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UV —visible diffuse reflectance spectroscopy was used to probe the electronic structure and domain size of
tungsten oxide species in crystalline isopolytungstates, monoclinig, A dispersed Wspecies on Zr
surfaces. UV-visible absorption edge analysis, €€hemisorption, and Raman spectroscopic results show
that three distinct regions of W@overage on Zr@supports appear with increasing Weurface density:
submonolayer region (84 W nn1?), polytungstate growth region{B W nnm2), and polytungstate/crystalline

WO; coexistence regiorm(8 W nn1?). The structure and catalytic activity of W@&pecies on Zr@is controlled

only by WQ surface density (W nn®), irrespective of the WQconcentration, oxidation temperature, and
ZrO, surface area used to obtain a particular density. The submonolayer region is characterized by distorted
octahedral WQspecies that are well dispersed on the ZsOrface. These species show a constant absorption
edge energy, they are difficult to reduce, and contain few acid sites voheriene isomerization can occur

at 523 K. At intermediate WQsurface densities, the absorption edge energy decreasesddtain size
increases, WQspecies become easier to reduce, anglene isomerization turnover rates (per W atom)
increase with increasing Wsurface density. At high WQsurface densities, a polytungstate monolayer
coexists with monoclinic Wexcrystallites. The growth of monoclinic Wi@rystallites results in lowes-xylene
isomerization turnover rates because Y¥pecies become inaccessible to reactants. In the presenceabdf H
typical catalytic reaction temperatures’§323 K), strong acid sites form on WOZrO, catalysts with
polytungstate domains by a slight reduction of the cluster and delocalization of an electron from an H atom
resulting in H? (Bransted acid site).

1. Introduction ization reactions when hydrogen is preseHt13 On PYWQ—

ZrO, we have shown that efficient hydrogen transfer steps
prevent extensive cracking of adsorbed carbocations by limiting
their surface lifetime4. Several recent patents describe the

Strong solid acids based on supported transition-metal oxides
are potential replacements for liquid acids and halide-containing
solids!2 Acid site strengths and densities similar to those in : : g
sulfuric acid, halides, or oxyhalides remain elusive. Brgnsted synthesis and catalytic activity of WQZrOz and PUWQ— .
acid sites form on oxide-based solid acids when protons balanceZO2 for several hydrocarbon reactions (cyclohexane ring-
net negative charges introduced by substituting cations with a ©P€ning and isomerization, benzene hydrogenation, alkene
lower valence chardeor by partial reduction of neutral oxide ollgom(_erlzatlon, aromfamc alkylation with alkenes or methanol,
clusters Sulfuric acid impregnated on zirconia supports has aromatic trans-alkylation, and heteroatom removal).
been extensively studied as a strong solid &éidheir poor High turnover rates for acid-catalyzed isomerization on
stability and their tendency to form volatile sulfur compounds WOx—ZrO; catalysts require the presence of \W@mains of
during catalysis and regeneration limit their applicability in intermediate size on ZrGurfaces. Maximumo-xylene isomer-
isomerization and alkylation procesdes. ization turnover rates occur at W®urface densities (810 W

Tungsten oxide species dispersed on zirconia supportsfWO nm~2)1%that exceed the theoretical monolayer capacity ofZrO
ZrO,) comprise another interesting class of solid acids. Hino (7 W nm2).16 o-Xylene isomerization turnover rates depend
and Arata first suggested that strong acid sites form on theseonly on WQ, surface density and not independently on WO
materials when zirconia oxyhydroxide (Z{@H)s—2) is im- concentration, oxidation temperature, or Zi€Drface area. The
pregnated with solutions containing tungstate anions and thenpresence of kiduringo-xylene isomerization increases turnover
oxidized at high temperatures (8673173 K)& They reported rates and prevents rapid deactivati®iX-ray absorption studies
low-temperature catalytic activity far-pentane and-hexane have shown that W centers reside in similar distorted octahedral
isomerization, but cracking selectivities were very higtb0%), environments for a wide range of WGQ@urface densities (3
even at low conversiorfsThe addition of a small amount of 15 W nn1?).4 WO, domains of intermediate size appear to
platinum (<1 wt % Pt) to preoxidized WQ-ZrO, samples leads  provide a compromise between reducibility and accessibility
to active, stable, and selective catalysts fieslkane isomer- of WOy centers. These WGdomains delocalize a net nega-
tive charge caused by the slight reduction of*Weenters
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UV —visible diffuse reflectance spectroscopy is a useful mm and dehydrated in the reflectance accessory at 723 K for 2
spectroscopic technique that probes the electronic structure and in flowing dry air (Matheson, Ultra Zero Grade, 2.0¢g1?)
domain size of transition-metal oxides. The position of the purified with a 13X molecular sieve in order to remove residual
absorption edge is sensitive to the bonding between metal oxidewater and hydrocarbons. The Kubetdslunk function F(R-),
polyhedral® and it has been used to characterize the averageeq 2) for infinitely thick samples was used to convert reflectance
particle size of nano-crystalline insulators and semiconduétors. measurement&eampd iNto equivalent absorption spectrasing
In our study, UV-visible absorption edge energies of WO the reflectance of MgO as a referené.fo).
species on Zr@supports are compared with the edge energies

of several crystalline standards with known Wedordination Rsample

symmetry and domain size in order to determine how acid- R. :RM— 1)
catalyzed reaction rates depend on bonding betweer, WO 90

species and WQdomain size. In addition, color changes Ry . -

associated with the reduction of these \W@mains in H at FR) = A-R)"_ a(absorpgon Coefflglent) @
o-xylene reaction temperatures (523 K) are measured by the 2R, S(scattering coefficient)
appearance of absorption bands at energies below the absorption

edge. The rate of reduction of these neutral MdO@mains may 2.3 Chemisorption Studies.Chemisorption data were col-

be related to the ability of these materials to form Brgnsted lected using a Quantachrome 1C Autosorb apparatus. Samples
acid sites under reaction conditions. were heated in He at 0.083 K'sto 673 K and held fo4 h in

Raman spectroscopy is a valuable tool for the characterizationorder to remove adsorbed® and CQ before CQ adsorption
of dispersed metal oxides. It detects vibrational modes of surfacemeasurements. After cooling to 313 K, samples were evacuated
and bulk structures, which can be related to molecular structuresand a CQ adsorption isotherm was obtained between 2.7 and
by comparison with standard compound spectra or with 53 kPa. The low-pressure linear part of the isotherm was
theoretical calculations. The accuracy, reliability, and interpreta- extrapolated to zero pressure to calculate chemisorption uptakes.
tion of the Raman spectra of metal oxide catalysts have beenSamples for H chemisorption were dried at 723 K in air and
discussed recentBf. Supported tungsten oxide catalysts have reduced in Hat 523 K for 1 h. After evacuation,+adsorption
been widely studied, with emphasis on samples with low,WO isotherms were obtained between 2.7 and 53 kpatt$23 K.
surface densities op-Al,O3 support$! Some recent studies ~ Physical surface areas were obtained kypNysisorption at 77
of WO,—ZrO, samples have detected polytungstate and crystal- K (after dehydration in Nfor 2 h at 473 K)using a Quantasorb
line WO;s species at relative concentrations that depend og WO surface area analyzer (Quantachrome Corporation) and standard

concentration and oxidation temperatéte?* In this study, ~ multi-point BET methods. '
Raman spectroscopy is used to determine how the intensity of 2.4 Raman SpectroscopyRaman spectra were obtained
bands corresponding to the internal\® stretch in bulk WQ using a HoloLab 5000 Research Raman Spectrometer (Kaiser

crystallites and the terminal WO stretch are related to the  Optical Systems, Inc.) equipped with a 532 nm diode-pumped
dispersion of WQspecies for dehydrated WOZrO, samples solid-state laser (Coherent Laser Group) and a thermoelectrically
with a wide range of WQconcentrations (326 wt % WQ;) cooled CCD detector (Princeton Instruments, Inc.). W2xO,

and oxidation temperatures (933283 K). samples were pressed into 1.0 cm diameter wafers and placed
within a controlled atmosphere quartz cell containing Heraeus
2. Experimental Section Amersil Suprasil 311 quartz optical windows. Samples were

dehydrated in situ by heating to 673 K in flowing air (Zero

2.1 Synthesis.ZrO(OH)s—2« supports (295 fg™') were Grade, 1 cris ) for 1 h and then cooled to 373 K to measure
prepared by the hydrolysis of 0.5 M ZrOGRIdrich Chemicals,  Raman spectra. Spectra were normalized by the applied laser
>98%) aqueous solutions fed at 500%m* into a well-stired  power (laser exposure time). Mixtures of Lorentzian and
vessel with a pH of 10 held constant by the controlled addition Gauyssian basis functions were chosen to fit Raman spectra using
of NH4OH (14 N) The precipitate was dried at 423 K Overnight nonlinear |eas[-squares methods.
after residual Ct ions were removed<{10 ppm) by thorough
washing. The dry Zr(JOH),4—»« solids were impregnated to the 3. Results/Discussion
point of incipient wetness with ammonium metatungstate
((NH4)eH2W12040, Strem Chemical, 99:0%) aqueous solutions.
These samples were placed in shallow quartz boats (5 g each)
heated at 0.167 K3 to the final oxidation temperature (773
1283 K), and held isothermalif@ h in dry airflowing through
a 25 mm quartz tube (4 chs~1). Tungsten oxide loadings are
reported as a percent by weight of W(@®—26 wt % WQ;) in
the oxidized (dehydrated) samples. Several samples were
analyzed by atomic absorption to confirm the accuracy of these
nominal WQ loadings & 0.3 wt % WGQ) and to show that
WOy does not sublime even at the highest oxidation tempera-
tures of our study.

2.2 UV—Visible Diffuse Reflectance SpectroscopyJltra-
violet—visible (UV—vis) diffuse reflectance spectra of WO
ZrO, samples and standard W@ompounds were obtained
using a Varian (Cary 4) spectrophotometer with a Harrick-
Scientific Praying-Mantis diffuse reflectance accessory and in
situ cell (DRA-2CR). Samples were lightly ground using an
agate mortar and pestle to form agglomerates smaller than 0.1

3.1 Analysis of UV—Visible Absorption Edge Energy.The
optical absorption edge energies of crystalline and amorphous
WOy species were obtained from diffuse reflectance-tis
absorption spectra. The optical absorption edge energy is defined
as the minimum photon energy required to excite an electron
from the highest occupied molecular orbital (HOMO, at the top
of the valence band in semiconductor domains) to the lowest
unoccupied molecular orbital (LUMO, at the bottom of the con-
duction band). There are two basic types of electronic transi-
tions, direct and indirec® Direct transitions require only that
photons excite electrons, while indirect transitions also require
concerted vibrations and energy from the crystal lattice (phonons).
The energy dependence of the absorption coefficientfgr
semiconductors in the region near the absorption edge is given

by

— n
o D% 3)
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wherehv is the energy of the incident photon afg is the 10
optical absorption edge energy; the expongdepends on the
type of optical transition caused by photon absorptfoin
crystalline semiconductors, where crystal momentum is con-
served and electron transitions obey well-defined selection rules,
nis 1/2, 3/2, 2, and 3 when the transitions are direct-allowed,
direct-forbidden, indirect-allowed, and indirect-forbidden, re-
spectively. In general, transitions that are forbidden by symmetry
selection rules have a lower probability of occurriiy [J (hv

— Ep)] and transitions that require phonons have an additional
(hwv — Eo)%? factor that arises from the dependence of the
absorption coefficient on phonon energy. In amorphous, ho-
mogeneous semiconductors, the valugy @ 2 irrespective of

the type of transition found in crystalline materials of the same
compositior?” The momentum vector is not conserved in
amorphous materials; therefore, an integration has to be
performed over the density of states, resulting in an energy
dependence similar to that for indirect transitions. i AT

With an appropriate choice of, a plot of @hv)¥" vs hv is 2 3 4 5 6
linear near the edge and the intercept of the line on the abscisse
(at (@hv)¥1 = 0) gives the optical absorption edge enekgy Photon Energy (eV)

Previous studies have shown that the fundamental absorptiongigyre 1. Absorption edge energies are determined by the intercept
edge of WQ crystallites is caused by indirect electron transi- of a linear fit to the absorption edge. (A) Monoclinic W(E, = 2.59
tions?® and that a plot of hw)2 vs hv is linear near the edge  eV) and (B) 15% WQ-ZrO,, 1073 K oxidation & = 3.22 eV) are

for amorphous W@films.2°We find a similar linear dependence ~ shown for example.

for small WQ, domains, for which band theory does not strictly

apply. A large density of available 5d states and static disorder

in W—0 bond lengths and angles leads to a broad distribution

of states that can be analyzed using methods applicable to band: 15
of energy levels. Therefore, a valuempf= 2 was used in this

study in order to define the absorption edge for WarO, L
samples containing crystalline WY©r amorphous WQspecies

in isolated or polytungstate domains.

In the diffuse reflectance experiments, YVis reflectance -3 10 |
data cannot be used directly to measure absorption coefficientsg
(o) because of scattering contributions to the reflectance spectra. L
Scattering coefficients, however, depend weakly on energy and
F(R.) can be assumed to be proportional to the absorption
coefficient within the narrow range of energy containing the
absorption edge features. Then, a plot BfR.)ehv)" vs hy
can be used to determine the absorption edge energy. An
excellent fit was obtained using this methog € 2) for
amorphous WQ domains on ZrQ and for a crystalline

[F(R,)-hv]™

monoclinic WG sample (Figure 1), which confirms that this 0

method gives a precise value of the absorption edge energy 2 3 4 5 6
(£0.03 eV). Most absorption spectra in this study, including

those of molecular WQclusters, are also described accurately Photon Energy (eV)

in this manner as determined by the linearity of the plot when Figure 2. Diffuse reflectance UV+vis absorption spectra of crystalline

_ _ i et tungsten oxide reference compounds: (A) monoclinic V(@)
7 = 2. WO—ZrO, samples containing two or more distinct - )
WO structures, however, require deconvolution to separate thegqneéitg??\lsés\t/%Ll(Nbelezom (C) paratungstate, (NfhoH2W 12042,
multiple absorption edges. The nonlinear region found at _ ' _ -
energies lower thaB, is known as the Urbach taif;it is related maximum?33* Methods based on direct transitions or peak
to low-frequency acoustic modes that lead to fluctuations in position emphasize the region of high optical absorption near

the band gap. It is often represented by an empirical relation the edge, where the Kubetk&unk function becomes nonlinear

valid for hv < Eg: in absorber concentration and underlying assumptions become
inaccurate?®
o O explp(hv — E)/KT] 4) 3.2 UV—Visible Absorption Spectra of Tungsten Oxide
Standards. UV —vis absorption spectra were measured for
whereo is a constant. various crystalline WQstandard compounds of known com-
It is interesting to note that the other crystalliffetdinsition position and structure. These samples cover a wide range of

metal oxides (Mo@, V.0s, and TiQ) also show an indirect WO, domain size, coordination symmetry, and absorption edge
absorption edge and can be analyzed by the method outlinedenergy (Figure 2). Dehydrated N&O4-H,O (Aldrich Chemi-
above (withy = 2) 31 Several studies, however, have described cals, 99.995%) consists of molecular (isolated) four-coordinate
UV —vis spectra using the formalism for direct-allowed transi- W®" centers tetrahedrally coordinated to oxydg€remd gave
tions (7 = 1,)1832 or the position of the first absorption the highest absorption edge energy value (4.89 eV) among the
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samples examined. Six-coordinate®®in monoclinic WQ

(Aldrich Chemicals, 99.995%), which contains \Wepecies in

an extended three-dimensional crystalline network of distorted 15

octahedra bonded to six neighboring octahedra (distorted ReO

structuré’), gave the lowest absorption edge energies (2.59 eV).

WO, domains of intermediate size, such as those found in iso-

polytungstate clusters containing octahedra bonded through

corners and edges, showed intermediate values of the absorp- . 10 |

tion edge energies. For example, absorption edge energies forn:8

Wi, clusters in ammonium metatungstate [(Ngt2W12040, -~

Strem Chemicals, 9949%] and ammonium paratungstate

[(NH4)10H2W1204,, K&K Laboratories 99.9%] were 3.23 and

3.54 eV, respectively. 5L
The absorption edge energy for these crystalline,\ét@nd-

ards is strongly influenced by the number of Wgblyhedra

neighbors bonded throughYWO—W bonds and by the number

of bonds between each polyhedra. Quasi-infinite Md@mains

in monoclinic WQ contain WQ octahedra with six W@ 0 . A ol —— . -
neighbors and have an edge energy that is 2.3 eV lower than 2 3 4 5 6
that found for isolated WQspecies. The smaller difference in

the absorption edge energies between the two polytungstate Photon Energy (eV)

clusters, both of which contain Wi@ctahedra with four W© Figure 3. Diffuse reflectance UVvis absorption spectra of a 26%

neighbors, reflects differences in bonding between thesWO wO,—zrO, sample oxidized at (A) 1073 K, (B) 973 K, (C) 873 K,

octahedra. Metatungstate contains a larger fraction of edge-and (D) 773 K.

sharing octahedra relative to corner-sharing octahedra and

therefore has greater molecular orbital overlap between octa-proximations required in its derivation become inappropriate.

hedra and a narrower HOMELUMO gap because of the more  For these small domains:@ nm), extended Hzkel calculations

extensive “communication” of electrons between octahedra. have been used to predict the separation between energy
Webet8 reported an apparent linear correlation between the levels?94! Calculations for MoQclusters have confirmed that

number of nearest Mo(neighbors in crystalline MoQstan- the separation between energy levels continues to increase for
dards and the absorption edge energy calculated using thecrystalling domains smaller than 2 rfiThese calculations have
formalism for direct-allowed electronic transitiong € /). also confirmed that the HOMOLUMO gap strongly depends

Detailed analysis, however, suggests that the fundamentalon the number of nearest polyhedral neighbors and the number
absorption edge for crystalline MgCarises from indirect-  of bonds between each of those neighbors (corner- or edge-
allowed electron transitior®§,although analysis based on direct shared polyhedra}. In addition, these studies have shown that
transitions leads to similar qualitative trends with domain size. absorption energies are influenced less by the local symmetry
This analysis based solely on the number of next nearestaround M&" centers (tetrahedral or octahedral) and by the
neighbors provides a useful directional relationship, but it metal-oxygen bond lengths.
neglects smaller shifts in the absorption edge energy as a result 3.3 UV—Visible Absorption Spectra of WOx—ZrO
of differences in bonding configuration (edge- or corner-shared Samples. UV—vis diffuse reflectance absorption spectra of
polyhedra) and of bonding between the polyhedra and the WOx—ZrO; with varying WQ, concentrations and oxidation
support. In this manner, the number of nearest neighbors intemperatures are shown in Figures-8 A sharp rise in
amorphous samples may be approximated using the absorptiorftbsorption occurs between 2.6 and 3.6 eV as a result of ligand-
edge energy of crystalline standards if the details in bonding to-metal charge transfer — Wsq—0Op); the energy required
between polyhedra and support effects are also considered. for this transition depends strongly on W€bncentration and
The absorption edge energy has also been shown to depen@xidation temperature. UVvis absorption spectra for a 26%
on crystallite size for small semiconductor nanocrystal$q0 WO,—ZrO, sample oxidized at temperatures between 773 and
nm) for which bonding geometry remains the sath&he 1073 K are shown in Figure 3. The absorption spectra shift to
energy of an electronic transition is well defined for any lower energies with increasing oxidation temperature and a
crystallite size. The momentum of the excited electron, however, second edge appears, at an energy similar to that in bulk
becomes less accurately defined as the position is restricted bymonoclinic WQ; crystals, when oxidation is carried out above
placing it within smaller crystallites. As a result, the separation 1073 K. On the latter samples, the presence of crystalling WO
among energy levels or bands increases as the crystallite sizdhas been confirmed by X-ray diffractidhlncreasing oxidation
is reduced, as in the “particle-in-a-box” construct of elementary temperature leads to increased Z<intering rates and loss of
guantum mechanics. These quantum confinement effects havesupport surface aréaAs a result, the average distance between
been described accurately by an analytical expression (eq 5)dispersed WQoctahedra on the ZrOsurface decreases and
that can be used to calculate experimental shifts of absorption WOy surface density increases with increasing oxidation tem-
energies AE) with crystallite size for crystallites larger than 2 perature. As the coverage of the Zr@ipport by WQ species
nm2a° increases, the dispersed \W&pecies eventually form WO—W
bridging bonds between neighboring W@roups, resulting in
R 1 n 1 the formation two-dimensional polytungstates and three-
- E[ﬁ ﬁ] dimensional WQcrystallites. The formation of these WD—W
bonds between Wgnctahedra leads to larger domains and to
This expression becomes inaccurate for domains smaller thana narrowing of the HOMG LUMO gap, as predicted by Masure
2 nm, because the periodic lattice and effective mass ap-et al*! and confirmed by the data in Figure 3.

AE

2
16?;} + polarization term  (5)
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Figure 4. Diffuse reflectance UV-vis absorption spectra of WO
ZrO, samples oxidized at 973 K containing (A) 26%, (B) 20%, (C)
12%, (D) 9%, (E) 3%, and (F) 0% WO
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Figure 5. Diffuse reflectance UV-vis absorption spectra of WO

ZrO, samples oxidized at 1073 K containing (A) 26%, (B) 15%, (C)
12%, (D) 9%, (E) 3%, and (F) 0% WO

Absorption spectra for several WoZrO, samples containing
3—26 wt % WGQ; oxidized at 973 K or at 1073 K are compared
in Figures 4 and 5 with spectra for ZgQoxidized at 873 K).
The absorption spectra for various crystalline Zsamples (not

Barton et al.
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Figure 6. Indirect absorption edge energies of WKZrO, samples at
several oxidation temperatures and tungsten loadings. Two crystalline
tungsten oxide materials (monoclinic W@nd ammonium metatung-
state) are shown for reference. Dashed curve is a summaryyéne
isomerization rates per W atoth[523 K, 0.66 kPao-xylene, 100

kPa H).

3.4 UV—Visible Optical Absorption Edge Energies.3.4.1
WG Surface Density and Domain Siggptical absorption edge
energies were calculated from UWis diffuse reflectance
spectra for the WQ-ZrO, samples from Figures-3 and
several other WQ-ZrO, samples at other W&oncentrations
and oxidation temperatures using the formalism for indirect
transitions given by eq 3y(= 2). Absorption edge energies
fall into a single curve for all samples when plotted against
WO surface density (W nn#, from BET surface area measure-
ments and WQ concentration), irrespective of whether WO
surface density changed because of varying,\&centration
or oxidation temperature (Figure 6). Therefore, the electronic
structure and the domain size of \W&pecies on Zr@surfaces
depend only on WQsurface density. In a previous study, we
have also shown that the ratemkylene isomerization (per W
atom) on these samples also depends only on, \&ldface
density, and not the method used to achievé The dashed
“volcano curve” in Figure 6 shows the previously reported
dependence of isomerization rate on YWDrface density for
comparison.

The data in Figure 6 suggest that absorption edge energies
can be grouped into three distinct regions with characteristic
surface density ranges of@ W nn12, 4—8 W nnT2, and>8
W nm~2, Within the first region, the absorption edge energy is
3.494 0.02 eV and it is not affected by WQurface density.

In the second region, the absorption edge shifts linearly from
3.49 to 3.16 eV, and it maintains a constant value of 3t16

shown) are nearly independent of crystallite size and type 0.05 eV aboe 8 W nnt2in the third region. In this latter region,

(monoclinic or tetragonal); therefore, only a single Zi<pec-

a second absorption edge appears at 2.6 eV, the absorption

trum is included as reference. Clearly, a second absorption edgantensity of which increases monotonically with increasing WO

corresponding to Zr@appears in all WQ-ZrO, samples with
WOy concentrations less than 20 % \WQhe intensity of the

surface density.
The density of acid sites (per W atom) detected by acid-

WO, absorption edge increases and shifts to lower energies withcatalyzed isomerization reactions reaches a maximum (reflected
increasing W@ concentration as expected from the growth of in the isomerization rate per W atom) at W@ensities of about
WO, domains by formation of corner- and edge-shared,WO 8—9 W nn12 (dashed curve in Figure 6). The data in this

octahedra at higher WQurface densities. This increase in WO

volcano-shaped curve also contain three distinct regions that

concentration has an effect similar to that of increasing the can be grouped within ranges of We@urface densities (04,
oxidation temperature, because they both tend to increase thet—9, and>9 W nm2) similar to those used for U¥visible

WO surface density and domain size.

edge energies. At low WOsurface densities<(4 W nni3),
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SCHEME 1. Evolution of Octahedral WOy Species on ZrQ Surfaces with Increasing WQ, Surface Density

la: (0-4 W nm-2) 1b: (4-8 W nm?) Ic: (>8 W nm™)

reaction rates are too low to measure. Isomerization ratesnm~2) was used to determine the fraction of the Zirface
increase with increasing W@ensity for values between 4 and covered by WQ Carbon dioxide chemisorption uptakes on bulk

9 W nm 2, and then decrease for densities higher than 9 W WO; crystallites were negligible (0.01 Génolecules nm?).
nm~2. Near-edge X-ray absorption spectra of dehydrated WO  The calculated WQcoverage on Zr@increases linearly as WO
ZrO, with a wide range of WQsurface density (315 W nnt?) surface density increases within the submonolayer regiod (0
has shown that W centers are present in distorted octahedra W nm~2). WO, coverages reach a constant value of about 90%
similar to each other and similar to those in crystalline WO at 4.0 W nn2 and do not increase further as W@urface
throughout the entire range of W@urface density. Thus, the  density increases, suggesting that a small fraction of basic sites
observed changes io-xylene isomerization rates cannot be on ZrO, remains exposed even at \WW@ensities for which the

attributed to the evolution of less-active tetrahedral )it condensation of W@ octahedra and formation of three-
more active W species with octahedral structure as,$i@face dimensional clusters occurs.
density increases, a process detected for\8ffecies on WQ- The linear increase in coverage with increasing V8@ face

Al,03 sampleg? At low WO, surface densities, tetrahedral WO  density between 0 @4 W nnt2 is consistent with well-
species form on AD; because stable AWO,)s-like species dispersed WQspecies (Scheme 1a) that titrate £lnding
can form, whereas there are no tetrahedral, \8fcies found sites on ZrQ with 1:1 stoichiometry. Apparently, these isolated
on ZrO,, because none of the known Zr(\W@structures exhibit WOy species are stabilized through multiple\@—Zr bonds
tetrahedral W@ centers. between each Wgoctahedra and the ZgOsurface. These
3.4.2 Low WQ Surface DensitiesNO,—ZrO, samples with isolated WQ octahedra reach saturation coverage (4 W#Hm
low WO surface densities (@ W nnT2) show a constant  at about half of the theoretical polytungstate monolayer (7.8 W
absorption edge energy (3.49 eV) and contain very few acid nm~2), which was estimated by the density of W€pecies in
sites capable of-xylene isomerization at 523 K. The constant a two-dimensional plane of corner-shared ¥\6@tahedra with
absorption edge energy suggests that the connectivity betweenNV—0O bond distances corresponding to those in low-index planes
WO groups is not influenced by surface density at low, sub- of monoclinic WQ crystallites. This saturation coverage of
monlayer coverages. Extendeddtel calculations predict that  isolated monotungstate species on Zr@grees well with
the formation of metal oxide dimers and oligomers from isolated previous estimates from Raman spectroscopic data (4.0 W
oxide species would shift absorption edge energies to lower nm2).22 At WO, surface densities within the submonolayer
values*! Apparently, WQ groups do not interact with each other region (0-4 W nnm2), optical absorption spectra, GGhemi-
to form bridging W=-O—W bonds until surface densities are sorption uptakes, and X-ray absorption spectra are all consistent
greater tha 4 W nn12. Below 4 W nnm2, the ZrG surface with the existence of isolated monotungstate y\@@tahedra
stabilizes dispersed W@pecies that are electronically isolated that are difficult to reduce and are not able to promote the
from each other (Scheme 1a). Near-edge X-ray absorptionisomerization ofo-xylene at 523 K.

spectra show that these isolated \\&pecies exist in distorted 3.4.3 Intermediate WQOSurface DensitiesAt intermediate
octahedral symmetry, and temperature-programmed reductionWOy surface densities 48 W nn12), absorption edge energies
studies indicate that these species reducesiattsignificantly decrease and-xylene isomerization rates per W atom increase
higher temperatures than polytungstate species og \&/s- markedly as WQ surface density increases. The decrease in

tallites# The absorption edge energy for these disperseds WO edge energy shows that electrons become delocalized in larger
octahedra on Zr&X3.49 eV) is significantly lower than the edge  domains through bridging WO—W bonds that are found within
energy for truly isolated Wgtetrahedra in NaVO, (4.89 eV), polytungstate two-dimensional structures (Scheme 1b) and small
and resemble more closely the dispersedMé@ahedra present  (WOg), clusters. Initial W-O—W bonds form by condensation
on Al,O3 (3.95 eV). It is likely that the large distortions to the  of isolated WQ species as the surface area of the ZsGpport
WO polyhedra caused by covalent bonds with Zig Al,O3 decreases and the W6urface density increases during oxida-
increase the effective domain size of the dispersed,WO tion treatments. Increasing the surface density of \Waecies
polyhedra by allowing the delocalization of electrons within the within this region (4-8 W nnm12) leads to a monotonic increase
Zr or Al next nearest neighbors, but to a lesser extent than whenin WO, domain size until a constant domain size is reached
the next nearest neighbor is W. corresponding to a polytungstate monolayer at 8By nnt2.
Carbon dioxide chemisorption uptakes were used to measureThe density of WQspecies within this polytungstate monolayer
the fraction of the Zr@support covered by Wpecies. Carbon  is very similar to the theoretical polytungstate monolayer (7.8
dioxide selectively binds to basic sites on Zré@nd therefore W nm2).

was used to determine the fraction of exposed,Ziis method The edge energies of these two-dimensional polytungstate
has been shown to accurately determine the coverage of TiO structures (3.163.49 eV) are very similar to those in isopo-
supports by WQspecies? The average value of G@&hemi- lytungstates (e.g., ammonium metatungstate, {dHb\W1,040,

sorption uptakes at 313 K on several pure Zs@mples oxidized 3.25 eV) (Figure 6). Temperature-programmed reduction studies
at various temperatures (773073 K, 2.17 C@molecules of WO,—ZrO, samples with intermediate W@®urface densities
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SCHEME 2. Generation of Brgnsted Acid Sites in the - 1.0
Presence of H by Slight Reduction of a Neutral o / °
Polytungstate Structure and Charge Delocalization to ) - ¢ L4
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show that these polytungstate species begin to reduce atg -®
temperatures that are quite similar to a heteropolytungstate (12-u': J
A 00— L by
tungstophosphoric acid) and at significantly lower temperatures 0 5 10 15 20

than isolated WQ species’ WO, octahedra in these three-
dimensional heteropolytungstates are connected within the - -2
wrapped surface and not through the center insulating atom; WOxSurface DenSIty (W nm )
therefore, their domain size and reducibility is close to that of Figure 7. Fraction of ZrQ surface covered by WQspecies,
a two-dimensional polytungstate. Maximumxylene isomer- determined by C@chemisorption at 313 K.

ization rates and therefore highest acid site densities are also
found on WQ-ZrO, catalysts near polytungstate saturation

coverages because of an apparent compromise between WO __ 807
accessibility to reactants and the ease of reduction ofy WO :g
domains; the latter appears to be required in order to form “, 720

Brgnsted acid sites from neutral W®pecie&’ (Scheme 2).
Hydrogen chemisorption and reduction measurements confirm-
ing this proposal are reported as a function of \\&Drface
density in the last section of this paper. These measurements
provide strong evidence for Brgnsted acid site generation via
the mechanism in Scheme 2.

3.4.4 High WQ Surface DensitiesAt high WO, surface
densities €8 W nn1?), absorption edge energies remain
constant at 3.19 eV and a second absorption edge appears at
lower energies (2.61 eV) for surface densities above 12 Wnm
(Figure 6). The intensity of this new absorption feature increases
with increasing WQ surface density and occurs at an energy
similar to that in monoclinic W@crystallites. X-ray diffraction E ) ) . . \X 5
detects the incipient formation of WQrystallites at surface ! : : : '
densities abovep 10 W nmi* WOs crystZ\IIites on the latter 0 200 400 600 800 1000 1200
WO,—ZrO, samples are also apparent from their yellow color, . A
their Raman spectra (Figure 8), and from the appearance of a Raman Shift (cm )
distinct WQs to W02 reductlon feature .|n temperature- Figure 8. Raman spectra of (A) monoclinic WQ(B) 6% WO~
programmed reduction profiléWe have previously suggested 7,0, oxidized at 1223 K (11.2 W i), and 15% WQ-Zr0, samples
that the decrease io-xylene isomerization rates per W atom  oxidized at (C) 1223 K (13.9 W nm), (D) 1123 K (10.8 W nm?),
observed in these samples with increasing surface density isand (E) 1023 K (4.5 W nrr?).
caused, in part, by a decrease in YMfspersion, which leads
to inaccessible WQspecies within W@ crystallites!” 6). These extracted edge energies are very similar to those

The absorption edge energy for polytungstate structures inmeasured for polytungstate species that lead to maximum
samples containing W4like absorption features is difficult to ~ 0-xylene isomerization rates. This bimodal distribution of edge
extract from experimental spectra because of significant overlap energies suggests that polytungstate monolayers on &r®
between W@ and polytungstate features. For these samples, avery stable and that W{&pecies in excess of those required to
scaled spectrum for bulk Wvas subtracted from WE-ZrO, form this monolayer bind weakly to it and tend to agglomerate
spectra in order to resolve the polytungstate absorption edge.into WO;s crystallites during oxidation [Scheme 1c]. The stability
Nonlinearities in the KubelkaMunk function at high absorber  of polytungstate monolayers on Zf@ related to the strong
concentrations resulted in imperfect fits when these pseudo-W—O—Zr bonds between the WQoctahedra and the ZgO
absorption spectra were used to describe the spectra for physicasurface as suggested by high reduction temperatures of isolated
mixtures of pure crystalline Wgand ZrQ. The absolute error WOy species and by their stabilization of Zr®Gurface ared.
in edge energies for these mixtures, however, was &n@.1 Crystallites of bulk W@ grow from the excess W{species
eV, and the method was used to obtain the edge energy valuedecause the WO—W bonds that bind these octahedra to the
for samples with surface densities above 12 W-ArfFigure polytungstate layer are weaker than the-®-Zr bonds, and

Normalized Intensity (
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at the high oxidation temperatures used these octahedra car<x
. ) > 180
migrate on the surface and agglomerate into crystals ogWO X

that minimize surface free energy. g

An attempt to quantify the amount of crystalline /@ S 150 é
WO,—ZrO, samples based on the W@bsorption spectrum £ /
scaling factor gave inaccurate results. Samples containing similarg s
amounts of bulk W@but with different crystallite sizes resulted g 120
in a WG; scaling factor that varied with crystallite size. The m /
penetration depth of photons in W®pecies is expected to be = ,{
quite small at energies above the absorption edge energy; ® 90 - J/
therefore, only a small fraction of the W@bsorbers in a large g L] J/
WO;s crystallite are probed by incoming photons. As a result, g /
large WQ crystallites that consist primarily of internal WO — ~~ 60 - /
species have a much smaller effective absorption cross sections? 4

than smaller W@crystallites, making calculations of the amount ;
of crystalline WQ from UV—vis absorption measurements

30 + /
inaccurate. 8

Q .

3.5 Raman Spectra of WQ—ZrO , Samples Raman spectra ; 0 ../ L L L L
of several dehydrated W©ZrO, samples and of crystalline 0 5 10 15 20 25 30
WOQO;3; are shown in Figure 8. Polytungstate structures, with a
Raman band at 880 cth?? are observed in the WO ZrO, WO_ Surface Density (W nm'z)
sample with the lowest WQsurface density (4.5 W nm, X
Figure 8(E)). The strong Raman feature at 1019 tim this
sample has been assigned to the symmetric stretch mode o
terminal W=0 bonds!* which are present in monotungstate and
polytungstate species and at the surface ofWi@stals. WQ
species also show Raman bands below 680¢crout these
features overlap with those of tetragonal and monoclinic,ZrO
The incipient formation of crystalline W{appears at WQ
surface densities above 4.5 W nfnRaman bands correspond-
ing to crystalline WQ (Figure 8(A)) appear at 808, 720, and
275 cnt?l; these bands correspond to\M® stretching, W-O
bending, and W-O—W deformation modes, respectiveli/*6
Raman scattering cross sections for crystalline 3/ét@ much
greater than for surface polytungstate spetiess a result,
WO; bands tend to dominate the spectra and prevent the
detection of polytungstate species, even when the latter are
the most abundant surface structures. At intermediate, WO
surface densities (59 W nnm?), the small WQ crystals
detected by Raman are below the detection limit of X-ray
diffraction and U\+-vis absorption measurements. Their detec- Br
tion in Raman spectra suggest that the same mechanism th
leads to polytungstate species occasionally leads to a ver
small fraction of weakly bound Wspecies that agglomerate
into small WQ crystals. As WQ surface density increases
further, the bands at 807, 720, and 270 érbecome more

Figure 9. Relative increase in internal WO bonds (807 cmt) with
][espect to terminal WO bonds (1019 cri).

bonds &5 W nn1?) to very large values as the spectrum of
large WQ crystallites becomes dominated by bulk\@—W
features. As WQsurface density increases, the relative number
of W—0 bonds within microcrystalline W&£and polytungstate
structures increases as W@omains grow in size, while the
number of surface (terminal) %O remains almost constant.
The observed increase in the ratio of intensities for these two
bands shows that the concentration of \W&pecies in W@
clusters increases as W@ensity increases. This is consistent
with the UV—vis absorption edge resultsa8 W nn2, which
suggest that upon formation of a stable polytungstate monolayer
on ZrO, excess weakly bound WGpecies readily agglomerate
into WOs crystallites. The accessibility of WOspecies to
reactants and their catalytic effectiveness decrease as WO
clusters grow with increasing surface density.
3.6 Reduction of WQ, Species and the Formation of
wnsted Acid Sites and Color Centers in H. We have shown
afhato—xylene isomerization rates and acid site densities for,k WO
yspecies on Zr@supports reach a maximum value at intermediate
WOy surface densities, for which a large fraction of the WO
species reside on the surface of polytungstate clusters and
. . . . ; Brgnsted acid sites form by delocalization of an electron from
intense, while the intensity of the 1019 ciband remains an H atom resulting in i speciess H, has a promoting effect
almost constant. on the rate of acid catalysis on W&ZrO,, and appears to be

In spectrum B (Figure 8(B); 6% W{ 1223 K oxidation,  required for the formation on Brgnsted acid sites in neutral WO
11.2 W nn1?), W—0 bands for WQ clusters (270, 720, and  structure<s

807 cntl) and terminal W=O bands (1019 crt) are similar WO,—ZrO, samples with>4 W nm2 acquire absorption
in intensity to those of samples with similar surface density pands in the visible region of the spectra in the presenceof H
(spectrum D; (15% Wg 1123 K oxidation, 10.8 W nr¥) but at a typical reaction temperatures (523 K). The appearance of
with different WQ, concentration and oxidation temperature. apsorption bands in the visible region can be visually detected
These data confirm that Wtructures depend only on WO by a change in color from white or light yellow to blue. In a
surface density and not on WQ@oncentration or oxidation  similar manner, crystalline W§yellow in color, forms a blue
temperature independently, a conclusion reached from the UV hydrogen bronze (}#VOs) in the presence of Hat 523 K,
vis data in the previous section. Figure 10. These color centers form in W€ZrO, samples

The ratio of integrated peak areas of the-@ stretch (807 without any changes in the absorption edge energy, suggesting
cm™Y) in microcrystalline WQ and the symmetric stretch of  that their formation does not reflect changes in ZW@main
terminal (surface) WO (1019 cm?) is shown in Figure 9 for size, but instead changes caused by placement of H atoms at
dehydrated WQ-ZrO, samples with various WQsurface the surface and in the bulk of WQlomains. Absorption of
densities (3-28 W nn12). The intensity ratio increases from a visible light at energies lower than the absorption edge occurs
value of zero for monotungstate species lacking-@+W because electrons from the H atoms are inserted into the WO
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Photon Energy (eV)

Figure 10. Reduction of monoclinic W@in 100 kPa H at 523 K
with 0.5 h interval between scans. The inset shows the initial spectrum,
F(R=)o, subtracted from each sample spectrum.
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Figure 11. Initial rate of formation of tungsten oxide color centers in
hydrogen at 523 K for a 26% W@ ZrO, sample oxidized at 773, 873,
973, and 1073 K, determined by integrationF{R.,) from 1.8 to 2.2
eV. Initial rate of formation of color centers for bulk @lotted for
reference.

LUMO and can be optically excited into unoccupied states
available at slightly higher energiésSimilar processes appear

Barton et al.

TABLE 1: Reversible H, Uptakes at 523 K and 27 KPa H
on WO,—ZrO, Samples (26% WQ, 773—-1073 K Oxidation)
after Reduction in H, at 523 K for 1 h

WO, surface reversible H uptake
density (W nnt?) (H atom/W atom)
4.1 0.001
6.5 0.009
8.5 0.026
15.6 0.010

the broad absorption band that appears during exposure to H
at 523 K in the visible region (1:82.2 eV). The rate of
formation of color centers is very low for the Wo&zZrO, sample

with the lowest WQ surface density (4.1 W nmi). These rates
increase with increasing W@urface density, and they approach
those measured on bulk W@rystallites. This suggests that
dispersed W@species cannot accommodate the negative charge
required to stabilize K, whereas polytungstate and crystalline
WO;s structures stabilize # with greater ease as W@omain

size increases. The H atoms are stabilized by donation of an
electron to electronegative W@omains (polytungstate or WO
clusters), which delocalize the negative charge with increasing
effectiveness as the size of these W@bmains increases.
Apparently, as absorption edge energies decreasg,dd@ains
accept electrons with greater ease because electrons are placed
in unoccupied molecular orbitals available at lower energies.
Effective WQ—ZrO, solid acids require that W@ omains must

be large enough to stabilize negative charge and charge-
compensating B species, but small enough to ensure that a
large fraction of the W@H™ remains accessible to reactants.

Hydrogen chemisorption uptakes were measured for several
of these samples in order to determine the number of H atoms
that reversibly bind to the WQspecies at typicab-xylene
isomerization reaction temperatures (523 K) after hydrogen
pretreatment and evacuation at the same temperature, Table 1.
Maximum hydrogen uptakes were recorded on the, WZO,
sample showing maximum isomerization rates (0.026 H/W, 8.5
W nm~2), suggesting that the formation of these reduced centers
is indeed related to the stabilization of carbocationic intermedi-
ates. When the-xylene isomerization rate on this WOZrO,
sample is normalized to the hydrogen uptake the apparent
Bregnsted acid site turnover rate (8<110°2 (H atom)y 1 s™1) is
much higher than that reported for zeolites(BSM5, Si/Al
= 14.5, 0.17x 1072 (Al atom)~! s71) under similar reaction
conditions (0.66 kPa-xylene, 100 kPa b 523 K)4°

Hydrogen uptakes were very low on W&¥rO, samples with
low WO, surface densities (0.001 H/W, 4.1 W n#), because
the isolated WQ@species are unable to delocalize the negative
charge required to stabilize high*Piconcentrations. Extended
WO, domains that form at higher WGurface densities can
delocalize the negative charge throughout several W&igh-
bors. This mechanism of delocalization of charge among several
WO, groups and formation of Brgnsted acid centers is similar
to the generation of the strong acid sites on heteropolytungstate

to account for the appearance of Brgnsted acidity; they requireclusters, where the negative charge on the central anion is

the presence of fht temperatures sufficient for its dissociation
and WQ structures capable of stabilizing the resulting H atoms
as H" by the mechanism in Scheme 2.

The rate of formation of these color centers, which is related
to the relative ability of the WQclusters to accommodate an
H atom with its corresponding electron, was measured for
several WQ—-ZrO, samples (26 wt % W¢ 773-1073 K
oxidation) with a wide range of Wsurface densities (416
W nm~2), Figure 11. Initial rates of formation were determined
by integration of the KubelkaMunk function (F(R.)) across

delocalized over the Wshell and balanced by H atoms with

a net positive charge (e.g., 12-tungstophosphoric 8¢ianuch
smaller hydrogen uptake was recorded in samples that contain
large WQ crystallites (0.010 H/W, 15.6 W nm) and show

the highest rate of formation of color centers. The formation of
color centers in W@crystallites is known to occur by both the
accommodation of H atoms in the lattice and by the thermal
desorption of oxygen which leaves behind a more closely packed
structure (WQyg) that has a reduced charge and is therefore
unable to accommodate the additional charge to make Als
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a result, the sharp decrease in catalytic activity at highyWO  m, = effective mass of hole (kg)
surface densities may reflect the inability of large WO n = electron transition exponent
domains to stabilize the additional electron required to accom- v = wavenumber (cmt)
modate H atoms asH, as well as a decrease in accessibility =~ P, = transition probability
of the WQ, species inside crystallites. R = radius of crystallite (m)
R. = reflectivity ratio
R = reflectivity
The domain size and structure of WG@pecies on Zr® S = scattering coefficient
supports were determined for a wide range of \\&Drface o = correlation parameter
densities using UVvis diffuse reflectance and Raman spec- T = temperature (K)
troscopies and COchemisorption. The WQdomain size is
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