 601 f { in the presence of oxygen, since it was not detected during TPD.
e | |.| The total amount of CO and GGncreases from 0.69 to 0.97
x 501 [ atoms/nm, suggesting that gas-phase oxygen increases the
5 40l / |'| combustion of surface methoxide and formate species. A new
B f '| H,0 peak centered at 680 K also appears. This latter feature is
£ 30 I,I’ { due most likely to combustion of some of the desorbing H
< 20 ' since the total amount of hydrogen desorbed decreased by 1.2
= 77 atoms/nri.
1.0 Attempts were made to record infrared spectra during the
00 T —= S TPRx of methanol adsorbed on Zr®owever, infrared spectra
" 350 400 450 500 550 600 650 700 750 could not be obtained because of complete absorption of the
Temperature (K) infrared beam by gas-phase methanol under these conditions.

- 4 Gas.oh rat b d during TPD of meth IThe composition of gas-phase species produced during TPRx
igure 4. Gas-phase concentrations observed during of methanol ; L P ;

adsorbed on Zr@ Flow rate of He,~30 cn® min~%. Methanol, black; |fs pregent'fr(]itln Figure 7.t Imftlalg’ dﬂzj 'é theb only groguct
formaldehyde, green; water, pink; carbon monoxide, blue; hydrogen, ormed, with trace amoun S of GB and CQ observed above
gold; dimethylether, purple. 400 K. As the temperature increases above 450 K, GQakrt

- . DME are also formed. The conversion remains below 3% until
1383 and 1574 cmt that can be assigned to surface formaté 575 i ahove which the combustion of methanol increases

species on zirconi&?® The intensity of these bands increased

significantly above 573 K, and two new bands appeared at 2873 hydrogen being the second most abundant species below 750
and 2960 cm?, which are also attributed to formate spedés. K. The next most abundant products are CO and,@@d to a

The decregse in intensity of the _formate bands betwe_en 623)asser extent DME. Above 700 K, the production of DME passes

and 723 K is paralleled by desorption of CO ang i:syggestlng through a maximum as this product begins to combust, resulting

that these products are formed by the decomposition of formate; | a concurrent increase in the formation of CO and,Che

species. The DME formed under these conditions is likely due combustion of K, as well as DME, above 700 K contributes to

to the reaction of two neighboring methoxide groups on the . shserved in(l:rease in the forr,nation ofH

zircc;]nia surface, therfeby reghenerating surfacedafz(; zonds. Interactions of Methanol with V/ZrO ». Infrared spectra
The composition of gas-phase species produced during TPD . '

: - recorded after the adsorption of methanol adsorbed on \W/ZrO

is presented in Figure 4. At temperatures below 500 K, the only are shown in Fiaure 8apNew infrared bands are obse\rév/ed at

products desorbed are methanol and water in approximately1473 2823 d92930 crh d a broad Ki tered at

equal amounts, along with a small amount of formaldehyde. 3400’le 'i'l?: bands at 14% Z%ZQOanpgg:solfécmerz %ery a

Above 500 K, there is a small peak due to DME centered at ~." . : ; ' ' ;

600 K. Hydrogen desorbs from the catalyst above 575 K, along similar to those previously attributed to—\DC_:Hg SPecies on

with CO. Both products reach a maximum at 725 K. Quantifica- ZFOZ.Sl;apgortS and V;a}(\ée tlf;ere;ore :oeen ?t:;'bUIEd{OE@HB d th

tion of all gas-phase species was done by integration of the Si?re]iclger bosﬁgﬁlrissf%etr?oxirg: S;:C?gse (())n b(?;]evpz)a?; dSiu?rT an de

TPD peaks, and the results are presented in Table 2. It is noted’. PR . . -

that over three molecules of Hiesorb per molecule of CO, zirconia, it is possible that methoxide species are present on

e b ) : the zirconia under these conditions as well. Upon adsorption
which is higher than the 2:1 ratio expected based on the H/C ] '
ratio in the adsorbed methanol. The H/C ratio for all desorbed the isolated Z+OH bands at 3675 and 3765 chrare removed,

products is 5.5 and the O/C ratio is 1.4. These values are Iargerfﬁjmd a broad band at 3409 chis observed. The latter feature
than 4 and 1, respectively, that would be predicted on the basis'> due to hyd.rogen.bondmg between surface @H groups.
of the assumption that all products are formed exclusively from Also notable is the !ncreased sharpness of thé-l&tretchlng
the methanol adsorbed on the catalyst. It is likely that hydroxyl baf‘ds Compff‘fed with those observed f_or Z(gee I_:|gure 3).
groups present on the surface of Zigter calcination contribute This change IS duetoa We?"‘ef absorpt_lon O.f the infrared beam
oxygen and hydrogen to the products. It is also possible that after the addition of vanadium to the zirconia support.
the increased ratios are due to some residual carbonaceous !nfrared spectra recorded during the TPD of methanol
species on the catalyst surface; however, the infrared spectra apdsorbed on V/Zr@are shown in Figure 8. From 323 to 423
773 K do not show any evidence for surface formate or K. there is little difference in the infrared bands on the surface.
carbonate species. At temperatures above 473 K, new bands appear at 1375 and
Infrared spectra recorded during the TPO of methanol 1575 cnm*, which are assigned to formate species formed on
adsorbed on Zr@are shown in Figure 5, and the composition the surface of zirconia. The intensity of these bands increases
of gas-phase species produced during this process is presente@s the temperature is raised to 623 K, and a new band appears
in Figure 6. The infrared spectra in Figure 5 are nearly identical @t 2884 cm* when the surface formate concentration is high.
to those in Figure 3 during the TPD, suggesting that the presenceThis band has been previously attributed to surface formate
of gas-phase oxygen makes little difference in the reaction of specieg??!
adsorbed methoxide species on the surface. However, there are The gas-phase species during the TPD of methanol on \¥/ZrO
some small changes in the gas-phase species as seen in Figue shown in Figure 9. It is observed that methanol and water
6. Again methanol, water, and formaldehyde are the only are the major species desorbing below 400 K, together with a
products below 500 K, and the DME peak is at the same position small amount of formaldehyde. This pattern is similar to that
as previously located; however, there is only about half as much observed for Zr@ (see Figure 4). Above 400 K, Hs first
DME as formed during TPD. This is likely due to the oxidation observed, which is 125 K lower than on Zr&s shown in Figure
of DME to CQ, and HO in the presence of gas-phase oxygen. 4. CO, DME, and small amounts of GQare observed at

rapidly. At all temperatures, the main product is water, with
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TABLE 2: Total Amounts of Each Product Released into the Gas Phase during TPD and TPO of Methanol Adsorbed on Zr
and V/ZrO 2

CH30OH CHO CcoO CQ H)O H, CH, DME totalC totalH totalO MeOH adsorbed

Zr0O; TPD 0.80 0.24 069 O 108 237 O 0.23 2.18 11.94 3.04 1.96
Zr0; TPO 0.77 0.31 086 011 153 111 O 0.13 2.32 9.79 3.83 1.99
V—-2rO, TPD 1.01 0.31 097 006 122 184 0.17 0.04 2.59 11.66 3.66 2.22
V—-7ZrO, TPO 0.93 0.34 086 033 287 094 O 0 2.46 12.02 5.66 2.08

aTotal amounts of carbon, hydrogen, and oxygen removed from the surface based on the species observed in the gas phase. The right-hand-most
column is the amount of methanol adsorbed on the surface based on the methanol pulsing experiments. All quantities are i atoms/nm
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673, (i) 723,(j) 773 K. Temperature (K)
temperatures above 525 K, with the CO anglidth reaching  Figure 7. Gas-phase concentrations observed during TPRx of ZrO
a maximum at 615 K. A small methane peak starting at 525 K in 6%MeOH/12%QHe flowing at 30 crd min~t. Methanol, black;
and reaching a maximum at 630 K is also detected. This peakoxygen, red; formaldehyde, green; water, pink; carbon monoxide, blue;
was not observed on ZgQuinder any conditions. The methane carbon dioxide, light blue; hydrogen, gold; dimethylether, purple.
is most likely due to the reduction of-¥OCH;z species by gas- _
phase H, leaving a \-OH species on the surface of the catalyst. ~ Infrared spectra recorded during the TPO of methanol
It is noted that the TPD spectrum for methanol adsorbed on adsorbed on V/Zr@are shown in Figure 10. The infrared spectra
V/ZrO, looks very similar to that observed during the TPO of during TPO are very similar to those observed in Figure 8 during
methanol adsorbed on ZsOThe absence of a formaldehyde TPD. One difference is an increase in the size of the formate
peak may be due to the rapid adsorption of newly formed@H peak detected between 523 and 673 K, along with an increase
on the surface of Zrg?! The adsorption of formaldehyde on a in the width of the formate bands. These observations suggest
Zr—OH species would lead to the formation of a surface formate that there are likely multiple types of formate species present
species and hydrogen. The formate species can then underg®n the catalyst surface. Dilara and Vohs have suggested that
further decomposition to produce CO and restore the@ formate species might bridge one zirconium atom or tWhe
species. This would explain both the increased concentrationformate bands are also removed by 673 K, whereas formates
of formate species below 523 K detected on the surface by were still present at 723 K during TPD. The other difference is
infrared spectroscopy, as well as the shoulder in the H the appearance of a new band at 2965 tiretween 523 and
desorption peak below 523 K. The O/C ratio in the products 573 K, which is likely due to formate species, and it is only
desorbed from V/Zr@is 1.4, the same as that found for products detected here because of the increased concentration of formate
desorbed from Zr@ species on the catalyst surface under TPO conditions.
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Figure 9. Gas-phase concentrations observed during TPD of methanol . "
adsorbed on V/Zr@ Flow rate of He;~30 cn? min~t. Methanol, black; no DME was detected in the gas phase under TPO conditions,

formaldehyde, green; water, pink; carbon monoxide, blue; carbon likely becquse.DME is rapidly Ox'd'zed to G@nd "bO,'

dioxide, light blue; hydrogen, gold; methane, navy; dimethylether, ~ One major difference observed during TPO on V/Zi&xhat

purple. CO and H do not desorb simultaneously. Another difference

is the absence of an increase in the formaldehyde production.

The composition of gas-phase species produced during TPOFinally, the surface formate species are produced in high

is shown in Figure 11. Again methanol, water, and formaldehyde quantities at lower temperatures than in other experiments. These

are the only species detected initially. Above 400 k,dthrts observations can be explained as follows. The formation of

to desorb, reaching a maximum at 510 K. The CO peak reachesformaldehyde is envisioned to form from\OCHs in a manner

a maximum at 540 K. Also present are a larggOHpeak very similar to that observed in similar experiments conducted

centered at 525 K and a G@eak centered at 550 K. Finally, with V/SiO, and V/Ti0,.1%11 However, in this case, the
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Figure 12. Low and high wavenumber infrared spectra of V/Zt&ken 1T (1K)

during TPRx in 5%MeOH/12%gHe flowing at 30 crd min~*. (a) Figure 13. (A) Gas-phase concentrations observed during TPRx of

373, (b) 423, (c) 473, (d) 523, (e) 573, (f) 623, (g) 673, (h) 723, () V/ZrO,in 6% MeOH/12% Q/He flowing at 30 crd min—L. Methanol,

773 K. black; oxygen, red; formaldehyde, green; water, pink; carbon monoxide,
blue; carbon dioxide, light blue; hydrogen, gold. (B) Arrhenius plot

formaldehyde reacts rapidly with ZOH groups to form a  for the formaldehyde formation.

surface formate species angd.lAs the temperature is increased, TABLE 3: Comparison of Loading and Activation Energies
the surface formate species decomposes to form. TBis " : ;
scheme likely happens to a limited extent on V/Zr@uring for Vanadium Supported on SiG;, TiOz and 210z
TPD conditions, which would explain the low temperature surface _ surface
shoulder on the KHdesorption peak. The increase in the amount 32?5 v lﬁ?&'}ng [i'/e/gfr']tzy kcgﬁpr%ol I;()tgllsg)i)
of HO and CQ formed during TPO is likely due to the -
combustion of Hand CO respectively with gas-phase oxygen. xlrznco)z gz i-g g-g 12 ?g
This reaction likely occurs at the vanadium centers, since the V/Sgoz 1370 343 0.30 23 23

. . . . 2 . .
amount of CQ and HO is highest when vanadium is present.

Infrared spectra recorded during the TPRx of methanol contrast to the results for TPO, where the d¢sorption peak
adsorbed on Zr@are shown in Figure 12. The infrared bands occurs at a lower temperature. This may be because most of
during TPRx are very similar to the bands seen during TPO the surface is covered by methoxide species, which block the
(see Figure 10). In this case, however, the formate bands atzirconia surface sites necessary for readsorption of formaldehyde
1360 and 1575 cmt are broader, and the band at 1575ém  until higher temperatures. Finally, a large excess # lfbrms
has at least three distinct components at 623 and 673 K. Thisfrom 575 to 650 K, which coincides with a minimum in oxygen
means that there are multiple species present on the catalystoncentration. This peak is likely due to the removal of a large
surface, probably formates in monodentate and bidentate orientaamount of surface species, likely hydroxyl or hydride species
tion, and possibly bridging both vanadium and zirconium atoms. that might be present on the surface, since there is no noticeable

The composition of gas-phase species produced during TPRxincrease in a carbon-containing species over this same temper-
is presented in Figure 13A. One major difference between theseature range. Figure 13B is an Arrhenius plot of the formaldehyde
spectra and those shown in Figure 7 for Zi®the presence  formation from 475 to 525 K. The apparent activation energy
of a large formaldehyde peak centered at 550 K. This band is calculated from the slope of the line is #1 kcal/mol, with
therefore attributable to the presence of vanadium. Both CO an apparent pre-exponential factor of &010°f atnr1s1,
and H are detected above 480 K, very likely due to the Comparison of V/ZrO, with V/SiO, and V/TiO, A
decomposition of formate species on the surface of the catalyst.comparison of the rate parameters for V/Zmith those for
This interpretation is supported by the observation of formate V/SiO,'° and V/TiG,! is presented in Table 3. The V surface
species in infrared spectra taken for temperatures above 480 Kdensity of the V/SiQ sample is sufficiently low so that all of
It is also noted that FD and not H is formed below 550 K, in the dispersed vanadia is present as isolated, tetrahedrally
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-1 These considerations lead us to propose that other factors
may be responsible for the differences between the rate
parameters for V/Si@ V/TiO,, and V/ZrQ. One possibility is

the occurrence of O-atom defects in the oxide support. On the
basis of the literature, the surface concentration of defects should

"Q -3 decrease in the order ZsG- TiO; > Si0O,.2672% Moreover,
g where bulk O-atom defects can form, such as in the case of
': 4. TiOz and ZrQ, such defects are known to migrate to the support

surface where they could alter the electronic and, hence, catalytic
properties of the vanadate speci&®reliminary calculations
51 of these effects for V/Ti@support this argumerf. The presence
of O-atom defects on the surface of the Fi€upport would

5 : . : . . . . . also explain the lower activation energy measured on isolated
0.0015 0.0018 0.0021 0.0024 0.0027 vanadate species on Ti@hen compared with previous studies
AT (1K) x 10° with a monolayer of vanadate species on the surface. The
Figure 14. Arrhenius plot comparing the rate of formaldehyde O-atom defects on the Surche of the support would be covered
formation during TPRx conditions for V/SiQblack), V/ZrQ; (blue), by the monolayer of vanadium. However, at a loading of 2.0
and V/TIQ, (red). V/nmZ, that used in the studies of isolated vanadate species

supported on titani& a large portion of the surface remains

coordinated, vanadate species. At the higher V surface densityuncovered and able to accommodate defects.
used for the V/TiQ and V/ZrQ, samples, the dispersed vanadia
is present predominately as isolated, tetrahedrally coordinated,conclusions
vanadate species but a small amourtlQ%) may also be
present as polyvanadate specéedable 3 shows that the The interactions of methanol with Zsg@nd V/ZrQ; (2 V/nny)
apparent activation energies for formaldehyde formation are were investigated by in situ infrared spectroscopy. Methanol
nearly the same for V/Ti@and V/ZrQ, 16 and 18 kcal/mol, dissociatively adsorbs on Zp@ form Zr—OCHs/Zr—OH pairs.
as are the values of the pre-exponential factors 51 and Upon heating the catalyst, a portion of the-ZDCHy/Zr—OH
7.0 x 10° atnris71, respectively. By contrast, the activation pairs recombines to form GH, and HO is formed by the
energy and pre-exponential factors for V/gi@re noticeably recombination of pairs of Z#FOH groups. At higher tempera-
larger, 23 kcal/mol and 2.8 107 atnT1s™%, respectively. While tures Zr-OCH;s groups react mainly to fHand CO, as well as
the apparent pre-exponential factor for V/2i® higher than small amounts of DME. Large amounts of hydrogen are detected
that for V/TIO, or V/ZrO,, the higher apparent activation energy in the presence of gas-phase oxygen, along with CQ, @
V/SiO;, contributes to its significantly lower activity, as can be H»O. The addition of oxygen leads to the formation of a high-
seen in Figure 14. temperature water peak, which is likely due to the oxidation of

The results of the present investigation are in qualitative hydrogen. On V/Zr@Q the predominant species after methanol
agreement with those reported earlier by Wachs and co-workers,adsorption are ¥OCHy/Zr—OH pairs, together with small
who showed that specific activities of V/Zs@nd V/TiO, are concentrations of ZrOCHy/Zr—OH pairs. CHO is produced
comparable, and both are nearly31Bigher than that of at moderate temperatures during TPRx on V/ZiThis product
V/Si0,.%23Wachs and co-workers have proposed that the higher @ppears to originate from vYOCH; groups formed upon the
activities of V/TiQ, and V/ZrQ, relative to V/SIQ are due to ~ adsorption of CHOH. CHO is not detected in increased
the effects of the support on the electronic properties of dispersedduantities during the TPD and TPO experiments on ViZrO
vanadate species. In support of this interpretation, they note thatmost likely because of the readsorption of £Honto the
the methanol oxidation activity of supported vanadium oxide Zzirconia surface to produce a large number of surface formate
catalysts increases with decreasing Sanderson electronegativitpPecies and i At higher temperatures, these formate species
of the cation in the metal oxide supp8@ While this undergo decomposition to form CO, and in the presence;pf O
explanation is plausible, the authors do not to show what these products can be further oxidized toCfdd HO. The
electronic properties of the supported vanadate species chang@ctivity of V/ZrO; for the formation of CHO at 450 K is 8
under conditions for which the structure of the vanadate speciestimes lower than V/TiQ and 82 times higher than that of
is identical on all supports. It is also noted that theoretical V/SiO2. The methanol oxidation activity of isolated vanadate
calculations of the apparent activation energies for formaldehyde species supported on different supports correlates inversely with
formation on isolated vanadate species supported on silica,the apparent activation energy of each catalysts: V/TIB
titania, and zirconia give nearly identical values, as do more kcal/mol) < V/ZrO, (18 kcal/mol)< V/SiO, (23 kcal/mol). The
recent calculations carried out with more realistic representationsfactors responsible for the change in apparent activation energy
of the Supporﬁ“v25A further observation is that while a Change were not established in the course of this work but are thOUght
in the electronic properties of the vanadate species might explainto include changes in the electronic properties of the supported
the observed difference in apparent activation energy with vanadate species caused by differences in the electronic proper-
changes in support composition, it is harder to understand howties of the support, as well as the possible effects of O-atom
such support composition could affect the pre-exponential factor defects on Ti@ and ZrQ.
for methanol oxidation (see refs 9 and 23), since the vibrational
frequencies for VOCH; species, the precursor to formalde- Acknowledgment. This work was supported by the Director,
hyde, are virtually identical for V/Sig) VITiO,, and V/ZrQ. Office of Energy Research, Office of Basic Energy Sciences,
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