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Supported tantalum oxide catalysts on@d, TiO,, ZrO,, and SiQ supports were prepared by the incipient
wetness impregnation method. The catalysts were characterized by X-ray photoelectron spectroscopy (XPS),
Raman spectroscopy, and X-ray absorption near edge structure (XANES) under hydrated and dehydrated
conditions. The AIOs-, TiO,-, and ZrQ-supported tantalum oxide catalysts possess similar surfacg TaO
molecular structures, consisting primarily of polymerized surfaces/lle@; species at high surface coverage.

The surface Ta atom density at monolayer coverage are also similar and were found to be 4.5, 6.6, and 6.3
Ta atoms/nrhion the AbOs, TiO,, and ZrQ supports, respectively. The SiGupported tantalum oxide catalyst

is very different and consists of isolated Tagpecies with a much lower maximum surface Ta density, 0.7

Ta atoms/nfy due to the lower concentration and reactivity of the silica hydroxyls. The catalytic properties

of the surface Tagspecies were chemically probed with the methanol oxidation reaction. Tg-ATiO,-,

and ZrQ-supported tantalum oxide catalysts, possessing monolayer surface coverage of surfespetes,

were found to exhibit 100% dimethyl ether originating from surface acidic sites. The;iQFRlues varied

by almost 2 orders of magnitude, reflecting the influence of the specific oxide support on the surface TaO
acidic sites through the bridging F&—support bond. In contrast, the surface Tapecies on SiQwere

found to possess redox characteristics rather than acidic characteristics. Thus, the specific reactivity and
selectivity of the surface TaBpecies strongly depend on the specific oxide support ligand and its effect on
the bridging Ta-O—support bond.

Introduction supported Tg0s/TiO, is able to synthesize methanethiol (H

The group 5 (V, Nb, and Ta) metal oxide catalysts, both as SH) from mixtures of HS and CO2
bulk and supported metal oxides, have received much attention There are two investigations in the literature about the
in recent year$:” Vanadia catalysts are employed in many molecular structures of the surface tantalum oxide species. An
industrial processes, such as selective oxidation of hydrocarbongn situ X-ray absorption near edge structure (XANES) study of
to chemical intermediates and the selective catalytic reduction SiO-supported tantalum oxide found that the dehydrated surface
of NOx with NHz. Fundamental understanding of the surface TaGOcspecies possesses Tafordination with a single terminal
vanadia molecular structures and their relationships with the Te=O bond? UV—vis DRS and FT-Raman studies similarly
catalytic reaction mechanisms have been achieved in recentconcluded that for dehydrated SiGupported tantalum oxide,
years!—3 Comparative studies have also been carried out on surface TaQ@ species exists at low tantalum oxide coverage,
bulk and supported niobia catalysts and much is currently known whereas surface TaGspecies also appears at high surface
about the molecular structureeactivity/selectivity relationships ~ coverage due to the presence ob@anH,O microcrystals3
of niobia-based catalysts? In contrast, the current fundamental  The UV—vis DRS and FT-Raman investigations also concluded
understanding of tantala-based catalytic materials is ratherthat both dehydrated surface Taénd Ta@ species exist on
limited 34 Al,O3 and ZrQ supports at all surface coverages. Furthermore,

However, quite a few applications of supported tantalum the surface tantalum oxide species were found to possess a
oxide catalysts have been reported in recent years. For examplehigher number of Lewis acidic sites than those of the corre-
supported T#0s/SiO; is found to be useful for vapor-phase sponding surface vanadia species.
decomposition of methytert-butyl ether (MTBE) to isobutene In this paper, supported tantalum oxide catalysts on four
and methandt, vapor-phase Beckmann rearrangement of cy- different oxide supports (ADs, SiO,, TiO,, and ZrQ) were
clohexanone oxime to caprolact&mand as a photoactive  prepared via the incipient wetness impregnation of tantalum
catalyst for the oxidation of CO to GGand ethanol to diethyl ethoxide and physically characterized with different physical
acetal? supported T#0s/Al ;O3 catalyzes liquid-phase oxidation  characterization techniques (XPS, Raman, and XANES) under
of unsaturated fatty acids and hydrocarbon crackig;and hydrated and dehydrated conditions. The catalytic properties of
the surface Ta@species were chemically probed with the
*To whom correspondence should be addressed. E-mail: iew0@ methanol oxidation reaction, and the relationship between the

'ehTigLr;ﬁid‘:{ Universit surface Ta@molecular structure and the activity/selectivity was
xmstit%to de Cata)lli'sisyPetroleoquimica. investigated. In addition, an empirical relationship between
8 Kyoto University. Ta—O bond length and the Raman frequency shifts was
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developed and applied to predict the bond length of ®dbonds pressure. A mixture of helium and oxygen from two mass flow
with different bond order. The surface Ta density of polymerized controllers (Brooks 5850) was bubbled through a methanol
species was further predicted. saturator cooled by flowing water from a cooler (Neslab RTE
. . 110) to obtain a 6/13/81 (mol %) mixture of methanol/oxygen/
Experimental Section helium at a flow rate of~100 sccm. The reactor was vertically

1. Catalyst Preparation. The oxide supports used for this  held and made of 6-mm o.d. Pyrex glass, and the flow direction
study were AJOs (Engelhard Sser = 222 n¥/g), Si0; (Cabosil was downward. The catalysts were placed at the middle of the
EH-5, Sser = 332 n?/g), TiO, (Degussa P-255ger = 55 nv/ tube between two layers of quartz wool and about 20 mg
g), and ZrQ (Degussasget = 39 n¥/g). The supported tantalum  of catalysts was used depending on the catalyst reactivity. Before
oxide catalysts were prepared by the incipient wetness impreg-the methanol oxidation reaction, the catalysts were pretreated
nation method with a tantalum ethoxide precursor (H. C. Starck, at 400°C for 30 min with flowing oxygen and helium in order
99.99%). The supports were impregnated with ethanol solutionsto remove adsorbed moisture and any carbonaceous residues.
of tantalum ethoxide and dried at room temperature under The outlet line of the reactor to the GC was heated-120—
flowing N2 in a glovebox. After they were transferred to a 140°C to avoid condensation of methanol and its products. The
furnace, the samples were initially heated to T2Dfor 2 h reaction products were analyzed by an online GC (HP 5840)
under flowing dry air and then calcined at 500 for 5 h. Bulk equipped with TCD and FID detectors, and two separation
TaOs(L) (Seer = 4 n¥/g) and tantalum oxyhydrate, columns (Carboxene-1000 packed column and CP-sil 5CB
TapOs:nH20 (Sser = 69 n¥/g), were also obtained from H. C.  capillary column) connected in parallel. By increasing the
Starck. The Tg0s:nH>O was further calcined at 50 for 2 temperature of the catalyst bed, the reaction would initiate at
h, which resulted in a BET surface area of 2%gn some point with a detectable amount of products and the

2. Catalyst Characterization. 2.1. X-ray Photoelectron  temperature was subsequently raisedddy0 °C until the total
Spectroscopy (XPSXPS spectra were collected with a Fisons  conversion of methanol reached10%. For each supported
ESCALAB 200R electron spectrometer equipped with a hemi- tantalum oxide catalyst, the conversion/selectivity as a function
spherical electron analyzer and a MgK-ray source Iy = of temperature was measured and the Arrhenius activation
1253.6 eV) powered at 120 W. A PDP 11/05 computer from energy was also determined. Furthermore, the turnover fre-
DEC was used for collecting and analyzing the spectra. The quency (TOByera), the number of methanol molecules converted
samples were placed in small copper cylinders and mountedper surface TaQspecies per second, was also calculated since
on a transfer rod placed in the pretreatment chamber of thebelow monolayer coverage of the surface Tapecies the
instrument. All samples were outgassed at 800to remove tantalum oxide dispersion would be 100%.
adsorbed moisture before the XPS analysis. The binding energies
(BE) were referenced to Si 2p at 103.4 eV with an accuracy of Regylts
0.2 eV. The Ta 412, Al 2p, Ti 2p*2, Si 2p, and Zr 382 electron
intensities were also used for quantitative analysis. The atomic 1. X-ray Photoelectron Spectroscopy (XPS)XPS was
concentration ratios were calculated by correcting the intensity employed in this work to determine the monolayer surface
ratios with the theoretical sensitivity factors proposed by the coverages of tantalum oxide on the different oxide supports.
manufacturer. The XPS atomic ratios of Ta to the different support cations

2.2. Raman Spectroscogyaman spectra were obtained with ~ are presented in Figure 1 as a function of the loading eOfa
the 514.5 nm line of an Arion laser (Spectra Physics, model As a common observation, the ratio initially increases linearly
164). The exciting laser power was measured at the sample towith the tantalum oxide loading and then deviates from the linear
be about 16-50 mW. The scattered radiation from the sample relationship with a significantly reduced slope at a certain
passed through a SPEX triple-mate monochromator (modelloading. The “break” in the curve is due to the transition from
1877) and detected by an OMA IlI (Princeton Applied Research, 2D surface Ta@species to the 3D microcrystals, with the latter
model 1463) optical multichannel analyzer with a photodiode having a low XPS sensitivit} Two straight lines can be drawn,
array cooled thermoelectrically t635°C. The catalyst samples ~ as shown in the figures, and their intercept determines monolayer
were pressed into self-supporting wafers. The hydrated samplessurface coverage. The monolayer values fa8) TiO,, ZrO;,
were rotated at 2000 rpm to minimize local heating and to avoid and SiQ supports were determined to b&4%,~11%,~8%,
dehydration by the laser beam. The Raman spectra of theand ~12% TaOs, respectively. These values correspond to
dehydrated samples were recorded at room temperature and werglaximum surface densities of 4.5, 6.6, 6.3, and 0.7 Ta atoms/
obtained after heating the sample in flowing & 400-450 nn¥ for tantalum oxide supported on A, TiO,, ZrO,, and
°C for 1 h in astationary quartz cell, which has been previously SiO,, respectively.
described? 2. XANES. For the Ta L1-edge, the energy resolution is

2.3. X-ray Absorption Near Edge Structure (XANBRNES intrinsically poor due to the broad bandwidth of the L1 (2s)
analysis was performed with the XAFS (X-ray absorption fine level (AE = 5.58 eV full width at half-maximum). Therefore,
structure) spectrometer installed on the BLO1B1 beam linel3 preedge peaks appear broad and it is not possible to determine
with a Si(111) two-crystal monochromator at SPring-8 at the the TaQ surface molecular structure on the basis of peak
Japan Synchrotron Radiation Research Institute (JASRI) locatedpositions (the shift of which is thought to be less than 2 eV).
at Hyogo, Japan. Before the XANES measurement, the dehy-The preedge peak area (integrated intensity), however, can be
drated samples were heated to 673 K in vacuo, treated under aised to determine the molecular structure. The preedge peak
60 Torr oxygen atmosphere, pressed into a disk under dry was extracted by subtracting the background, which was created
nitrogen, and sealed with a polypropylene film. The hydrated by fitting a fourth-order polynomial to the XANES spectrum
samples were kept at high humidity90% at room temperature  in the 20-23 and 38-40 eV regions as shown in Figure 2. The
for more than 10 days. Details of the data processing are peak area was calculated by the Simpson method.,TaO
described elsewhefé. structures have different peak area values thangT@QOraG;

3. Catalysis. The methanol oxidation reaction was carried structures. The TagXstructures possess values greater than 0.7,
out in a fixed-bed differential reactor operating at atmospheric and the Ta@TaG:s structures possess values less thar? 0lse
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Figure 1. The XPS surface atomic ratio of Ta/support cation vsOsdoading for the supported tantalum oxide catalysts, (a)OF&l.Os,
(b) TaOs/SIO;, (c) TaOs/TiO,, and (d) TaOs/ZrO,.
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Figure 2. Determination of the XANES preedge areas and the Ta
coordination, (a) original spectrum, (b) fourth-order polynomial back-
ground, and (c) background subtracted spectrum. . . . . .
TABLE 1: XANES Results of Ta Coordination of Surface ne o m_ 0 y woomw
TaO, Species on Different Oxide Supports under Hydrated Raman Shift (cm™)
and Dehydrated Conditions Figure 3. Raman spectra of bulk @s and tantalum oxyhydrate before
hydrated dehydrated and after different heat treatments.
catalyst area  coordination area  coordination 3. Raman Spectroscopy.The Raman spectra of bulk
TaOJALOs 057 TaQ/Tao 050 TaQ/Ta0, tantalum oxyhydrate, 'I5®5_-nH2_O, before and after exposure
Ta,05/Si0; 0.44 TaQ/TaC, 0.77 TaQ to elevated temperatures in airfd h are presented in Figure
TaOs/TiO; 0.44 TaQ/Tass 0.48 TaQ/Tag 3. For comparison, the spectrum of the low-temperature phase
Ta0s/Zr0; 0.46 TaQTaGs  0.46 TaQ/TaGs of crystalline TaOs(L) is also presented in Figure 3. Tantalum
Yy

oxyhydrate is amorphous with a major characteristic broad
peak area values between 0.5 and 0.7 correspond to mixture olRaman band at660 cnt? due to Ta-O vibration. The heat
TaOs/TaG; and a small amount of TaOThe XANES results treatment at 600C does not affect the main Raman bands of
are presented in Table 1. Essentially all the hydrated supportedtantalum oxyhydrate, but a new band begins to emerge24dt
tantalum oxide catalysts possess FA@QC; coordination and cm~L. However, further heat treatment at 700 transforms
the hydrated T#Ds/Al,05 also contains a small amount of some  the amorphous tantalum oxyhydrate phase into well crystallized
TaO, species. For the dehydrated supported tantalum oxide Ta,Os(L) structure. The Raman results are in agreement with
catalysts, Ta@TaGs is the dominant coordination with the  previous thermogravimetric analysis (TGA) and XRD studies
exception of TaOs/SiO,, which only possesses a TaGoor- of tantalum oxyhydrate by Gonlez and co-workerd’ which
dination. concluded that at 60TC the tantalum oxyhydrate lost little water
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and remained amorphous and that at 80@&nd above most of
the water of hydration was lost and the tantalum oxyhydrate
crystallized into different bulk structures of tantalum oxide (at
least two phases with a reversible phase transition occurring at
about 1360°C).18 The strongest T:0s(L) band appears at100
cm! and the second strongesta?51 cntl. The characteristic
broad band at-660 cnt! for the amorphous tantalum hydrate
splits into at least two peaks at 621 and 705 émhen it
crystallizes to TgOs(L). Other weak Raman bands are also
observed at approximately 200, 340, 490, and 843'camd

can be assigned as follows: LI lattice photon at 100 cr;

340 cnt! due to Ta@ symmetric bending; TaO symmetric
stretching at 621 cn¥; higher order of TaO symmetric
stretching at 843 cmi; and bridging TaO—Ta bending,
symmetric, and antisymmetric stretching vibrations at 251, 490,
and 705 cm?, respectively.

The main features of the Raman spectra of the hydrated
TapOs/Al 03 catalysts change at loadings between 20% and 25%
Ta0s as shown in Figure 4a. Below 20% J&/Al,03, there
is only a single major Raman band &B810 cnt!. For 25%
Ta,0s/Al,03 and higher loadings, another Raman band appears
at ~660 cnt! and its relative intensity to that 0£910 cnt?!
band increases with the increasing tantalum oxide loading. Thus,
bulk tantalum oxyhydrate formed above monolayer coverage
of surface TaQ (Raman band at 660 cr¥) and the hydrated
surface Ta@species exhibits one main Raman band-8t.0
cm~L. Monolayer coverage of the surface Ta Al,Os; occurs
between 20% and 25% J@s/Al,O; because bulk tantalum
oxyhydrate begins to form in this region. The supported bulk
TayOs:nH,0 phase is more difficult to crystallize during elevated
heat treatment than unsupported pureJdsanH,0O since Raman
spectroscopy reveals that even up to 8a@0the main features

of the spectra remain without the appearance of the bands

characteristic of crystalline 5&s(L).
The main Raman features of the surface JTaPecies on

Al,O3 change significantly upon dehydration (compare parts a
and b of Figure 4). There are three main Raman bands for the

dehydrated surface TaGpecies at~940, ~740, and~610
cm~l. The Raman band at940 cnt! corresponds to the
symmetric stretching mode of the dehydrated terminat0a
bond, and the bands at740 and~610 cnT?! are assigned to
the antisymmetric and symmetric stretching modes of the
dehydrated bridging FaO—Ta bond, respectively. The presence
of bridging Ta-O—Ta bands for dehydrated 7@s/Al,O3
reveals that polymerized surface T.e€pecies is present on the
Al,O3 surface. The weak band a#400 cnt?is assigned to the
bending mode of the dehydrated surface JTagecies. “Ghost
peaks” due to strong Raleigh scattering are observed Al
and SiQ-supported TzDs catalysts; the physical “filtering” of
the spectra below Raman shift 250 cnt! avoids the effect;
hence, only the region above 300 chis presented.

The Raman spectra of the hydrated@&SiO, catalysts are
presented in Figure 5. Similar to the hydrated,Js#tAl O3
catalysts, the hydrated surface Te€pecies exhibit a Raman
band at 940 cm!, seen as a weaker shoulder on the GH
vibration at~975 cnt?, and the bulk tantalum oxyhydrate phase
displays a band at 685 crh(the apparent shift from 660 to
685 cnt! of this phase is most likely due to the strong
background of the Si@vibrations in this region). The Raman
signals for the TgOs/Al,O5 catalysts are much stronger than
those of the TgDs/SiO, because of the higher concentration of
surface Ta@species, and with the presence of relatively strong
background Si@vibrations, the band positions of the latter are
not as well resolved. The Raman band of the bulk tantalum
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Figure 4. Raman spectra of supported,0g/Al,O; oxide catalysts:
(a) hydrated and (b) dehydrated.

oxyhydrate phase at685 cnt! appears for 6% T#s/SiO,

and higher tantalum oxide loadings, suggesting that maximum
coverage of surface Ta@n SiG, occurs between 4% and 6%
TapOs/SiO,. Dehydration of the supported Fa/SiO, catalysts
does not significantly alter the features of the hydrategD¥a

SiO, Raman spectra (not shown) because of the relatively weak
surface tantalum oxide signals and the much stronger bands due
to the SiQ support in the same region.

The TiG; and ZrQ supports give rise to very strong Raman
bands below 800 cni, and thus, only Raman bands above 800
cm! can be detected for the TiCand ZrQ-supported tantalum
oxide catalysts, as shown in Figures 6 and 7. Compared to the
Raman bands of the surface Ta€pecies, the strong oxide
support bands at790 cnr? for TiO, and~756 cnt for ZrO,
dominate the spectra. For the dehydrated 9%O¥di0,
sample, there is only some indication of the existence of
vibrations from a surface tantalum oxide species@80,~940,
and~855 cntl, after subtraction of the Tigbackground, but
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Figure 7. Raman spectra of (a) dehydrated 6%Q#ZrO, catalyst

and (b) ZrQ support; spectrum c is the difference spectrum between
(a) and (b).
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Figure 8. Schematic drawings of molecular structures of surface,TaO
species under dehydrated condition.

4. Methanol Oxidation. The methanol oxidation reaction
chemically probes the nature of the catalyst surface sites via its
reaction products: dimethyl ether (DME) results from surface
acidic sites, formaldehyde (HCHO), methyl formate (MF), and
dimethoxy methane (DMM) originate from surface redox sites
and CO/CQ are produced on surface basic siteBulk Ta,Os-

(L) and TaOs-nH,0O are solid acid catalysts, and the catalytic
data for CHOH oxidation are in agreement with this conclusion
since only DME is formed. The methanol oxidation selectivities
and activities of the different supported tantalum oxide catalysts
as well as those of the bulk 7@s(L), TaxOs-nH,0, and the
pure oxide supports are presented in Table 2. The supported
surface Ta@monolayers on A3, TiO,, and ZrQ also possess
100% acidic surface sites since essentially only DME is formed
during methanol oxidation. A significant portion of G@as

the surface Ta@bands are so weak and broad that these band observed for the lower tantalum oxide loaded,J#ZrO,
positions are just a rough estimate. The Raman bands in thecatalysts due to the exposure of the surface zirconia sites below

940-980 cnT! region are associated with a terminal=f@
bond, and the 855 cm band is consistent with the antisym-
metric stretch of bridging TaO—Ta bonds. For the dehydrated
6% Ta0s/ZrO, sample, the surface Ta®ands are only slightly
better resolved in Figure 7. Two broad Raman bands;%t6
and 932 cml, after subtraction of the ZrObackground,
corresponding to the terminal ¥ bond. The bands at822
and~725 cnt! are assigned to antisymmetric stretching modes
of the bridging Ta-O—Ta bonds. Thus, polymerized surface
TaQ species appear to be present on the ;Tédd ZrQ
supports. The hydrated Raman spectra of thgd§aiO, and

monolayer coveragey8% T&0s/ZrO,. For low TaOs/TiO;
loadings, the exposed surface titania sites produced traces of
HCHO byproducts below monolayer coveragel, 1% TaOs/
TiO,. The selectivity of the Si@supported tantalum oxide
depends on the 1@5/Si0O, loading. At low TaOs/SiO, load-
ings, the redox product HCHO and the basic product @@
formed. The Tg0s/SiO, appears to contain both surface redox
and basic sites since SiGs not catalytically active at this
reaction temperature. At 5% J@s/SiO, and higher tantalum
oxide loadings, the main product is MF from surface redox sites,
and the minor DME originates from the presence of surface

Tap0s/ZrO,, catalysts did not give rise to apparent Raman bands acidic sites present on the bulk 2%-nH,O phase.

of the surface TaPspecies because hydration results in even

broader Raman band

S.

The catalytic activities are expressed as the number of moles
of methanol converted per hour per gram of catalyst and are
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TABLE 2: Selectivity and Activity of Supported Tantalum TABLE 3: Activation Energies of Supported Tantalum
Oxide Catalysts during CH;OH Oxidation Oxide Catalysts at Monolayer Surface Coverage and Pure
(a) Supported T#s/Al 03 at 200°C Bulk Oxides for CH3;OH Oxidation
selectivity (%) activity activation
catalyst DME CQ DMM  (102mol/gh) temperature  energy reaction
Ta005(L) 100 0072 catalyst range (kcal/mol) products
Al,O3 100 13.3 TaOs(L) 220-260 13.7 DME
2% Ta0s/Al,03 100 9.2 Ta,05-nH,0 (500°C) 200-260 15.0 DME
5% TaOs/Al 03 100 8.6 Al;03 150-190 20.2 DME
10% TaO0s/Al03 100 6.2 SO, 200-350 not active
15% Ta0s/Al 05 100 45 TiO, 300-350 19.8 DME
20% Ta0s/Al 05 100 4.1 ZrO, 300-350 36.4 CQ
25% Ta0s/Al 05 100 2.9 TaO5/Al,05 170-210 18.6 DME
30% TaO0s/Al O3 100 2.8 TaOs/TiO, 290-340 16.3 DME
35% TaO0s/Al,O3 100 2.3 Ta0s/Zr0; 270-330 17.7 DME
40% TaOs/Al,05 100 2.1 Ta0s/SiO, 280-330 13.2 MF
(b) Supported T@_EJS'SZ at300°c energy of~20 kcal/mol, and the basic ZgBupport exhibits a
selectivity (%) activity higher value 0f~36 kcal/mol. The Si@support was found to
catalyst HCHO C@ MF DME  (10*mol/g h) be inactive for CHOH oxidation in this temperature range and
Si0, _ not active no activation energy could be determined. The acidic supported
2% Ta0yJ/SI0, 74 26 6.0 tantalum oxide species, yielding only DME, possess an activa-
ahTaQ/sio. - 66 34 174 i #~16-19 kcal/mol, which is intermediate betw
5% Ta0s/SiO 100  trace 6.3 ion energy o cal/mol, which is intermediate between
6% Ta0s5/SiO, 95 5 6.5 the acidic supports and bulk @s(L) and T&OsnH>O. Sup-
8% Ta0s/SiO, 84 16 6.7 ported TaOs/SiO;, exhibits a lower activation energy, but this
(c) Supported TaDs/TiO, at 300°C is for the production of MF and cannot be compared to the acidic
— surface sites found in the other catalysts. The apparent activation
selectivity (%) activity . . -
talvst BVE €O HCHG 102 molla h energy Eapp is an overall parameter describing the catalytic
. catalys ( molig h) processes over the catalysts and is relatdghtot+ AH, where
TiO, . 100 trace 0.34 AH is a negative value and the exothermic heat of adsorption
3% Ta0s/TiO, 100 trace 0.42 f th LN thel I t lati f th
6% Ta0JTiO, 100 trace 0.47 of methanol. Nevertheles&,y, allows extrapolation of the
9% Ta0s/TiO, 100 trace 0.56 methanol oxidation activities of the catalysts to nearby temper-
%ggjo ?851!82 188 (1)'83 atures (especially for the very active;0a/Al ;O3 system, which
() @ 1 > . . . . .
18% TaOJTIO. 100 114 reqw_rf_ed lower temperatures to ensure differential reaction
conditions).
(d) Supported T#s/ZrO, at 300°C
selectivity (%) activity Discussion
catalyst DME CQ HCHO (102mol/gh) )
710 Tace 100 032 1. Surface TaQ Density at Monolayer Coverage.The
2 . . . .
3% Ta0s/Zr0; 69 31 0.72 mc_)nolayer loadings of the su_rface T.a€pecies on the different
6% Ta0s/ZrO, 92 8 0.93 oxide supports were determined from the XPS measurements
9% Ta0s/ZrO;, 100 1.16 to be 23.8% TgDs/Al 03, 10.7% TaOs/TiO,, and 7.9% Tg0s/
12% TaOyZro, 100 118 ZrO,. Raman reveals that the bulk Z&-nH,0 phase starts to
15% TaOyzrO, 100 161 appear on the ADs support between 20% and 25% 0g/
18% TaOg/ZrO, 100 1.48 pp 3 SUpp 0 02

Al,O3 (see Figure 4a). Raman is not able to detect the incipient
presented in Table 2. The activities of ;0a/Al;,O3 catalysts ~ formation of bulk TaOs:nH20 on the TiQ and ZrG supports
continuously decrease with 3@ loading, which suggests that ~ due to the strong Raman vibrations of the supports below 800
the surface Ta@acidic species on ADs is less active than the cm~1, which overshadows the characteristic band of the bulk
surface acidic sites of the AD; support but more active than ~ TaOs'-nH.O phase at~660 cnt!. However, the methanol
the bulk TaOs-nH,O phase (possessing a relatively small oxidation reaction provides information about the completion
number of exposed surface tantalum oxide sites). In contrast,of the surface TaPmonolayers on the oxide supports since
the activities of the supported @/TiO, and TaOs/ZrO, exposed support sites give rise to side reactions (see Table 2).
catalysts change with tantalum oxide loading: increasing up to The TiO; support gives rise to trace amounts of HCHO, which
monolayer coverage and continuing to increase after monolayerdisappears above 12% J&/TiO,. The ZrQ support is very
coverage. This activity pattern suggests that the surfacg TaO active in oxidizing methanol to CQbut CQ is not detected
species on Ti@and ZrQ is more active than the corresponding above 9% TgOs/ZrO,. These results suggest that the monolayer
oxide supports but less active than the bulk@sanH,O phase.  loading is between 9%12% TaOs/TiO, and between 6%

The selectivity of the supported F@¢/SiO; catalysts dramati- 9% T&Os/ZrOz, which is in agreement with the XPS measure-
cally changes with tantalum oxide loading due to the varying ment results. Thus, for tantalum oxide supported aiO4ITiIOy,
nature of the surface tantala sites with surface coverage (Seeand ZrQ, the monolayer surface coverage determined by XPS,
Raman section above). Raman, and CkDH oxidation are in agreement.

Arrhenius relationships were obtained for §H oxidation For supported T#s/SiO, catalysts, Raman reveals that the
over the supported tantalum oxide catalysts as well as the purebulk of TaaOs-nH,O phase already exists in the catalysts with
oxides and the apparent activation are presented in Table 3.loadings of 6% TgDs/SiO, and above (see Figure 5), whereas
Pure TaOs(L) and TaOs-nH,0 possess the lowest activation XPS suggests a monolayer coverage of 11.8%03&i0,. The
energies of 13.7 and 15.0 kcal/mol, respectively. The acidic methanol oxidation reaction reveals that the reaction selectivity
Al,O3 and TiG supports exhibit a slightly higher activation changes dramatically at a loading of 5%,0g/SiO, (see Table
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TABLE 4: Surface Ta Densities at Monolayer Surface TABLE 5: Methanol Oxidation Turnover Frequency (TOF)
Coverage on Different Oxide Supports Values at 300°C for Supported Tantalum Oxide Catalysts at
BET surface area (7fg) Monolayer Coverage and Bulk TaOs
3oL
tantglum XPS TOF (10°s7)
oxide monol_ayer Ta surface catalyst DME (acidic) MF (redox)
monolayer loading density
support original coverage (wt %) (Ta/nn?) TaOs(L)? 90
Al,0; 222 190 23.8 4.5 P‘Zgﬁé% 24§ 3
SiO, 332 210 11.8 (59 (0.7 T"’QO 7 o au
TiO, 55 49 10.7 6.6 8L/ LM% :
210, 39 37 7.9 6.3 Ta06/Si0, 8

aFrom Raman and methanol oxidation. *From ref 28.

L ) identical with a “double bond” of valence 1.72. For a surface

2), which is in agreement with the Raman regults. The XPS TaO, unit to occupy the maximum area, a square pyramidal
measurement most probably resulted in a higher value for gy cyre is assumed, which means that there are four bridging
monolayer surface coverage for the;DgSIO, catalyst system 140 honds to the oxide support or adjacent surface,Ei@s
because the weak interaction between,2iau the surface TgO with each bond having valence of 0.82, which, from eq 3,
species resulted in an exterior surface composition, line-of-sight, corresponds to a FeO bond length of 1.98 A. For bridging
that may not have been representative of the entire sample. Int5_o0—T3 ponds with an angle of 180a maximum distance
contrast, both Raman and the methanol oxidation probe thepanveen Ta atoms of 3.97 A is obtained. Hence. the maximum
entire sample gr!d are not limited to only the line-of-sight 564 that a polymerized surface Ta@it can occupy is 15.8
external (;omp05|t|op. Thus, monolayer loadings of surfaceTaO A2 gnq its reciprocal gives the minimum surface Ta density of
on the dlff((a)rent oxide suppgrts correspond to 2?-8%053 a monolayer of polymerized surface Ta&pecies, 6.3 Ta atoms/
Al203, 10.7% TaO4/TiO, 7.9% TaOs/ZrO,, and 5.0% TgOs/ nme. This value matches the experimental monolayer surface
SIO,, respectively. densities for TgOs/TiO, and TaOs/ZrO,. The slightly lower

A BET measurement of the supported:Dg catalysts near  gyrface TaQdensity on AJO; may be due to the presence of
monolayer coverage shows shrinkage of the oxide supports aftery minor amount of isolated surface Ta@its, which is detected
impregnation and calcination. The BET surface areas of 25% by the XANES measurements.
Ta05/Al203, 12% TaOs/TiO2, 6% TaOs/Zr0O,, and 5% TaOs/ 2. Molecular Structures of the Surface TaQ Species.
Si0, are 143, 43, 35, and 200%fg, respectively, so the surface  ynder hydrated conditions, the surfaces of the supported
areas of the supports at monolayer coverage are 190, 49, 37ianialum oxide catalysts possess a thin film of moisture and
and 210 g, accordingly. Thus, the surface densities of Ta he aqueous solution chemistry controls the hydrated surface
atoms at monqlayer coverage on the different oxide supports 50, species, which is determined by the pH value of the
can be determme_d_ and are listed in Table 4. The monolayeraqueous film and the concentration of T&0The oxide support
surface TaQdensities are 4.5, 6.6, 6.3, and 0.7 Ta atom$/nm jnfuences the final pH value at the PZC theory (point of zero
on Al20s, TiO, ZrO,, and SiQ supports, respectively. charge). The AlO;, TiO,, ZrO,, and SiQ supports have net

Additional estimates of monolayer surface TaOverage can pH at PZC of 8.9,~6.2, ~6.0, and 3.9, respectively. The
also be determined from knowledge of the structures of surface yyesence of the acidic surface 'ﬁa@erlaye’r will further lower
Taq pha;es. Hardcastle and Wachs develop(_ad an em_piricalthe net pH at PZC since the @ possesses a net pH at PZC
relationship between the NtO bond length and its stretching ¢ 2.92223 According to the hydrolysis of catioé the Ta(V)

frequency® referred to as the diatomic approximation, species may form hexanuclear or mononuclear species at
_ different pH values. The &®1s°(aq) species exists in very
_ 1.923R
v(Nb—0) = 26262e ) basic solutions and exhibits major Raman bands&%7 and

~516 cnT1.25 The Ta(OHj} species exists at pH values between
1 and 12. Therefore, Ta(OHls the main hydrated TagB&pecies
on all the four oxide supports under hydrated conditions, and it
exhibits its strongest Raman band~a®10 cn1?! (see Figure
4). Under dehydrated conditions, the surface Jscies react
with the surface hydroxyls of the oxide support and become
_ ~1.923R anchored on the support. The extent of linkage among the
v(Ta—0) = 25308¢ @ surface species depends on a spatial factor: the distance between
Brown and Wu also presented a relationship between the bond! & atoms from each other and a chemical factoe strength
valences and bond lengttR for Ta—0:2 of the Ta atoms interacting with the oxide supports. The stronger
the interaction, the less likely for the neighboring Ta species to

wherev is the stretching frequency (crf) andRis the length

of the Nb-O bond (A). Due to the known similarity between
Ta—0 and Nb-O bonds?! a similar relationship can be derived
for Ta—O by correcting the above expression with the higher
mass of Ta, which results in

R \-5 form bridging bonds. Hence, scarce surface hydroxyls and strong
Ta-0) = (Fo) ®) interaction are favorable to the formation of isolated surface

TaQ species, while dense surface hydroxyls and weak interac-
For supported T#s/Al,03 catalysts under dehydrated condi- tions would be expected to favor the formation of polymerized
tions, the largest Raman shift observed for the termina@a surface Ta@ species. The surface Ta density at monolayer

bond of surface tantalum oxide species~i840 cnt?, corre- coverage is a reflection of the availability and reactivity of
sponding to a bond length of 1.71 A and a bond valence of surface hydroxyls (see Table 4) and silica has less reactive
1.72 from eqgs 2 and 3, respectively. surface hydroxyls than the other three supp#itsl,-TPR

The monolayer surface TaQlensity for the polymerized  studies of supported vanadia catalyétemonstrated that the
surface Ta@species can be estimated from eq 3. A simplified strength of \-O—support band decreases in the order of SiO
structural model is proposed: the surface Ta&pecies are > Al,O3 > ZrO, ~ TiO, and that a similar trend could also be
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TABLE 6: Acidic and Redox TOFs of Pure and Supported stable during methanol oxidation and retains the same molecular
Tantalum Oxide and Niobium Oxide Catalysts® Containing structure as the dehydrated surface Tafecies?
Monolayer Surface Coverage during CHOH Oxidation at
230°C .
Conclusions

acidic TOF «103S")  redox TOF (1073 Sh)

The molecular structures and catalytic properties of supported

oxide support  TéOs ND-Os Te0s NbZOs tantalum oxide catalysts depend on the specific oxide support.
bulk 16.9 21 0 0 The ALOs-, TiO--, and ZrQ-supported tantalum oxide catalysts
Al,O3 25.3 200 0 0 . . .
Zr0, 0.97 50 0 0 consist of polymerized surface TaaGs species under dehy-
TiO, 0.45 40 0 0 drated conditions with very similar surface Ta@ensities at
SIO; 0 0 15.6 62 monolayer surface coverage and possess 100% acidic sites. The

TOF values vary by almost 2 orders of magnitude revealing a
significant influence of the oxide support through the bridging
STa—O—support bond (AP> Zr > Ti). The dehydrated Si©
supported tantalum oxide catalyst only consists of isolated
surface Ta@species, before formation of 7@s-nH,O micro-
crystals, with a much lower surface Ta@ensity at maximum

surface hydroxyls and somewhat weaker-Casupport interac- coverage and_possesses mostly redo>_< properties. The Sp?c'f'c
oxide support is proposed to be the major factor that determines

tion. This model is supported by the Raman and XANES data L
(see Table 1 and FigurF()ep4). Undgr dehydrated conditions, surfacethe molecular structure, TOF, and selectivity of the supported
TaQ species on Si@are isolated Ta@structures and surface surface TaQspecies.
TaO species on AlOs, TiO,, and ZrQ are present as polym-
erized surface TagdlaG; structures as shown schematically in
Figure 8. The Ta@unit has one T=0O double and three Fa
O—Si bonds. The TagTaOs unit has two bridging TaO—Ta
bonds and two bridging FaO—support bonds on AD3, TiOy,
and ZrQ. For the surface Tagstructure, there could be another (1) Appl. Catal. A1997 157 (special issue devoted to vanadium oxide
Ta—O—support bond at a much longer ¥& bond length, Com(g())u\?v(fc)hs I. E.: Weckhuysen, B. Mppl. Catal. A1997, 157, 67
which corresponds to an oxygen atom of the oxide support. The  (3) wachs, I. E.; Briand, L. E.; Jehng, J.-M.; Burcham, L. J.; Gao, X.
distribution of the number of surface TaQunits in the Catal. Today200Q 57, 323. o ‘
polymerized surface TaGpecies is not known at present. com(gguigtsﬁil- Today 200Q 57 (special issue devoted to group five
3. Structure Reactivity/Selectivity. The catalytic activities (5) Catal. Today1996 28 (special issue devoted to niobium oxide
are expressed as the number of moles of methanol convertectompounds).
per hour per gram of catalyst and the TOF values are determined  (6) Catal. Today1993 16 (special issue devoted to niobium oxide
by normalizing the activities of the supported tantalum oxide Com(p;t))uggtsgl. Today1990 8 (special issue devoted to niobium oxide
catalysts at monolayer surface coverage to the number of surfacgompounds). Y P
TaQ sites, which is the proper parameter to compare the activity ~ (8) Ushikubo, T.; Wada, KJ. Catal. 1994 148, 138.
of the surface active sites in different catalysts. TOF values were \((%)Séggaléaﬁg-; Ngg:emn?’ gﬁeﬁan;ﬂggé T1 5T2%k59“aka~ S.; Funabiki,
not determmed below monolayer su_rface coverage since the " (10) NOU’I'ec-idiI':li, H.: Kanabur, MJAOCS1999 76, 305.
exposed oxide supports are also active, with the exception of  (11) Grenoble, D. C.; Murrell, L. L. U.S. Patent 4,415, 437, 1983.
SiO,. The activities of the supported Fas catalysts at mono- 83 \é\/;lltcehss,'\l/.l E.K l;t"ii'vipa,l:en\t/v tgsﬁlﬁghl?sﬁn Schoonheydt, R
layer surface coverage were determined from a linear interpola- , » Mo ' A » B ML, » R
tion of the activities of two nearest loading catalysts (slightly A"(\l/f)or\t/‘uz;r;/ér? 'M\_/?.Sawngcﬁ'sl?_' g]hyﬁbfhcear?éﬁggjz‘ %(;52%?11'
below and above monolayer coverage). The TOF values of the  (15) Takenaké, S.; Te’maka, T’.; Funabiki, T.; YoshidaJ.$>.hys. Chem.
monolayer-supported Tag@pecies at 300C are presented in B 1998 102 2960. _ . .
Table 5. The TOF values of the different supported tantalum Wif«elg?vgﬁmwsxﬁL?;etééovc\?pECtroscopy in Catalysis: An Introductjon
oxide catalysts vary by almost 2 orders of magnitude, which ™ (17) Gonztez, J.; Del, M.; Ruiz, C; Rivarola, J. B. Mater. Sci199§
reveals a significant infuence of the specific oxide support via 33, 4173.
the bridging Ta-O—support bond. The acidic surface sites on _ (18) Stephenson, N. C.; Roth, R. S.1L.Solid State Chenl971, 3,
bulk Ta:Os(L) are less active than the surface Taecies on 14%';‘)“%%&5&:"39#%1 F?Aéﬁigw 148 213
Al ;03 but are significantly more active than the acidic sites on  (20) Hardcastle, ,:_'D?pwachs,'L Bolid State lonic.991, 45, 201.
the other supported tantalum oxides. Furthermore, the supported (21) Brown, I. D.; Wu, K. K.Acta Crystallogr. B1976 32, 1957.
surface Ta@species is 100% dispersed, whereas only a very  (22) Deo, G.; Wachs, I. El. Phys. Cheml991, 95, 5889.
small fraction of surface TaQsites of the bulk TgDs are De(kzk?gr_Kﬁvau\l(%ﬂ’( '\g'ggfm'cal Properties of Material Surfacedarcel
accessible (low dispersion). Thus, the total activity for supported ~ (24) Baes, C. F., Jr.; Mesmer, R. Enhe Hydrolysis of CationsJohn
tantalum oxide catalysts can be higher than that of the bulk Wilé)é)& :/oer;?é anjevy;g?]rrI:,s c}r??morg Chem.1964 3, 1051
TapOs with the same number of Ta atoms (see Table 2). The il b : 4I0G S :
corresponding supported niobia catalysts have the same coor-Chgn?)_ E%%%axibgalrgéfz'_R" Weckhuysen, B. M.; Wachs, 1JEPhys.
dination as the supported tantala catalysts and the.d£F (27) Deo, G.; Wachs, |. EJ. Catal. 1994 146, 323.
values of the supported niobia catalysts are significantly greater (28) Badlani, M.; Wachs, I. ECatal. Lett2001, 75, 137.

; ; (29) Wachs, I. E.; Chen, Y.; Jehng, J.-M.; Briand, L. E.; Tanaka, T.
than that of their supported tantala analogues as shown in TabIeCataI. Today2003 78, 13.

6. FUTt_hemefe, the HTPR of T@OEJN 203 shows a|m0_5t no (30) Brown, D.; Haught, H.; Zeton Altamira: Pittsburgh, PA, unpub-
reduction up to 700C, suggesting that surface Tagpecies is lished results.

expected for surface TaGspecies. Thus, the silica support
possesses a lower concentration of reactive surface hydroxyl
and a very strong interaction with the surface Japecies.
Consequently, isolated species are most likely formed. For the
other oxide supports, the polymerized surface Jsi&cies are
more favorable because of the higher concentration of reactive
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