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Preface

With advances in the area of metal oxide systems progressing sharply over the past
decade, there has been an increasing need for comprehensive surveys and texts
that can serve both as introductions for newcomers to the field and as reference
materials for the already established investigator. There is no doubt that this timely
and interdisciplinary work will emerge as an important milestone and will make a
significant impact.

Metal oxides belong to a class of widely used catalysts. They exhibit acidic
or basic properties, which make them appropriate systems to be used as supports
for highly dispersed metal catalysts or as precursors of a metal phase or sulfide,
chloride, etc. Simple metal oxides range from essentially ionic compounds with
the electropositive elements to covalent compounds with the nonmetals. However,
taking into account the large variety of metal oxides, the principal objective of this
book is to examine only metal oxides that are more attractive from the catalytic
point of view, and most specifically transition metal oxides (TMO). In particular,
TMO usually exhibit nonstoichiometry as a consequence of the presence of defect-
ive structures. The interaction of TMO with surfaces of the appropriate carriers
develop monolayer structures of these oxides. The crystal and electronic structure,
stoichiometry and composition, redox properties, acid—base character and cation
valence sates are major ingredients of the chemistry investigated in the first part
of the book. New approaches to the preparation of ordered TMO with extended
structure of texturally well defined systems are also included.

The second part of the book compiles some practical aspects of metal oxides,
with emphasis in catalytic applications. Metal oxides represent an expanding class
of compounds with a wide range applications in several areas such as materi-
als science and catalysis, chemical sensing, microelectronics, nanotechnology,
environmental decontamination, analytical chemistry, solid-state chemistry, and
fuel cells. Our basic knowledge on the metal oxide chemistry is relatively far from
that for metals, and as yet, little is known about fundamental relationships between
reactivity of oxide compounds and their chemical compositions, crystal structures,
and electronic properties at the surface. When examining the importance of metal
oxides, and specifically TMOs, in several reactions such as dehydration, selective
oxidations, olefin metathesis, VOCs removal, photocatalysis, water splitting, and
electrocatalysis, attempts will be made in order to connect properties of the oxides
and their reactivity. Since the catalytic phenomenon is confined to the external sur-
face of the solids where molecules or atoms interact, the study of this interaction

Xi



Xxii Preface

requires contributions from inorganic and physical chemistry, solid-state chem-
istry, quantum chemistry, surface science, reaction kinetics, and other branches of
science.

In summary, each chapter begins with an excellent introduction to the topic
concerned, which is followed by a good overview of the subject and more details
for the expert in the area. The book is intended to be used mainly as a research
monograph by a vast community of those working in the field of catalysis. How-
ever, it may also serve as a supplementary text for postgraduate students working
in the fields of industrial chemistry, catalysis, chemical technology, and physical
as well as in general chemistry.
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2 Metal Oxides: Chemistry and Applications

1.1 Introduction

Metal oxide catalytic materials currently find wide application in the petroleum,
chemical, and environmental industries, and their uses have significantly expanded
since the mid-20th century (especially in environmental applications) [1,2]. Bulk
mixed metal oxides are extensively employed by the chemical industries as select-
ive oxidation catalysts in the synthesis of chemical intermediates. Supported metal
oxides are also used as selective oxidation catalysts by the chemical industry, as
environmental catalysts, to selectively transform undesirable pollutants to nonnox-
ious forms, and as components of catalysts employed by the petroleum industry.
Zeolite and molecular sieve catalytic materials are employed as solid acid cata-
lysts in the petroleum industry and as aqueous selective oxidation catalysts in the
chemical industry, respectively. Zeolites and molecular sieves are also employed as
sorbents for separation of gases and to trap toxic impurities that may be present in
water supplies. Significant molecular spectroscopic advances in recent years have
finally allowed the nature of the active surface sites present in these different metal
oxide catalytic materials to be determined in different environments. This chapter
examines our current state of knowledge of the molecular structures of the active
surface metal oxide species present in metal oxide catalysts and the influence of
different environments upon the structures of these catalytic active sites.

1.2 Supported Metal Oxides

Supported vanadium oxide catalysts are employed as catalysts for o-xylene
oxidation to phthalic anhydride [3], ammoxidation of pyridine to picoline [4,5],
methanol oxidation to formaldehyde [6], methane oxidation to formaldehyde
[7], ethane oxidative dehydrogenation (ODH) to ethylene [8], propane ODH to
propylene [9,10] n-butane oxidation to maleic anhydride [11], SO, oxidation to
SO3 [12], and oxidesulfurization (ODS) of organosulfur compounds [13—15].
Supported vanadium oxide—tungsten oxide and supported vanadium oxide—
molybdenum oxide catalysts are extensively employed as catalysts for the selective
catalytic reduction (SCR) of NO, with NH3 to N> and H,O [16-18]. Supported
tungsten oxide and sulfated catalysts are efficient solid acid catalysts for hydrocar-
bon isomerization reactions [ 19—22]. Supported rhenium oxide and tungsten oxide
find application as olefin metathesis catalysts [23,24]. Supported chromium oxide,
vanadium oxide, and molybdenum oxide catalysts are employed to catalyze olefin
polymerization reactions [25-27], of there, supported chromium oxide catalysts
are commercially employed as alkane dehydrogenation catalysts [28]. Supported
molybdenum oxide and tungsten oxide are precursors to their corresponding
sulfides that are formed during hydrodesulfurization (HDS) of organosulfur com-
pounds [29,30]. Thus, the applications of supported metal oxide catalysts have
significantly expanded since their first applications in the mid-20th century.

It is important to know the molecular structures of the active sites present in
supported metal oxide catalysts in order to fully understand their fundamental
characteristics. Supported metal oxide catalysts consist of an active metal oxide
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phase dispersed on a high surface area oxide support [2,31]. The dispersed metal
oxide active phase is typically present as a two-dimensional metal oxide overlayer
on the high surface area oxide substrate. The molecular structures of the surface
metal oxide species have been found to be different than their pure metal oxide
phases [31]. For example, supported VO, possesses VO4 coordination and bulk
V105 consists of distorted VO5 coordination [32,33]. Furthermore, the molecular
structures of the surface metal oxide species are dynamic and strongly depend on
the specific environment (e.g., gas phase composition, temperature, and pressure).
This portion of the chapter will review what is currently known about the molecular
structures of the surface metal oxide species present in supported metal oxide
catalysts and the influence of different environments on the structures. Subsequent
sections of this chapter will show how these findings can be extended to other
mixed metal oxide catalytic materials.

1.2.1 Hydrated Surface Metal Oxide Species

Supported metal oxide species are hydrated when exposed to moist environments
and low temperatures (<230°C). Thus, all calcined supported metal oxide species
are hydrated at ambient conditions (room temperature and air exposed) [34,35].
The hydrated surface layer corresponds to a thin aqueous film that corresponds to
multiple layers of moisture [32]. The hydrated surface metal oxide species equi-
librate with the pH of the aqueous layer. The pH of the aqueous film is determined
by the pH at point zero charge (PZC) of the hydrated surface [36,37]. The net pH at
PZC is defined as the equilibrated pH of a hydrated surface when the net charge is
zero (protonated positive surface sites are balanced by an equal number of depro-
tonated negative surface sites). At pH values above the PCZ, the hydrated surface
becomes negatively charged, while for pH values below the PCZ, the hydrated
surface becomes positively charged. Thus, hydrated surfaces always equilibrate at
the pH at PZC in order to preserve charge balance.

The net pH at PZC for a supported metal oxide catalyst possessing monolayer
surface coverage is dependent on the pH at PZC value of the oxide support substrate
and the pH at PZC value of the pure metal oxide that is in the dispersed metal oxide
phase:

pH at PZC, (monolayer) ~ (PZCsupport + PZCldispersed oxide) /2 (1.1)

Both the oxide support and the dispersed oxide exert an influence on the net pH at
PZC because the thin aqueous film is in contact with both components (especially
when clusters of the surface metal oxides are present). Below monolayer surface
coverage, the pH at PZC is a function of the surface coverage of the dispersed oxide
and monotonically decreases from the value of the oxide support to the value at
monolayer coverage given by Equation (1.1) with increasing surface coverage.
The individual values of the pH at PZC for pure oxides at room temperature are
well documented in the literature [36—38] and are presented in Table 1.1 for typical
oxides encountered as oxide supports and active metal oxide phases.
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TABLE 1.1
pH at PZC for Oxide Supports and Active Surface
Metal Oxides

Support pH at PZC Active surface oxide pH at PZC

MgO 12.4 V,05 1.4
y-Aly 03 8.8 Nb,Os 43
CeOy 6.8 CrO3 (CrpO3) ws (7.0)
ZI'OZ 6.7 Ta205 ~4
TiOy 6.3 MoO3 1.2
Nb,Os 43 W05 0.7
SiOz 1.8 R6207 ws

ws — water soluble metal oxide.

MOO3/A|203
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FIGURE 1.1 The influence of the surface coverage of different surface metal oxides on the
net pH at PZC for a series of Al,O3 supported metal oxides

The influence of the surface coverage of different surface metal oxides on the
net pH at PZC for a series of Al,O3 supported metal oxides is shown in Figure 1.1.
The pH at PZC of the Al,O3 support is ~8.8 and continuously decreases as the
surface coverage of metal oxides with low values of pH at PZC is increased. Note
that at monolayer surface coverage the net pH at PZC of the different supported
metal oxide catalysts asymptotically reaches values intermediate between that of
the pure alumina support and the pure dispersed metal oxide phase.

The molecular structures of hydrated metal oxide species in aqueous solution
are well documented and depend on the solution pH and the metal oxide aqueous
concentration with the solution pH having the dominant effect [39]. For high pH
values, the hydrated metal oxides tend to be present as isolated MOy units in
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FIGURE 1.2 The V1 aqueous phase diagram

solution (e.g., VO4, CrO4, M0Q4, WOy, ReOy, etc.). For low pH values, the
hydrated metal oxides tend to be present as linear polymeric chains (e.g., (CrO3),,
with n equal to 2 or greater) and clusters (e.g., V19028, M07026, NbO19, TagO19,
W12039). One exception to this trend is aqueous rhenium oxide that is present
as isolated ReOy species at all pH values and concentrations. The aqueous phase
diagram of vanadium oxide is shown in Figure 1.2. The vanadium oxide molecular
structure is very sensitive to the aqueous pH and forms VO4 (orthovanadate),
V,07 (pyrovanadate), V3Oqg (trimer), V4013 (metavanadate or tetramer), V19Oag
(decavanadate), and V,0s. nH,O (V,05 gel) complexes.

The molecular structures of the hydrated surface metal oxides on oxide supports
have been determined in recent years with various spectroscopic characterization
methods (Raman [34,37,40-43], IR [43], UV-Vis [44,45], solid state NMR [32,33],
and EXAFS/XANES [46-51]). These studies found that the surface metal oxide
species possess the same molecular structures that are present in aqueous solution
at the same net pH values. The effects of vanadia surface coverage and the different
oxide supports on the hydrated surface vanadia molecular structures are shown in
Table 1.2. Asthe value of the pH at PZC of the oxide support decreases, the hydrated
surface vanadia species become more polymerized and clustered. Similarly, as
the surface vanadia coverage increases, which decreases the net pH at PZC, the
hydrated surface vanadia species also become more polymerized and clustered.
Consequently, only the value of the net pH at PZC of a given hydrated supported
metal oxide system is needed to predict the hydrated molecular structure(s) of the
surface metal oxide species.

The finding that only one parameter, the net pH at PZC, controls the
hydrated molecular structures of surface metal oxide species also has very
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TABLE 1.2
Hydrated Molecular Structures for Supported Vanadium Oxide
Catalysts as a Function of Surface Coverage and Specific Support

Observed molecular structures

Oxide support pH at PZC Low surface coverage High surface coverage

MgO 12.4 VOy4, V207, (VO3)n VOy4, V207, (VO3)s
Al O3 8.8 (VO3)n (VO3)n, V10028
ZrOy 6.7 V207, (VO3)n, V10028 V10028

TiO, 6.3 (VO3)n, V10028 V10025

SiOy 1.8 V;,05.nH,0 V5,05

important implications for the synthesis of supported metal oxide catalysts since all
preparation methods, for a given composition and catalyst system, must equilibrate
at the same net pH at PZC upon hydration. This means that the preparation method
cannot influence the final hydrated, as well as the subsequent dehydrated, surface
metal oxide molecular structures. This has been demonstrated for various sup-
ported MoO3/TiO; [52], MoO3/SiO; [53], and V,05/TiO; [52] catalytic systems
synthesized with different precursors and sources of oxide supports. Furthermore,
the specific phase of the oxide support (e.g., TiO; [anatase], TiO; [rutile], TiO>
[brookite], and TiO; [B]) also did not affect the hydrated molecular structures of
the surface metal oxide species for the same surface metal oxide coverage [54]. The
series of samples examined in these studies originated in many different catalysis
laboratories around the world and confirmed that the hydrated molecular structures
are independent of the origin of the supported metal oxide catalysts. These con-
clusions are further confirmed by a careful examination of the catalysis literature
containing reproducible structural characterization information of supported metal
oxide species.

The only different molecular structures were found for supported metal oxide
catalysts where the oxide support contained surface impurities such as Ca [55],
Na [55,56], Ca [53,56], and K [34,56]. These basic impurities alter the hydrated
molecular structures by increasing the net pH at PZC on the thin aqueous film
or directly reacting with the surface metal oxide species to form nanocrystalline
compounds (e.g., CaMoO4, NayMoO4, KoMoOy, etc.). The presence of nano-
crystalline metal oxide phases (e.g., V205, M0Os, etc.) in addition to the hydrated
surface metal oxide species below monolayer surface coverage typically results
from preparations employing precursors that have limited or low solubility in the
impregnating solvents (e.g., NH4VOj3 in water, V,0s in aqueous oxalic acid solu-
tion). In such instances, the metal oxide precursors are not well dispersed over the
oxide support surface and tend to form the crystalline metal oxide phases upon
calcination. For some supported metal oxide systems, it was observed that the sur-
face metal oxides were initially able to form hydrated complexes with the oxide
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support cations (e.g., silicomolybdic acid [57] and AIMogOy clusters [58,59]) for
specific preparation sequences, but such hydrated clusters are not stable at 300°C
and higher temperatures owing to the loss of waters of hydration, and decompose
during calcination to the conventional surface metal oxide species. Thus, the final
hydrated supported metal oxide catalysts affer calcination have no memory effect
of the prior presence of such hydrated complexes with the oxide support since they
decompose during calcination.

As the supported metal oxide catalyst temperature is increased, the thin aqueous
film evaporates and desorbs, ~100 to 200°C, from oxide surfaces to yield dehyd-
rated surfaces. If sufficient moisture is present in the environment at the elevated
temperatures, however, it is still possible to maintain an extensively hydrated
surface up to ~230°C [35]. At higher temperatures, the desorption rate of the
adsorbed moisture from oxide surfaces is very fast and the surfaces are essentially
dehydrated (<5% of the surface contains adsorbed moisture at steady-state when
moisture is present) [35].

1.2.2 Dehydrated Surface Metal Oxide Species

The dehydrated surface metal oxide species are not coordinated to water and,
therefore, their molecular structures are not related to those present in aqueous
solutions. Consequently, the pH at PZC model cannot be employed to predict
the dehydrated surface metal oxide structures. The molecular structures of the
dehydrated surface metal oxide species, however, possess similarity to the struc-
tural inorganic chemistry of bulk metal oxides because of the absence of water
ligands in both systems [60—62]. Instead of being solvated by coordinated water
in the aqueous solution complexes, the bulk metal oxide structures are coordin-
ated to various cations (e.g., K, Na, Ca, Mg, Fe, Al, Ce, Zr, Ti, etc.). Prior to
discussing the current understanding of the molecular structures of the dehydrated
surface metal oxide species, a brief review of the structural inorganic chemistry of
bulk metal oxides and their determination methods are presented to highlight the
molecular structural similarities, as well as differences, between these two- and
three-dimensional metal oxide systems.

1.2.2.1 Structural determination methods

The bulk metal oxide structures have been determined with extensive and highly
accurate x-ray diffraction crystallographic studies [60]. Unfortunately, the struc-
tural inorganic chemistry of dehydrated surface metal oxides on oxide supports
cannot be determined with x-ray diffraction crystallography because of the absence
of long-range order (>4 nm) in the surface metal oxide overalyers. Informa-
tion about the local structures of the dehydrated surface metal oxides, however,
can be obtained with in situ molecular spectroscopic techniques of dehyd-
rated supported metal oxides: Raman [31,63], IR [64], UV-Vis [44,50,65,66],
XANES/EXAFS [46-51,67,68], chemiluminescence [69], and solid state NMR for
certain nuclei (e.g., 'V, Mo, 'H, etc.) [32,33,70,71]. UV-Vis, XANES/EXAFS,
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chemiluminescence, and solid state NMR provide structural details about the
number of O atoms coordinated to a cation (e.g., MO4, MOs, or MOg) and the
presence of adjacent neighbors (M—O-M). The bridging M—O—M bonds are also
easily detectable with Raman spectroscopy and occasionally also in the IR overtone
region. Coupled Raman, IR, and isotopic oxygen exchange studies can establish
the number of terminal M=0O bonds (e.g., monoxo M=0, dioxo O=M=O0 or tri-
oxo M(=0)3) [64]. For isolated mono-oxo units, the M=O symmetric stretch, vy,
appears at the same frequency in both the Raman and IR spectra. In addition, the IR
overtone region exhibits only one band at ~2v;. For isolated dioxo structures, the
0O=M=0 functionality possesses both symmetric, vs, and asymmetric, vy, stretch-
ing modes that can be separated by about ~10 cm~! and the IR overtone region
exhibits three bands at ~2vs, vg + vas, and ~2v, that span over a ~20 cm™! range.
For isolated trioxo functionalities, the vibrational spectra are more complex and
multiple bands will generally be present in the stretching and overtone regions.
For dimeric monoxo species, where the M=0O bonds are in the cis configuration,
the vs and v, stretching modes are separated by ~10 to 50 cm™! and a triplet
of bands is also present in the overtone region. For dioxo dimers, the stretching
modes are separated by more than 50 cm™'. For polymeric monoxo and poly-
meric dioxo species, the fundamental stretching vibrations are not coincident and
the overtone region reflects the multiplicity of the fundamental stretching vibra-
tions. Raman is generally more sensitive to vs and IR is generally more sensitive to
vas- In the event that the O=M=0 bonds are separated by at a 90°, then the vibra-
tions will degenerate and the splitting of the bands will not be observed. Isotopic
160/130 exchange studies are able to split such degenerate vibrations by scram-
bling of the oxygen isotopes. For monoxo structures, two symmetric stretching
bands will be present due to M='°0 and M=!80 vibrations. For dioxo structures,
three symmetric stretching bands will appear due to 1°0=M=1°0, 180=M=180,
and '°0=M=80 vibrations, and four symmetric stretching bands should appear
for trioxo functionalities (M'03, M!80!¢0,, M!'30160, and M'#03). In addi-
tion, the isotopic shifts due to the substitution of the heavier 0 for '°O can also
be calculated for diatomic oscillators and compared with the observed isotopic
shifts [62]. Thus, the combination of these molecular spectroscopic measurements
coupled with isotopic oxygen exchange studies are required to obtain the complete
dehydrated surface metal oxide structures.

1.2.2.2 Vanadium (+5) oxides

The bulk structural inorganic chemistry of vanadium (45) oxides is the most
varied among the bulk metal oxides, and has been determined from extensive
x-ray crystallographic studies [60]. Bulk VO4 vanadate ions consist of isol-
ated (VOi_orthovandate), dimeric (VZO;‘_ pyrovanadate) or polymeric chain
((VO3)5~ metavanadate) structures. These four-coordinated vanadate ions are
distinguished by the number of bridging V-O—V bonds that are present in the
orthovanadate (0), pyrovanadate (1), and metavandate (2) structures, and are
charge balanced by cations (e.g., Na3VOy4, NagV,07, and Na,(VO3),). Bulk VOg¢
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vanadates are also very common structures, and are typically found in extended
vanadia structures. For example, the decavandate cluster in NagV19O2g consists of
five distinct distorted VOg sites [72]. The highly distorted VOg structures usually
possess one terminal V=0 bond (monoxo) with bond lengths between 0.158 and
0.162 nm. For some highly distorted VOg oxides, the sixth O is located very far
from the V atom that these compounds are effectively considered to possess VOs
coordination. This is the case for bulk V,Os5 that contains its 6 O atoms at 0.158,
0.178,0.188,0.188, 0.202, and 0.278 nm, with the most distant oxygen usually not
considered to be in the V coordination sphere. Several gas phase monoxo X3V=0
halide species are also known and their vanadyl vibrations vary from 1025 to
1058 cm™! with increasing electronegativity of the halides (Br < Cl < F) [61].
The dixo F,VO; and Cl VO, oxyhalide vibrations are observed at 970/962 and
970/959 cm™!, respectively. In summary, the rich inorganic chemistry of bulk
vanadium (45) oxide is built up from VO4, VOs, and VOg coordinated structures.

Spectroscopic characterization studies employing solid state 'V NMR
[32,33], XANES/EXAFS [46,47,73], UV-Vis [44], and chemiluminescence [69]
have revealed that the dehydrated surface VO, species consist of highly distor-
ted VO4 units up to monolayer surface coverage. Above the monolayer surface
vanadia coverage, V,Os crystallites, possessing VO5 coordination, are also present
on top of the surface VO, monolayer. /n situ Raman and IR spectroscopic stud-
ies have demonstrated that the dehydrated surface VO4 species possess only one
terminal V=0 bond [43,64,74] because of the same fundamental vibrational band
position detected by both techniques. The dehydrated terminal V=0 bond exhib-
its its fundamental vibration in the 1015 to 1040 cm~! region and its overtone
vibration at ~2036 cm™' [64,74,75]. The fundamental vibration is dependent
on the specific oxide support and the surface vanadia coverage. Isotopic oxy-
gen exchange studies, further confirm the presence of only monoxo surface VO4
species since the V=0 band splits into doublets [43,63,76]. The remaining three
oxygen atoms are coordinated to the oxide support cation, bridging V-O—S where S
represents the support, when the dehydrated VOy site is isolated. EXAFS/XANES
analysis concluded that the dehydrated surface VO4 species on SiOy is isolated
and contains a monoxo vanadyl structure, O—V(-O-Si)3 [46,77].

For supported V,05/Si0,, Raman and UV-Vis spectroscopy reveal only the
presence of isolated surface VO, species with a sharp band at ~1035 cm™! from
the terminal V=0 bond of the dehydrated surface VO4 species [77,78]. The over-
tone region exhibits a single band at ~2055 cm ™! consistent with a monoxo V=0
functionality [79]. The monoxo nature of the V=0 bond for the isolated surface
VOy species on SiO; was further confirmed by the splitting of this band into a
doublet during isotopic oxygen exchange [80]. The experimentally observed iso-
topic shift of 43 cm™! agrees well with the theoretically determined isotopic shift
of 45 cm™! for a diatomic V=0 oscillator [76]. The ~1035 cm~! vibration also
falls in the range observed for the vibrations of vanadyls in gas phase monoxo hal-
ides (1025 to 1058 cm™!). The low reactivity of the surface Si-OH functionality
is responsible for the low surface coverage and isolated nature of surface metal
oxides dispersed on the SiO; support [81].
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For non-SiO; supported vanadia catalysts, the simultaneous presence of dehyd-
rated polymeric surface VO4 species and dehydrated isolated surface VO4 species
is detected by in situ UV-Vis as a shift in the 0>~ — V>* charge transfer transition
from ~250 to ~300 nm, as well as a decrease in the band gap energy, E,, from 3.6
to 2.6 eV [44,82]. In addition, Raman detects vibrations originating from bridging
V-0-V bonds at ~500-600 (vg), 700—800 (vas), and 200-300 cm™! (bending
mode) when the oxide support does not obscure these vibrational regions [75,83].
For example, the bridging V-O-V vibrational modes are readily observed on the
Al O3 support with Raman spectroscopy [74,75]. For non-SiO; supports, the isol-
ated monoxo structure of the dehydrated surface VO4 species responsible for the
~1030 cm™! band is confirmed by (1) the coincidence of this band in Raman and
IR, (2) splitting of this band into a doublet during isotopic oxygen exchange (both
in Raman and IR), (3) the presence of only one band in the IR overtone region, and
(4) its vibration falls in the vibrational region of 1025 to 1058 cm ™! for monoxo gas
phase oxy halides [43,61,76]. The relative concentration of dehydrated polymeric
to isolated surface vanadia species generally increases with surface vanadia cover-
age as reflected in the decrease in the band gap values [44,82]. From in situ UV-Vis
spectroscopy it appears that the dehydrated polymeric surface vanadia species on
the nonsilica supports probably form extended polymeric (VO3), structures with
n > 2 at monolayer surface coverage because of the low measured £, values
[44,82,84].

Weak IR bands due to V=0 bonds are also observed at ~1015 to 1017 cm ™! at
monolayer surface coverage and have been assigned to surface polymeric VOg4 spe-
cies [74]. This vibrational position is just slightly lower than that for the monoxo
vanadyls of the gas phase halides, 1025 to 1058 cm™!, and is consistent with
greater delocalization of monoxo V=0 electrons over a more extended surface
polyvanadate species. The absence of the additional expected multiple bands for
surface polymeric monoxo species may be due to their overlap with the much
stronger V=0 vibration of the isolated surface monoxo VO4 species. An excep-
tion to this general observation, however, is found for the supported V,05/CeO>
system where IR detects two small shoulders at 1022 and 1029 cm™! that would
correspond to polymeric surface VO4 species [74]. Furthermore, reactivity stud-
ies with supported 1% V,05/CeO, have shown that the bands for the isolated,
~1030 cm™!, and polymeric species, ~1015 cm™!, do not behave the same and,
therefore, must originate from different surface VOg4 species [63]. The band asso-
ciated with the surface polymeric VOj4 species is selectively, partially reduced in
reactive environments. Detailed EXAFS analysis studies were not able to account
for the presence of the polymeric surface vanadate species since the spectra could
be fitted with only an isolated surface VO4 species [73]. However, a minor residual
component in the EXAFS spectra may be due to the polymeric surface vanadates
[73]. Thus, the fraction of polymeric surface VO4 species in the surface vanadia
monolayer may be small because (1) the surface polymeric V=0 bond generally
does not give rise to strong vibrations relative to the surface isolated monoxo VO4
species [74], (2) the overtone region only exhibits the V=0 vibration from the isol-
ated surface monoxo VOyq species [64,74,85], and (3) the EXAFS analysis cannot
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FIGURE 1.3  Structures of (a) dehydrated isolated and (b) polymeric surface monoxo VOyu
species

account for a minor residual component that may be due to the polymeric surface
VOyq species [73].

The molecular structures of the dehydrated, isolated, and polymeric surface
vanadia species are depicted in Figure 1.3. The surface vanadia structural chemistry
under dehydrated conditions reflects the known bulk vanadium oxide inorganic
chemistry, in that isolated and polymeric VO4 units form with only monoxo
terminal V=0 bonds.

Although monoxo isolated and dimeric VO4 bulk structures are known [33],
polymeric monoxo VO4 bulk structures have not been reported in the literature
and appear to be unique to the dehydrated surface vanadia structures.

1.2.2.3 Chromium (+6) oxides

Bulk chromates possess CrO4 coordination in isolated (CrO4 monochromate),
dimer (Cr,O7 dichromate), trimer (Cr3 O trichromate), and tetramer (Cr4 O3 tetr-
achromate) infinite chain (CrO3; metachromate or polychromate) structures [60].
Unlike the corresponding bulk vanadates, bulk non-CrO4 containing structures
are unknown (e.g., CrOs and CrOg). The crystalline CrOs3 structure is built up
of infinite chains by linking CrO4 units (two short bonds at 0.160 nm and two
longer bonds at 0.175 nm) that are only held together by van der Waal forces.
The unusually low melting point of CrO3, 197°C, reflects the weak van der Waal
interactions among the polychromate chains. The low thermal stability of bulk
CrOs is also reflected in its facile reduction and decomposition to bulk Cr;O3,
which consists of only Cr(+43) cations [27,61]. The Cr(+46) oxidation state is
usually stabilized by the presence of nonreducible cations (e.g., K, Na, Rb, P,
and As). Gas phase chromium oxy halides are also known and monoxo F4Cr=0
vibrates at 1028 cm™!, dioxo FoCr(=0); vibrates at 1006 (vs) and 1016 (v,) cm™!,
dioxo Cl,Cr(=0); vibrates at 984 (v¢) and 994 (v,) cm ™!, and trioxo CsBrCr(=0)3
vibrates at 908 (vg), 933 (Vas), 947 (Vas), and 955 (vqs) em™! [86]. These vibrational
frequency shifts as a function of the M=0O bonds are significantly beyond that
expected for the different halide ligands since the gas phase vanadyl oxy halide
complexes shifted downward 23 cm™! in going from F to Cl ligands and downward
10 cm~! in going from Cl to Br ligands. Therefore, increasing the number of
chromyl bonds shifts the vibrations to lower wave numbers and progressively
increases the number of vibrational bands. In summary, the inorganic structural
chemistry of Cr(+46) chromates essentially consists of CrO4 units with different
extents of polymerization.
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Spectroscopic characterization of the dehydrated supported chromates with
UV-Vis [45,65], chemiluminescence [69], and EXAFS/XANES [87] revealed that
the dehydrated surface chromates possess CrO4 coordination and are stabilized
as Cr(+406) at elevated temperatures by the oxide supports below monolayer sur-
face coverage. Above the monolayer surface coverage, the excess chromium oxide
that resides on the surface chromia monolyer becomes reduced at elevated tem-
peratures in oxidizing environments and forms Cr(+3) Cr, O3 crystallites [41,87].
Thus, the surface Cr(+46) species are only stabilized at elevated temperatures by
coordination to the oxide substrates. For non-SiO; supports, the Raman and the
IR vibrational spectra exhibit two strong bands in the fundamental (1005-1010
and 1020-1030 cm™ ') as well as the overtone (1986—1995 and 2010-2015 cm™)
vibrational regions. These bands occur at the exact same fundamental vibrations
as well as relative intensities in the Raman and the IR spectra of the Al,O3, ZrO»,
and TiO, supported chromates, and are separated by 15 to 20 cm™! [88]. The
vibrational difference is consistent with dioxo functionality, but is slightly on the
high side [64]. However, the Raman and the IR relative intensities of the vs and
vas modes should vary inversely because Raman is more sensitive to symmetric
stretches and IR is more sensitive to asymmetric stretches, but the observed band
intensities are the same in IR and Raman [64]. Furthermore, the very high position
of the Cr—O vibrations is consistent with that of the isolated monoxo chromyl
structures, 1028 cm™!, and not of the isolated dioxo chromyl structure, 984 to
994 cm~!, present for the isolated gas phase isolated chromium oxyhalides (see
earlier). Additional insights were obtained from isotopic oxygen exchange exper-
iments that showed that both bands split into doublets [76]. This reveals that these
two bands originate from two independent surface monoxo chromyl species since
a single dioxo species would be expected to only give rise to a triplet. This con-
clusion was further substantiated by reactivity studies that demonstrated that the
two surface chromate species reduce at different rates [89—91]. Comparison of the
vibrational bands at different extents of reduction revealed that the 1010 cm ™! band
decreased in the same ratio as bridging Cr—O—Cr vibrations and, consequently, was
assigned to dehydrated surface polychromate species [91]. The reduction extent of
the 1030 cm™! band did not parallel any of the other bands and was, thus, assigned
to the isolated monoxo surface chromate [91].

It is not possible to obtain the chromyl vibrations with IR for low surface
coverage of chromia because the SiO; support absorbs the fundamental and over-
tone regions for low surface coverage of surface CrO, on SiO; [64,88]. The
corresponding Raman spectrum reveals that the dehydrated surface CrO, spe-
cies on SiO; is isolated since no bridging Cr—O-Cr vibrations were detected
[88,91]. The somewhat low Raman vibration of ~986 cm™! of the supported
CrO3/Si0; catalyst suggests (recall that gas phase dioxo Cl,CrO; exhibits Raman
vibrations at 984 (vs) and 994 (v,) cm™!) that it may arise from dioxo surface
chromate species and that the two expected vibrations are degenerated. Model ses-
quoxide (sp???) chromia silica model compounds have been proposed to possess
dioxo chromate species [Feher reference]. Only isotopic oxygen exchange studies
and comparative Raman and IR characterization studies can clearly discriminate
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FIGURE 1.4  Structures of (a) dehydrated isolated and (b) polymeric surface monoxo CrOy4
species

between monoxo and dioxo surface chromate species for the dehydrated supported
CrO3/Si0; catalyst, however, such successful studies have not been reported till
date in the literature.

The presence of bridging Cr—O—Cr bonds is revealed by the 0>~ — Cr7 lig-
and to metal charge transfer transition [92] and by Raman vibrations at 770 (v,s),
600 (vs) and bending modes in the 300 to 400 cm~! range when not obscured by
the support vibrations [88]. The expected vibrational band splitting for the poly-
meric surface monoxo CrOy4 species was not observed and the additional band
may overlap the adjacent band of the isolated monoxo CrOj4 species. The bridging
Cr—O-Cr vibrations are easily detected on Al;Os3, and the ratio of polymeric to
isolated surface CrOg4 species appears to be relatively constant with surface cov-
erage. No studies have addressed the issue of the fraction of the surface chromate
species that are present as polymeric CrO4 species.

The molecular structures of the dehydrated surface chromate species are
schematically presented in Figure 1.4. The dehydrated surface CrO4 structures
have much in common with their corresponding bulk chromates, CrO4 coordina-
tion and different extents of polymerization, but the surface chromates are monoxo,
with the possible exception of the SiO, support, and the bulk chromates approach
dioxo coordination upon extensive polymerization (n 3> 4 as in bulk CrOs3). Thus,
monoxo chromates are unique to surface chromate species on oxide supports and
some gas phase oxyhalides. Furthermore, the oxide supports stabilize the surface
chromate species in the Cr(+6) oxidation state, and chromia in excess of mono-
layer surface coverage becomes reduced to Cr(+3) Cr,O3 crystalline particles
upon calcination at elevated temperature.

1.2.2.4 Rhenium (4+7) oxides

The bulk inorganic chemistry of rhenium (47) oxides is rather sparse [60,93].
Several ortho-rhenate compounds containing isolated ReO4 units are rather
common: NH4ReO4, KReO4, and NaReO4. Bulk Re,O7 possesses a layered
structure consisting of alternating ReO4 and ReOg groups, with subunits of rings
composed of two ReO4 and two ReOg groups. The weak bonding between
the rhenium oxide units in the layered Re;O7 structure results in the efficient
vaporization of Re; O7 dimers that contain two ReOy4 units bridged by one oxygen
atom (gaseous O3Re—0O-ReO3). The ReOs groups in the gas phase Re,O7 dimer
consist of trioxo terminal Re=0 bonds that vibrate at 1009 (vs of terminal Re=0),
972 (vus of terminal Re=0), 456 (vs of bridging O—Re-0), 341 (bending of
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0-Re-0), and 185 cm™! (bending of bridging Re—-O-Re). The expected splitting
of the asymmetric vibrations due to the C3, symmetry of the -O—Re(=0)3 units
was not observed because of the degeneracy of these vibrational modes. Trioxo
gas phase rhenium oxyhalides of XReO3 are also known and exhibit the terminal
Re=0 v vibrations at 997 to 1009 cm~!, which increases with the halide elec-
tronegativity (Br < Cl < F) [94]. The gas phase dioxo F3ReO, oxyhalide exhibits
its terminal Re=0 vibrations at 1026 (vs) and 990 (vas) cm™! [95] and the monoxo
FsRe=0 possesses its terminal Re=0 v, vibration at 990 cm™! [62]. The lower
Re=0 vy vibration of the monoxo FsRe=0 molecule relative to the dioxo F3ReO;
is somewhat surprising since the bond order of the M=O terminal functionality
generally increases upon decreasing the number of terminally coordinated oxygen
atoms (see gas phase chromate oxyhalides). Thus, the rhenium oxide structural
inorganic chemistry is composed of isolated ortho-rhenates (ReO4), ReO4 dimers
(O3Re—0O-Re03), and polyrhenates composed of mixtures of alternating ReO4
and ReOg groups.

The maximum attainable surface ReO, coverage on oxide supports is always
less than monolayer coverage because the surface ReOy species combine to form
volatile Re;O7 dimers at high surface coverage [42]. Furthermore, crystalline
Re; 07 is never observed because this metal oxide is not stable to high temperature
calcination as well as to exposure to ambient moisture. Consequently, mono-
layer surface ReO, coverage is never reached because volatilization and crystalline
Re,O7 is never present. Thus, supported ReO,, catalysts are unique among the sup-
ported metal oxide catalysts in that only surface ReO, coverage below monolayer
can be achieved without the presence of crystallites.

The dehydrated supported ReO,/Al,O3 system has received most attention
among the different supported ReO, catalysts in the literature. The coordination
of the dehydrated surface ReO, species was determined from XANES [51] and
UV-Vis [96] to be distorted ReO4. The complementary Raman and IR spectra
revealed that two different dehydrated surface ReO, species are present in Al;O3
with Re=0 v at ~1015 and ~1004 cm ™! and corresponding Re=0 v, at ~980 and
890 cm™!, respectively. The only difference between the two surface ReOy species
is the slightly different Re—O bond lengths that caused the vibrational shifts. The
Raman and IR vibration bands are coincident and the IR overtone region reveals
two distinct bands at 1972 and 1994 cm™!, which is consistent with the presence of
two different surface ReO4 species [41,97]. IR isotopic oxygen exchange studies
resulted in the shifting of the terminal Re=0O vibrations in the overtone region to
~1896 cm™~! and the broadness of the resulting band prevented further resolution of
the overtone modes [98]. The IR fundamental vibrations also shifted to lower wave
numbers due to the heavier mass of the 30 atom and were masked by the strong
IR absorption of the Al,O3 support in this lower vibration region [98]. Raman
spectroscopy revealed that the surface ReO, species on Al,O3 were isolated since
no vibrations originating from a bridging Re—O—Re functionality were detected
(vs~ 456 and bending ~185 cm~!) and only the expected bending vibrations of
O-Re-O functionally were present at 340 cm~! with a shoulder at 310 cm™!
[42,97]. The Re=0 vy and v,g vibrations of the dehydrated surface ReO4/Al, 03
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species on Al,O3 are consistent with the vibrations exhibited by trioxo mono-
meric gas phase oxyhalides XRe(=0)3, possessing Cs, symmetry, at 997—1009
and 963-980 cm ™!, and the ~SRe(=0)3 monomer, at 953 and 917 cm ™! [94]. The
gas phase dioxo F3Re(=0), exhibits its v and v,g vibrations at 1026 and 990 cm™ L
with both stretching modes higher than that observed for surface ReO4/Al; 03 spe-
cies. The gas phase monoxo FsRe=0 exhibits its v vibration at 990 cm~!, which is
lower than that measured for the dehydrated surface ReO4/Al, O3 species. Further-
more, the monoxo FsRe=0 does not possess the vy stretching vibration observed
for the surface ReO4/Al; O3 species. The vibrations of the dehydrated surface ReO4
species on Al, O3 (ReO4-1: 1015, 980, 340, and 310 cm~! and ReOy-11: 1004, 890,
340, and 310 cm™") are also remarkably similar to those of the gas phase Re;07
ReO4-containing dimer (1009, 972, 341, and 322 cm™!) without the associated
bridging Re—O-Re vibrational modes at 356 and 185 cm™!. The similarity of the
vibrations of gaseous Re; 07, as well as the XRe(=0)3 oxyhalides, and the dehyd-
rated surface ReQ, species on Al O3 strongly suggests that the same coordination
is present for both systems: trioxo ReO4 with one bridging Re—-O-bond. The
vibrational similarity of monoxo ReO4 and trioxo ReOy structures occur because
both structures possess Cs3, symmetry and the apparent degeneracy of the asym-
metric vibrations of the -O—Re(=0); functionality in gas phase dimeric Re;O7.
Isotopic oxygen exchange studies with Raman spectroscopy may provide further
insights into the structure of the dehydrated surface -O—Re(=0)3 species on Al, O3
because the Raman signal, unlike IR, will not be absorbed by the Al,O3 support
below 1000 cm™".

Essentially, the same two dehydrated surface ReO, species found to be present
on Al O3 are also present on ZrO; and TiO; oxide supports [42]. The coincident
Raman and IR vibrations of the dehydrated ReO,/ZrO, sample at low surface
coverage occur at ~995 (v5) and ~885 (vgs) cm™~! for the first surface ReO,
species and ~1008 (vs) and ~980 (vas) cm™ ! for the second surface ReO, species
at the highest surface coverage (3.3 Re/nm?). The coincident Raman and IR bands
for the dehydrated ReO,/TiO, sample appear at ~1005 (v5) cm ™! at low surface
coverage and ~1011 (v5) and 975 (v4) cm™! at the highest surface coverage
(2.4 Re/nm?). Only very low surface coverage of ReO; on SiO, was achieved
(0.54 Re/nm?) and evidence for only one dehydrated surface ReO, species with
vibrations at ~1015 (vs) and ~985 (vas) cm~! was detected on the SiO, support
with Raman and IR, respectively. Isotopic oxygen exchange Raman studies with
supported ReO,/ZrO; revealed only two vibrations for Re=!°0 and Re='80 [76].
These results are, at first, surprising since the isotopic exchange was expected to
yield four different permutations for the vibrationally coupled trioxo functionality.
However, Re=0 bonds that are at 90° to each other are not vibrationally coupled
and would behave as independent Re=0 bonds and, consequently, only give rise
to splitting of the Re—O vibrations.

The molecular structure of the dehydrated surface rhenate species is shown in
Figure 1.5. The surface rehenate species is always isolated and possesses three ter-
minal Re=0 bonds and one bridging Re—O support bond. The molecular structure
of the dehydrated surface rhenium oxide species is consistent with the known
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FIGURE 1.5 Structure of dehydrated isolated surface monoxo ReOy4 species

inorganic coordination chemistry of rhenium oxide (preference for isolated ReO4
units with three Re=O bonds and one Re—O bond).

1.2.2.5 Molybdenum (+6) oxides

Bulk polymolybdate chains usually contain MoOg coordinated groups, which
is unlike the polyvanadate and polychromate chains that are composed of VO4
and CrOj4 units, respectively [60]. This reflects the preference of molybdates
for higher coordination compared with vanadates and chromates in polymeric
structures. However, some exceptions exist to this trend in the bulk molybdate
structural chemistry. Low coordinated molybdates are present in MgMo,O7 (dimer
of M0oQ4) and in NaMo,O7 (chain of alternating MoO4 and MoQg units). Isol-
ated MoQy4 coordination is, however, rather common for ortho-molybdates (e.g.,
KyMoOy4, NayMoO4, CaMoO4, MgMoO4, MnMoO4, CuMoOQg, etc.). Highly
distorted, isolated MoQOg4 coordination is found in Alp(M0O4)3, Fex(MoQO4)3,
Cry(Mo0Qy4)3, and Gdy(MoO4)3 [99]. Highly distorted MoOs units are present in
Bi2(M004)3 [99]. Polymolybdate clusters composed of 6 to 8 MoOg coordin-
ated units are also known (e.g., [NH3P3(NMe»)g]2MogO19, (NH4)6M07024, and
(NH4)4MogOy6) [60,61]. Bulk alpha MoO3 is composed of a 3D structure made up
of highly distorted MoOg units. The large distortion present in bulk alpha-MoOj3
causes the sixth oxygen atom to be located very far from Mo and, consequently, the
bulk alpha-MoOj3 structure is better described as consisting of MoOs units [60].
The bulk beta-MoO3 crystalline phase is another MoO3 3D structure built up of
less distorted MoOg units [53]. Several gas phase monoxo molybdenum X4Mo=0
oxyhalides are also known and the Mo=0 vibrations vary from 1008 to 1039 cm™!
with increasing electronegativity of the halide (Cl < F) [61]. The gas phase dioxo
BraMo(=0), gives rise to bands at 995 (v) and 970 (vas) cm ™! (electronegativity
of Br < Cl < F) [61]. Thus, the structural inorganic chemistry of molybdenum
oxides consists of MoO4, M0Os, and MoOg coordinated groups, with a preference
for MoOg latter in polymolybdates.

The coordination of the dehydrated surface MoOy species on different oxide
supports was determined with XANES and found to be dependent on the specific
oxide support and surface MoO, coverage [40,100,101]. Above the monolayer
surface MoO, coverage, crystalline MoO3 was also present. For supported
Mo0O3/Si0,, crystalline MoO3 was also observed to be present significantly below
monolayer surface coverage because of the low reactivity of the surface Si-OH
groups. The presence of monoxo Mo=0 bonds in the surface MoO, species was
revealed by the coincidence of the fundamental Raman and IR vibrations in the
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980 to 1006 cm™! region and the appearance of only one band in the IR overtone
region [64,85,98]. This was further confirmed by oxygen exchange studies that
showed only splitting of the terminal Mo=0 vibration during isotopic scrambling
[76,102]. The remaining oxygen ligands in the surface MoO, species are bonded
either to the oxide support cations or to the adjacent surface MoO, species.

For dehydrated supported MoO3/SiO;, both Raman and IR confirmed the
absence of bridging Mo—O—Mo bonds and, thus, the presence of only isolated
surface MoO, species at low surface coverage [40,100—102]. EXAFS analysis of
the dehydrated surface MoO,, species on SiO; is consistent with the isolated nature
of the supported MoO,/SiO, because of the almost complete absence of Mo—Mo
neighbors in the coordination sphere [100,102]. The EXAFS analysis finds only
one short Mo=0 bond at 0.169 nm in the coordination sphere around Mo. The
monoxo Mo=0 nature of the surface MoO, species on SiO; is also revealed from
the identical Raman/IR vibrations of this functionality at 986 cm™! [103] and the
appearance of only two IR bands during isotopic oxygen exchange (Mo='°0 and
Mo="30) [102]. The terminal Mo=0 vibrations of the dehydrated surface MoO,
species are slightly lower than the reported vibrations of the gas phase monoxo
(1008 to 1039 cm™') and dioxo (995 cm™!) oxyhalides. A dioxo structure would
expect to exhibit a doublet in this region and only one band is observed, which
is also consistent with the monoxo structure. XANES [40,100,101] and UV-Vis
[104] analysis of the coordination of the surface MoO, species on SiO; has been
found to be neither that of pure MoO4 nor that of pure MoQOg, and this dehyd-
rated surface MoOj species most probably possesses O=Mo(—O-Si)4 coordination
[40,102].

For non-SiO, supported MoO, catalysts, the dehydrated surface MoOj
coordination depends on the surface molybdena coverage and the specific oxide
support. At low surface molybdena coverage (5 to 15% of monolayer), primarily
surface MoQj4 coordinated units are present on Al,O3 and TiO; [40,101]. The cor-
responding Raman spectra of these catalysts also indicate that the surface MoOj4
species are isolated on both oxide supports at low surface coverage [40,101]. This
is also substantiated by the UV-Vis spectra that exhibit a high band gap value asso-
ciated with isolated species [104]. At monolayer surface molybdena coverage,
however, the surface MoO, coordination is different and also dependent on the
specific oxide support [40]. At monolayer surface molybdena coverage, suppor-
ted MoO3/TiO, was found to possess MoOg coordinated species and supported
Mo0O3/Al;03 was found to possess a mixture of MoO4 and MoOg coordinated
groups. The additional presence of surface MoOg for monolayer MoO3/Al;03
was also reflected in the lower band gap energy of this catalyst [104]. The UV-Vis
and Raman spectra for the dehydrated MoO3/ZrO; and MoO/Al, O3 samples were
very similar and suggest that the same surface MoO, species exist on both supports
at a given surface coverage [40,104]. The Raman spectra also exhibits the char-
acteristics of bridging Mo—O—Mo bonds present in polymolybdates [40,101]. The
coincidence of the Raman and the IR fundamental vibrations at ~1000 cm~! for
supported MoO3/Al, 03 and the presence of only one band in the overtone region
is consistent with monoxo Mo=0 functionality [64,85,98]. This is also confirmed
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FIGURE 1.6  Structures of dehydrated surface monoxo MoOy species. (a) Isolated monoxo
Mo0O,4/Mo0Os and (b) polymeric monoxo MoOg

with isotopic oxygen exchange studies that reveal the presence of only two Mo=0
vibrations that arise from terminal Mo='°0 and Mo!30 bonds [76].

The different molecular structures of the dehydrated surface molybdates are
presented in Figure 1.6. Atlow surface molybdena coverage, the preferred coordin-
ation is isolated monoxo MoQg4, with the exception of supported MoO3/SiO, that
appears to possess the isolated monoxo MoOjs structure. At high surface coverage,
highly distorted and polymeric monoxo MoOg structures are always present. The
presence of surface monoxo MoOy4 species at high surface coverage depends on
the specific support (Al,O3 ~ ZrO; > TiO; ~ NbyOs) [40]. For high surface
coverage of supported MoQO3/Si0», crystalline MoO3 is also present in addition to
the surface MoO, species. The coordination chemistry of the dehydrated sur-
face MoOy species parallels that of its known inorganic structural chemistry:
(1) monoxo nature of the surface MoO, species, (2) MoOg4 coordinated isolated
species, (3) MoOg polymolybdates, (4) mixture of MoO4/MoOg polymolybdates,
and (6) presence of isolated MoOs on SiO;.

1.2.2.6 Tungsten (+6) oxides

The structural inorganic chemistry of tungsten oxide closely mirrors that of
molybdenum oxide [60,61]. Many ortho-tungstate (Liy WO4, NayWO4, NayWOy4,
Rby WOy, and Cs; WO4) compounds possessing isolated WOy sites are known.
Tungstates rarely form polymeric WO4 compounds, and one such exception
is MgW,0O7 that consists of a pair of sharing WO, units. Alternating poly-
meric WO4 and WOy sites are present in the polytungstate chains of Na;W,07
and (NH4)2,W207. An isolated WOs coordinated site has been determined to
be present in the Ca3(WOs)Cl, compound. Isolated WOg coordinated units
are present in the Wolframite structure (FeWO4, MnWO4, CoWO4, NiWOy,
and ZnWOy). Polytungstate chains composed of WOg coordinated units are
present in LipW>07 and AgryW;07. Tungsten oxide clusters composed of
polymeric WOg units have been identified with varying number of tungstate
units: 4-membered (AggW401¢6), 6-membered (NBug), WeO19, 10-membered
(NH4BuW(03,), and 12-membered (paratungstate-(NHy) 10(Hy W1204>.10H> O)
and metatungstate-(NHy4)s(HoW1204¢)). Bulk WO3 is built up a 3D structure
of slightly distorted WOg units. Several gas phase monoxo tungsten X4W=0
oxyhalides are known (X=F, Cl, and Br) [62]. The F4W=0 gas phase complex
exhibits its W=0 symmetric stretch at 1055 cm~!. Unfortunately, the vibrations
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of the gas phase monoxo complexes Cly W=0 and Br4s W=0 have not been experi-
mentally determined. However, it is possible to estimate their vibrational frequency
by analogy with the corresponding X4Mo=0 and X3 V=0 oxyhalides that are sim-
ilarly influenced by the electronegativity of the halide ligands. Such a comparison
suggests the monoxo W=0 vibrations for Cl4 W=0 and Br4 W=0 oxyhalides should
occur at ~1024 and ~1010 cm™!, respectively. The vibrational spectra of dioxo
X, W(=0); oxyhalides has not been determined, but the IR spectra for Br,Mo(=0);
and the ions [Se;Mo(=0),]%>~ and [Se; W(=0),]%>~ has been reported and exhibit
their vg/vys vibrations at 995/970, 864/834, and 888/845 cm™!, respectively [62].
Note that the selenium-containing dioxo ions exhibit similar vibrations, but the
W-containing ion vibrates ~10 to 24 cm™! higher than the corresponding Mo-
containing ion. This suggests that gas phase Br, W(=0), oxyhalide would vibrate
at ~1020/980 cm™! by analogy with Br,Mo(=0),. This value can increase further
as the electronegativity of the halides increases (Br < Cl < F), which may shift
these bands to ~1030/990 to 1050/1010 cm™".

The coordination of dehydrated surface WO, species on different oxide sup-
ports was examined with XANES and found to vary with the surface tungsten oxide
coverage and oxide support [48—50]. Above the monolayer coverage for the non-
Si0O, supports, crystalline WO3 particles are present on top of the surface tungsten
oxide monolayer [50,83,105,106]. In the case of supported WO3/SiO,, crystal-
line WO3, and surface WO, species are simultaneously present below monolayer
surface coverage due to the low reactivity of the Si—-OH groups [106,107]. For
the supported WO, systems that were extensively examined with Raman and IR,
it was concluded that the surface WO, species contain only one terminal W=0
bond [85,98]. The fundamental vibrations of the terminal W=0O bond was found
to be coincident in the Raman and IR spectra, and only one band was observed
in the IR overtone region. Isotopic oxygen exchange studies further confirmed
the monxo W=0 nature of the surface WO, structures since only two bands
due to W=1°0 and W='80 vibrations were detected [108]. The vibrations of
the terminal W=0O bond of the dehydrated surface WO, species occur at 985 to
1025 cm~! and are in the vibrational range expected for gas phase oxyhalide
monoxo tungstanyls (1022 to 1055 cm™!). Thus, the surface WO, species con-
tain one terminal W=0O bond and bridging W—O support and W—O—W bonds for
polytungstates.

For dehydrated supported WO3/SiO,, the Raman spectra exhibits a single
band at ~983 cm™! that has been assigned to the vibration of the terminal W=0
bond [108]. The position of this vibration is below that of the gas phase monoxo and
dioxo tungsten oxyhalides (1010 to 1055 cm ™). Unfortunately, no corresponding
IR and isotopic oxygen exchange studies have yet been reported for this system
to allow discrimination between monoxo and dioxo functionalities. In addition,
no XANES and UV-Vis characterization studies about the coordination of the sur-
face WO, species on SiO, have been reported till date. Although, much of the
critical structural spectroscopic data about the surface WO, species on SiO; are
currently not available, comparison with the corresponding surface MoO,/SiO;
system tentatively suggests that the surface WO, on SiO; most likely possesses the
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isolated monoxo O=W(-0)4 structure. The actual details of the surface WO, struc-
ture on SiO, will be determined once the additional characterization information
becomes available.

For dehydrated non-SiO; supported WO,, there currently exists sufficient
Raman and IR data to conclude that these structures possess monoxo W=O0 sur-
face WOy species. For supported WO3/Al, 03, the coincidence of the Raman and
IR bands at ~1010 cm~! for low surface coverage and ~1020 cm™! for high
surface coverage and the presence of only one band in the IR overtone region are
consistent with the presence of a monoxo W=0 functionality [85,98]. This was
further substantiated with isotopic oxygen exchange studies that only revealed
the presence of only W='0 and W='30 vibrations [108]. The coordination of
the surface WO, species on Al,O3 was found to be WO4 at low surface cover-
age and WOg4 at monolayer coverage [48]. Raman spectroscopy also revealed the
presence of bridging W—O—W bonds with vy = 590 cm™~! and the corresponding
215 cm™~! bending mode at high surface coverage, but not at low surface coverage
[83]. The above information suggests that at low surface coverage the dehydrated
surface WO, species are isolated and at high surface coverage they are present as
polytungstates. The analogous XANES and IR results were found for supported
WO3/TiO,, with the only difference being the proposed surface WO5 structure
at high surface coverage [49,109]. For supported WO3/ZrO,, the surface WO,
species have been proposed to be present as isolated monoxo surface WOg species
at all coverage from combined Raman, UV-Vis, and XANES/EXAFS studies [50].
Isotopic oxygen exchange Raman studies are consistent with the monoxo surface
WOg structure on ZrO; since isotopic exchange only resulted in splitting of the
W=0 bond and the isotopic shift was consistent with that predicted for a monoxo
structure [76]. The proposed isolated nature of the surface WOg species on ZrO;
needs to be further confirmed since the absence of polymeric WOg¢ species at
monolayer surface coverage is a rather surprising result for surface metal oxides
on ZrO».

The dehydrated molecular structures of surface WO, are presented in
Figure 1.7. Analogous to the dehydrated surface MoO, species, dehydrated isol-
ated surface WO4/WOs5 and dehydrated polytungstate surface WOg species are
also found. The isolated monoxo WO4 and WOs species are primarily observed
at low surface coverage and the polytungstate monoxo WOy species are found to
be present at high surface coverage. These dehydrated surface WO, structures are
consistent with the known inorganic chemistry of tungsten oxide compounds.
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FIGURE 1.7 Structures of dehydrated surface monoxo WO, species. (a) Isolated surface
monoxo (WO, and WOs) and (b) polymeric surface monoxo surface
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1.2.2.7 Niobium (+5) oxides

Bulk niobium (+5) oxides primarily possess distorted NbOg coordination with
different extents of distortion [60,110]. The NbO7 and NbOg coordination are also
known (e.g., NbpOs-nH; O is composed of NbOg, NbO7, and NbOg units). Isolated
NbOy4 coordination is not common and only found in several rare earth niobates:
LaNbO4, SmNbO4, YbNbOy4, and YNbO4. Consequently, unlike the isolated MOg4
sites present in bulk AIVO4, Al,(M00O4)3, and Al,(WO4)3 discussed earlier, the
bulk AINbOy structure contains highly distorted polymeric NbOg. The NbgOp9
cluster is present in KgNbgO19, as well as in other Nb salts, and is composed
of distorted NbOg groups. The decaniobate NbjgO»g cluster, analogous to the
decavanadate cluster, is built up of distorted NbOg groups and has been isolated
in the [N(CH3)4]6NbjoOzs salt. Layered niobia salts, KCayNa,_3Nb,, 03,41 with
n = 3 to 5 layers, are composed of distorted monoxo NbOg groups [111-113].
The various bulk Nb,Os crystalline phases are built up of 3D structures made up of
distorted NbOg units with minor NbO7 and NbOg sites (TT and T phases) and minor
NbOy sites are also found in the holes of H-Nby;Os (1 NbO4 per 27 NbOg).
The Nb=0 vibrations of monoxo ClzNb=0 and dioxo Ssz(=O)§7 oxyhalides
occur at 997 and 897/872 cm™!, respectively [61]. Thus, the inorganic structural
chemistry of niobia compounds is mostly made up of distorted NbOg units, with
some structures also containing NbO7 and NbOg groups, and the isolated NbO4
structure is rare.

The XANES/EXFAS data are only available for the dehydrated supported
Nb,05/Al,03 and NbyOs/Si0; systems [67]. The XANES/EXAFS analyses sug-
gest that surface NbOy4 species are present at low surface coverage on both oxide
supports. At high surface coverage on Al,O3, dehydrated surface NbOg species
become the dominant surface NbO, species [114]. At high surface coverage on
Si0,, crystalline NbyO5 coexists with the surface NbO4 species because of the
low reactivity of the surface Si—OH bonds [114,115]. Above the monolayer surface
coverage, crystalline Nb,Os particles form on all oxide supports after calcination.
The highest Raman vibration observed for the surface NbO4 species is detected at
~980 to 990 cm ™! and occurs at almost the same vibration for the gaseous monoxo
Cl3Nb=0 oxyhalide, 997 cm~!, which is significantly greater than the dioxo vibra-
tions observed at 897 and 872 cm™! [62,115]. The corresponding IR bands are
coincident with the Raman vibrations and only one Nb=O vibration is present
in the overtone region [116]. This collective spectroscopic information points to
the presence of dehydrated isolated, monoxo surface O=Nb(-O)3 species at low
surface coverage. At high surface NbO,/Al,O3 coverage, the XANES/EXAFS
analyses suggest NbOg coordination and additional strong bands are present in the
Raman spectra at ~950, 880, and 645 cm~!associated with bridging Nb—-O-Nb
bonds. The Raman and IR bands at ~985 cm™! are essentially coincident, and
only one band is observed in the overtone region. This collective spectroscopic
information suggests a dehydrated, distorted monoxo NbQOg surface species at high
surface coverage. Very similar Raman and IR vibrations are also present for the
dehydrated supported NbyOs5/ZrO, and NbyOs/TiO, systems. Isotopic oxygen
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FIGURE 1.8 Structures of dehydrated surface monoxo NbOy species. (a) Isolated surface
monoxo niobate (NbOy4) and (b) polymeric surface monoxo niobate (NbOg)

exchange Raman studies of monolayer supported Nb,Os/ZrO; reveal only two
bands at ~980 and ~930 cm™! due to Nb=!90 and Nb=!30 vibrations, and fur-
ther support the presence of monoxo surface NbOg species [76]. Thus, under
dehydrated conditions, isolated monoxo surface NbO4 and polyniobate monoxo
NbOg species are present on the oxide supports at low and high surface coverage,
respectively. The proposed structures of the dehydrated surface NbO, species are
depicted in Figure 1.8.

The dehydrated surface NbO, coordination chemistry is consistent with the
known Nb oxide inorganic structural chemistry. Whereas NbO4 coordination is
rare in Nb inorganic structural chemistry, the surface NbOy structure appears to be
prevalent at low surface coverage on oxide supports under dehydrated conditions.

1.2.2.8 Tantalum (+5) oxides

The bulk structural inorganic chemistry of tantalum oxide essentially mirrors that
of niobium oxide [60,61,68]. Isolated TaOy sites are rare (e.g., YbTaO4) and TaOg
coordinated compounds are most common. Like niobia, tantala can also exhibit
TaO7 and TaOg coordination. The salt Kg(TagO19)-16H>O contains the Ta60§9_

cluster, similar to the Nb60?9_ cluster described in Section 1.2.2.7, made up of
distorted TaOg groups. Bulk Ta;Os exhibits a phase transition at 1360°C and the
stable phases below and above this temperature are referred to as L-TayOs and
H-Ta,Os, respectively. Poorly crystalline Ta;Os is present below ~800°C and is
present as TayOs-nH>0O (tantalum oxhydrate). Both the L-TayOs and H-Ta,Os
crystalline phases consist of a three-dimensional network of distorted TaOg and
TaO7 units. The vibrational spectra of gaseous Ta oxyhalide complexes have not
been reported in the literature [61,62]. It is possible, however, to estimate the
vibrational band position of a monoxo Cl3Ta=O bond by comparing with the
corresponding CI3Nb=0 monoxo complex and correcting for the heavier mass of
Ta. Such an estimation gives a value of ~950 cm™! for the Ta=0 vibration [68]. An
analogous estimation of the vibrations for dioxo O=Ta=0 suggests two vibrations
in the 800 to 860 cm ™! region. Thus, the structural chemistry of tantala compounds
rarely consists of TaO4 coordination and is mostly made up of distorted TaOg and
TaO7 (TaOg) units.

The coordination of the dehydrated surface TaO, species on several different
oxide supports was determined with XANES [68]. Highly distorted TaOg¢ species
were primarily found to be present on Al; 03, ZrO,, and TiO; supports at high sur-
face coverage. UV-Vis characterization of the dehydrated supported Ta; O5/Al, 03
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FIGURE 1.9 Structures of dehydrated surface monoxo TaOy species. (a) Isolated surface
monoxo tantalate (TaO4) and (b) polymerized surface monoxo tantalate (TaOg)

and TapO5/ZrO; catalysts also resulted in similar assignments [117]. The poly-
meric nature of these dehydrated surface TaOg species is reflected in the presence
of bridging Ta—O—Ta vibrations at ~740 (vas) and ~610 (vs) cm™! in the cor-
responding Raman spectra. For dehydrated Ta;Os/SiO,, however, XANES and
UV-Vis analyses revealed only the presence of TaO4 units on the SiO; surface and
Raman does not exhibit bands typically associated with bridging Ta—O—Ta bonds
[68,117]. The Raman bands for the Ta=O functionality appeared at ~940 cm™!,
which is consistent with the monoxo functionality of the dehydrated surface tantala
species. Thus, for high surface coverage the dehydrated surface tantala species on
Al O3, ZrO», and TiO; primarily consist of polymeric TaOg¢ units and as isolated
TaOy4 units on SiO,. The dehydrated surface TaO4 coordination is probably also
present at low surface coverage on the oxide supports, as found for the dehydrated
surface NbO, species, but such data has not been reported in the literature till
date. The proposed structures for the dehydrated surface TaO, species are shown
in Figure 1.9.

The molecular structures of the dehydrated surface TaO, species reflect the
inorganic chemistry of tantalum oxide and mirror that of the analogous surface
niobium oxide species. Isolated surface TaOy is present on SiO; and probably also
at low surface coverage on all the oxide supports. Polytantalate TaOg species are
the dominant species at high surface tantalum oxide surface coverage.

1.2.3 Surface Metal Oxide Species in Reactive
Environments

In situ characterization studies of the surface metal oxide species under reactive
environments for supported metal oxide catalysts have only appeared in the liter-
ature over the past decade [63,66,75,83,93,114]. For surface metal oxide species
that usually do not undergo redox processes (acidic WO3, Nb,Os, and Ta;Os), the
surface metal oxide molecular structures under reactive conditions are identical
to those present for the dehydrated conditions discussed earlier. For surface metal
oxide species that can undergo redox processes (V,0s, CrO3, MoO3, and Re;O7),
both, fully oxidized and partially reduced surface metal oxide species can be
present. The fraction of reduced surface species is dependent on the reduction
potential of the specific surface metal oxide (Re > V > Cr > Mo), and the specific
reactive environment (partial pressures of reducing reactant/O, and the specific
reducing reactant (e.g., propylene > n-butane > propane > ethane > methane) and
the specific reactive environment (temperature and ratio of reducing agent/O,)).
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At present, the molecular structures of the dehydrated reduced surface metal oxide
species present for supported metal oxide catalysts under reactive environments are
not well-known and, hopefully, will receive more attention in the coming years.
Fortunately, the fully oxidized surface metal oxide species are the predominant
species found to be present under typical reaction conditions employed for redox
supported metal oxide catalysts.

1.3 Molecular Sieves and Zeolites

Molecular sieves and zeolites are highly porous, crystalline metal oxides made up
of three-dimensional channel structures where every atom is on the surface and
exposed to the reactive environment (100% dispersed) [118]. Zeolites consist of
AlQO4 and SiOg4 units with or without other cations and the term molecular sieves
is reserved for SiO4-based systems that are free of Al and typically doped with
other cations. Zeolites find wide application in the petroleum industry as cata-
lytic acidic materials for fluid catalytic cracking (FCC) of crude oil. Molecular
sieves have been shown to exhibit surface redox properties and find application
as catalysts for liquid phase epoxidation of olefins with H>O,. Recent charac-
terization studies comparing cation-containing molecular sieves (e.g., Ti, V, and
Nb) have revealed that essentially the same dehydrated surface metal oxide spe-
cies are present in the doped molecular sieves and the amorphous SiO; supported
metal oxide analogs. For example, isolated VOy sites were found to be present for
both dehydrated V-silicalite and supported V,05/SiO; catalytic systems [119]. For
dehydrated Ti-silicalite and supported TiO,/Si10; at low surface coverage, isolated
TiO4 units have been shown to be present for both systems [120]. Similarly, both
dehydrated Nb-MCM-41 and supported Nb,O5/SiO; catalytic materials contain
isolated NbOy sites [114]. The same situation also occurs for surface acidic sites
generated by zeolites such as Al-ZSMS5 and supported Al;03/Si0; [121]. Thus,
the above molecular structural descriptions for the surface metal oxide species
present in SiO, supported metal oxide catalysts also apply to isolated metal oxide
active sites present in molecular sieve catalytic materials.

1.4 Bulk Mixed Metal Oxides

Bulk mixed metal oxide catalytic materials consist of multiple metal oxide com-
ponents. Such mixed metal oxide catalysts find wide application as selective
oxidation catalysts for the synthesis of chemical intermediates. For example, bulk
iron—molybdate catalysts are employed in the selective oxidation of CH3OH to
H,CO [122], bulk bismuth-molybdates are the catalysts of choice for select-
ive oxidation of CH,=CHCH3 to acrolein (CH,=CHCHO) and its further
oxidation to acrylic acid (CH;=CHCOOH) [123], selective ammoxidation of
CH,=CHCH3 to acrylonitrile (CH,=CHCN) [123], and selective oxidation of lin-
ear CH3CH,CH;CH3 to cyclic maleic anhydride consisting of a five-membered
ring (four carbons and one O atom) [124]. The characterization of the surface
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metal oxide sites present for the bulk mixed metal oxide catalytic materials has
been one of the most challenging undertakings because the same elements are
present both on the surface and in the bulk of these materials. Consequently, very
few characterization methods exist that are able to selectively structurally probe the
outermost surface metal oxide sites present in bulk mixed metal oxides. The typ-
ical surface science techniques based on electron spectroscopic methods probe the
surface region 0.5 to 3 nm and are not limited to the ousstermost surface layer
(<0.5 nm). The usual catalyst characterization methods of Raman, IR, UV-Vis,
NMR, and XANES/EXAFS are all bulk characterization methods and their spectra
are usually dominated by signals from the bulk rather than the outermost surface
layer. In the past few years, however, characterization studies employing low
energy ion scattering spectroscopy (LEISS) [125,126] chemical probe molecules
[127,128], synchrotron-based surface XPS [129] are revealing that the surfaces
of bulk mixed metal oxides possess compositions that are different than those
found in the bulk of these catalytic materials. Surprisingly, the surfaces of many
molybdate and vanadate mixed metal oxides have revealed the exclusive presence
of surface molybdenum oxide and vanadium oxide monolayers. At present, the
molecular structures of these outermost surface metal oxide monolayers have not
been determined. It is possible, however, that these outermost surface metal oxide
monolayers of bulk mixed metal oxides also possess the same molecular struc-
tures found for the surface metal oxide species present in supported metal oxide
catalysts. Hopefully, these issues can be resolved in the coming years.

1.5 Conclusions

Significant advances in determining the molecular structures of the surface metal
oxide species of metal oxide materials, the catalytic active sites, have been achieved
inrecent years. These advances have been made possible by the application of mod-
ern molecular spectroscopic characterization techniques (Raman, IR, UV-Vis,
XANES, EXAFS, and NMR). A very important aspect of these molecular spec-
troscopic techniques is their ability to collect spectroscopic data under different
environmental conditions since the molecular structures of the surface metal oxide
species are dynamic and environmentally dependent. The surface metal oxide spe-
cies are presented as hydrated metal oxide species under ambient conditions that
are essentially the same as the well-known aqueous metal oxide species. Upon
dehydration, these metal oxide species coordinate with the oxide support sub-
strates to form surface metal oxide species, for the group 5 to 7 metal oxides,
that terminate with monoxo M=0 terminal bonds. The dehydrated surface metal
oxides can be present as isolated species with only bridging M—O Support bonds
as well as polymeric species with additional bridging M—O—-M bonds. Above the
monolayer surface coverage, crystalline metal oxides form on top of the surface
metal oxide monolayer. The surface molecular structures found to be present under
reactive environments are the dehydrated surface metal oxide species. Depend-
ing on the reducing/oxidizing environmental conditions, reduced surface metal
oxide species may also be present. At present, very little structural information is



26 Metal Oxides: Chemistry and Applications

available about these reduced surface metal oxide species. Essentially the same
surface metal oxide structures are found to be present for corresponding suppor-
ted metal oxide, molecular sieve, and zeolite materials. The surface molecular
structures present for bulk mixed metal oxides are not known at present. In spite
of this impressive recent progress, the molecular structures of many oxidized and
reduced surface metal oxide species have not been completely determined or are
not even known at present. Consequently, many more fundamental structural stud-
ies are still required to obtain complete determination of the molecular structures
of surface metal oxide species under different environmentally conditions.

ACKNOWLEDGMENT

The author would like to acknowledge the assistance of Professor Goutam Deo,
Indian Institute of Technology, Kanpur, for his assistance in preparing this detailed
chapter and his positive discussion of its contents.

REFERENCES

1. C.L. Thomas, Catalytic Processes and Proven Catalysts, Academic Press,
New York (1970).
2. LLE. Wachs, Ed. Special Issue on “Applications of Supported Metal Oxide
Catalysts,” Catal. Today 51 (1999) 201-348.
3. M.S. Wainwright and N.R. Foster, Catal. Rev. Sci. Eng. 33 (1991) 1.
4. B.N. Reddy and M. Subrahmanyam, Langmuir 8 (1992) 2072.
5. D. Heinz, W.F. Hoelderich, S. Krill, W. Boeck, and K. Huthmacher, J. Catal.
192 (2000) 1.
6. G. Deo and L.E. Wachs, J. Catal. 146 (1994) 323.
7. Q. Sun, J.-M. Jehng, H. Hu, R.G. Herman, I.E. Wachs, and K. Klier, J. Catal.
165 (1997) 101.
8. ML.A. Banares, Catal. Today 51 (1999) 319.
9. K.D. Chen, A. Khodakov, J. Yang, A. Bell, and E. Iglesia, J. Catal. 186
(1999) 325.
10. X. Gao, J.-M. Jehng, and I.E. Wachs, J. Catal. 209 (2004) 43.
11. V.V. Guliants, Catal. Today 51 (1999) 255.
12. J. Dunn, H. Stenger, and I.LE. Wachs, Catal. Today 51 (1999) 301.
13. S. Choi and I.E. Wachs, Fuel Chem. Div. Prepr. 47 (2002) 138.
14. N. Moretti, Pollut. Eng., January 2002, 24.
15. M. Jacoby, Chem. Eng. News, March 21, 2002, 39.
16. L. Lietti, J. Scachula, P. Forzatti, G. Busca, G. Ramis, and F. Bregnani, Catal.
Today 17 (1993) 131.
17. N.-Y. Topsoe, H. Topsoe, and J.A. Dumesic, J. Catal. 151 (1995) 226.
18. LE. Wachs, G. Deo, B.M. Weckhuysen, A. Adreini, M.A. Vuurman, M. de Boer,
and M.D. Amiridis, J. Catal. 161 (1997) 211.
19. M. Hino and K. Arata, J. Chem. Soc. Chem. Commun. 1259 (1987).



Molecular Structures of Surface Metal Oxide Species 27

20.
21.
22.
23.
24.
25.
26.
27.

28.
29.

30.
31.
32.
33.

34.
35.

36.
37.
38.
39.
40.
41.
42.
43.
44.
45.

46.

47.

48.

49.

50.

D.G. Barton, S.L. Soled, G.D. Meitzner, G.A. Fuentes, and E. Iglesia, J. Catal.
181 (1999) 57.

J.G. Santiesteban, J.G. Vartuli, S. Han, R.D. Bastion, and C.D. Chang, J. Catal.
168 (1997) 431.

G. Larsen and L.M. Petrovick, J. Mol. Catal. A: Chem. 113 (1996) 517.

J.C. Mol, Catal. Today 51 (1999) 289.

B.E. Leach, Appl. Ind. Catal. 3 (1984) 215.

B.E. Leach, Appl. Ind. Catal. 1 (1983) 149.

M.P. McDaniel, Adv. Catal. 33 (1985) 47.

B.M. Weckhuysen, I.E. Wachs, and R.A. Schoonehydt, Chem. Rev. 96 (1996)
3327.

B.M. Weckhuysen and R.A. Schoonheydt, Catal. Today 51 (1999) 223.

H. Topsoe, Hydrotreating Catalysts: Science and Technology, Springer-Verlag,
Berlin (1996).

R. Prins, in Characterization of Catalytic Materials, 1.E. Wachs (Ed.),
Butterworth-Heinemann, Stoneham, MA (1992) p. 89.

LE. Wachs, Catal. Today 27 (1996) 437.

H. Eckert and I.E. Wachs, J. Phys. Chem. 93 (1989) 6796.

N. Das, H. Eckert, H. Hu, J.K. Waltzer, F. Feher, and I.E. Wachs, J. Phys. Chem.
97 (1993) 8240.

G. Deo and L.E. Wachs, J. Phys. Chem. 95 (1991) 5889.

J.-M. Jehng, G. Deo, B.M. Weckhuysen, and I.E. Wachs, J. Mol. Catal. A: Chem.
110 (1996) 41.

F.J. Gil-Llambias, A.M. Escudy, J.L.G. Fierro, and A.L. Agudo, J. Catal. 95
(1985) 520.

S.D. Kohler, J.G. Ekerdt, D.S. Kim, and I.E. Wachs, Catal. Lett. 16 (1992) 231.
G.A. Park, Chem. Rev. 65 (1965) 177.

C.F. Baes, Jr. and R.E. Mesmer, The Hydrolysis of Cations, Wiley, New York
(1970).

H. Hu, I.E. Wachs, and S.R. Bare, J. Phys. Chem. 99 (1995) 10897.

F.D. Hardcastle and I.E. Wachs, J. Mol. Catal. 46 (1988) 173.

M.A. Vuurman, D.J. Stufkens, A. Oskam, and I.LE. Wachs, J. Mol. Catal. 76
(1992) 263.

G. Ramis, C. Cristiani, P. Forzatti, and G. Busca, J. Catal. 124 (1990) 574.

X. Gao and LE. Wachs, J. Phys. Chem. B 104 (2000) 1261.

J.-M. Jehng, I.E. Wachs, B.M. Weckhuysen, and R.A. Schoonheydt, J. Chem.
Soc., Faraday Trans. 91 (1994) 953.

T. Tanaka, H. Yamashita, R. Tsuchitani, T. Funabiki, and S. Yoshida, J. Chem.
Soc., Faraday Trans. 1 84 (1988) 2987; S. Yoshida, T. Tanaka, T. Hiraiwa, and
H. Kanai, Catal. Lett. 12 (1992) 277.

M.V. Martinez-Huerta, J.M. Coronado, M. Fernandez-Garcia, A. Iglesias-Juez,
G. Deo, J.L.G. Fierro, and M.A. Banares, J. Catal. 225 (2004) 240.

J.A. Horsley, I.LE. Wachs, J.M. Brown, G.H. Via, and F.D. Hardcastle, J. Phys.
Chem. 91 (1987) 4014.

F. Hilbrig, H.E. Gobel, H. Knozinger, H. Schmelz, and B. Lengeler, J. Phys.
Chem. 95 (1991) 6973.

D.G. Barton, S.L. Soled, G.D. Meitzner, G.A. Fuentes, and E. Iglesia, J. Catal.
181 (1999) 57.



28

S1.
52.
53.
54.

55.

56.
57.
58.
59.

60.
61.

62.
63.
64.
65.

66.
67.

68.

69.

70.
71.

72.
73.

74.
75.
76.
77.
78.

79.

Metal Oxides: Chemistry and Applications

F.D. Hardcatle, I.E. Wachs, J.A. Horsley, and G.H. Via, J. Mol. Catal. 46
(1988) 15.

T. Machej, J. Haber, A.M. Turek, and I.LE. Wachs, Appl. Catal. 70 (1991) 115.
M.A. Banares, H. Hu, and I.E. Wachs, J. Catal. 150 (1994) 407.

G. Deo, A.M. Turek, I.LE. Wachs, T. Machej, J. Haber, N. Das, and H. Eckert,
Appl. Catal. A: Gen. 91 (1992) 27.

G. Deo, F.D. Hardcastle, M. Richards, I.LE. Wachs, and A.M. Hirt, in Novel
Materials in Heterogeneous Catalysis, R.T.K. Baker and L.L. Murrell (Eds.),
ACS Symposium Series 437, American Chemical Society, Washington, D.C.
(1990).

M.A. Banares, N.D. Spencer, M.D. Jones, and L.LE. Wachs, J. Catal. 146
(1994) 204.

M.A. Banares, H. Hu, and L.E. Wachs, J. Catal. 155 (1995) 249 .

X. Carrier, J.F. Lambert, and M. Che, J. Am. Chem. Soc. 119 (1997) 10137.

L. Le Bihan, P. Blanchard, M. Fournier, J. Grimblot, and E. Payen, J. Chem.
Soc., Faraday Trans. 94 (1998) 937.

A.F. Wells, Structural Inorganic Chemistry, Oxford University, London (1984).
N.N. Greenwood and A. Earnshaw, Chemistry of the Elements, Pergamon Press,
Elmsford, NY (1989).

K. Nakamoto, Infrared and Raman Spectra of Inorganic and Coordination
Compounds (5th ed), Wiley, New York (1997).

M.A. Banares and .LE. Wachs, J. Raman Spectrosc. 33 (2002) 359.

G. Busca, J. Raman Spectrosc. 33 (2002) 348.

B.M. Weckhuysen, A.A. Verberckmoes, A.L. Buttiens, and R.A. Schoonheydt,
J. Phys. Chem. 98 (1994) 579.

A. Bruckner, Catal. Rev. 45 (2003) 97.

T. Tanaka, T. Yoshida, H. Yoshida, H. Aritani, T. Funabiki, S. Yoshida,
J.-M. Jehng, and L.E. Wachs, Catal. Today 28 (1996) 71.

T. Tanaka, H. Nojima, T. Yamamoto, S. Takenaka, T. Funabiki, and S. Yoshida,
Phys. Chem. Chem. Phys. 1 (1999) 5235; Y. Chen, J.L.G. Fierro, T. Tanaka, and
L.E. Wachs, J. Phys. Chem. B 107 (2003) 5243.

M. Anpo, M. Sunamoto, and M. Che, J. Phys. Chem. 93 (1989) 1187,
M.F. Hazenkamp and G. Blasse, J. Phys. Chem. 96 (1992) 3442.

J.C. Edwards, R.D. Adams, and P.D. Ellis, J. Am. Chem. Soc. 112 (1990) 8349.
V.M. Mastikhin, A.V. Nosov, V.V. Terskikh, K.I. Zamaraev, and I.LE. Wachs,
J. Phys. Chem. 98 (1994) 13621.

F.D. Harcastle and L.LE. Wachs, J. Phys. Chem. 95 (1991) 5031.

M. Ruitenbeek, A.J. Van Dillen, FM.F. de Groot, I.E. Wachs, J. Geus, and
D.C. Koningsberger, Top. Catal. 10 (2000) 241.

L.J. Burcham, G. Deo, X. Gao, and L.E. Wachs, Top. Catal. 11/12 (2000) 85.
G.T. Went, S.T. Oyama, and A.T. Bell, J. Phys. Chem. 94 (1990) 4240.

B.M. Weckhusyen, J.-M. Jehng, and L.LE. Wachs, J. Phys. Chem. B 104 (2000)
7382.

X. Gao, S.R. Bare, B.M. Weckhuysen, and I.E. Wachs, J. Phys. Chem. B 102
(1998) 10842.

S.T. Oyama, G.T. Went, K.B. Lewis, A.T. Bell, and G.A. Somorjai, J. Phys.
Chem. 93 (1989) 6786.

C. Resini, T. Montanari, G. Busca, J.-M. Jehng, and I.E. Wachs, Catal. Today
(in press).



Molecular Structures of Surface Metal Oxide Species 29

80.

81.
82.

83.
84.
85.

86.
87.
88.

89.

90.

91.
92.

93.
94.
95.
96.
97.
98.
99.
100.

101.

102.
103.
104.
105.
106.
107.

108.
109.
110.
111.
112.

113.

J.H. Cardoso, Ph.D. thesis, Universidade Federal de Sao Carlos, Sao Paulo,
Brazil (1998).

R.D. Roark, S.D. Kohler, and J.G. Ekerdt, Catal. Lett. 16 (1992) 71.

M.D. Argyle, K. Chen, C. Resini, C. Krebs, A.T. Bell, and E. Iglesia, J. Phys.
Chem. B 108 (2004) 2345.

M.A. Vuurman and L.E. Wachs, J. Phys. Chem. 96 (1992) 5200.

X. Gao, J.-M. Jehng, and L.E. Wachs, J. Catal. 209 (2002) 43.

M.A. Vuurman, D.J. Stufkens, A. Oskam, G. Deo, and I.E. Wachs, J. Chem.
Soc., Faraday Trans. 92 (1996) 3259.

M. Cieslak-Golonka, Coord. Chem. Rev. 109 (1991) 223.

M.A. Vuurman, F.D. Hardcastle, and I.E. Wachs, J. Mol. Catal. 84 (1993).
M.A. Vuurman, I.LE. Wachs, D.J. Stufkens, and A. Oskam, J. Mol. Catal. 80
(1993) 209.

A. Cimino, D. Cordischi, S. Febraro, D. Gazzoli, D. Indovina, M. Occhiuzzi,
and M. Valigli, J. Mol. Catal. 55 (1989) 23.

V. Indovina, D. Cordiscji, S. de Rossie, G. Ferraris, G. Ghiotti, and A. Chiorino,
J. Mol. Catal. 68 (1991) 53.

B.M. Weckhuysen and I.LE. Wachs, J. Phys. Chem. B 100 (1996) 14437.

B.M. Weckhuysen, R.A. Schoonheydt, J.-M. Jehng, L.E. Wachs, F.J. Cho,
R. Ryoo, S. Kijlstra, and E. Poels, J. Chem. Soc., Faraday Trans. 91 (1995)
3245.

LR. Beatti and G. Ozin, J. Chem. Soc. A (1969) 2615.

R.A. Johnson, M.T. Rogers, and G.E. Leroi, J. Chem. Phys. 56 (1972) 789.

A. Muller, B. Krebs, and W. Holtje, Spectrochim. Acta 23 (1967) 2753.

G. Deo and L.E. Wachs, to be published.

L. Wang and W.K. Hall, J. Catal. 82 (1983) 177.

L. Wang, Ph.D. dissertation, Universiteit Wisconsin-Milwaukee, USA (1982).
F.D. Hardcastle and L.LE. Wachs, J. Raman Spectrosc. 21 (1990) 683.

M. de Boer, A.J. van Dillen, D.C. Koningsberger, J.W. Geus, M.A. Vuurman,
and L.LE. Wachs, Catal. Lett. 11 (1991) 227.

R. Radhakrishnan, C. Reed, S.T. Oyama, M. Seman, J.N. Kondo, K. Domen,
Y. Ohminami, and K. Asakura, J. Phys. Chem. B 105 (2001) 8519.

M. Cornac, A. Janin, and J.C. Lavalley, Polyhedron 5 (1986) 183.

M. de Boer, Ph.D. dissertation, Universiteit Utrecht, The Netherlands (1992).
H. Tian and I.E. Wachs, to be published.

S.S. Chan, I.E. Wachs, L.L. Murrell, and N.C. Dispenziere, J. Catal. 92 (1985) 1.
D.S. Kim, M. Ostromecji, and I.E. Wachs, J. Mol. Catal. A: Chem. 106 (1996) 93.
D.S. Kim, M. Ostromecki, I.E. Wachs, s.D. Kohler, and J.G. Ekerdt, Catal. Lett.
33 (1995) 209.

J.M. Stencel, L.E. Makovsky, J.R. Diehl, and T.A. Sarkus, J. Raman Spectrosc.
15 (1984) 282.

G. Ramis, G. Busca, C. Christiani, L. Lietti, P. Forzatti, and F. Bregnani,
Langmuir 8 (1992) 1744.

J.-M. Jehng and I.E. Wachs, Chem. Mater. 3 (1992) 100.

M. Dion, M. Ganne, and M. Tournoux, Mater. Res. Bull. 16 (1981) 1429.

A.J. Jacobson, J.W. Johnson, and J.T. Lowendowski, /norg. Chem. 24 (1985)
3727.

A.J. Jacobson, J.T. Lowendowski, and J.W. Johnson, J. Less-Common Met. 116
(1986) 137.



30

114.
115.
116.
117.
118.

119.
120.

121.
122.
123.
124.
125.
126.

127.
128.

129.

130.

Metal Oxides: Chemistry and Applications

X. Gao, I.E. Wachs, M.S. Wong, and 1.Y. Ying, J. Catal. 203 (2002) 18.

J.-M. Jehng and 1. E. Wachs, J. Phys. Chem. 95 (1991) 7373.

L.J. Burcham, J. Datka, and I.LE. Wachs, J. Phys. Chem. B 103 (1999) 6015.

M. Baltes, A. Kytokivi, B.M. Weckhuysen, R. Schoonheydt P.V.D. Voort, and
E.F. Vansant, J. Phys. Chem. B 105 (2001) 6211.

M.E. Davis, in Characterization of Catalytic Materials, 1.E. Wachs (Ed.),
Butterworth-Heinemann, Stoneham, MA (1992) 129.

C.-B. Wang, G. Deo, and I.E. Wachs, J. Catal. 178 (1998) 640.

G. Deo, A.M. Turek, L.LE. Wachs, D.R.C. Huybrechts, and P.A. Jacobs, Zeolites
13 (1993) 365.

X. Gao and L.E. Wachs, J. Catal. 192 (2000) 18.

H. Adkins and W.R. Pederson, J. Am. Chem. Soc. 53 (1931) 1512.

R.K. Grasselli and J.D. Burrington, Adv. Catal. 30 (1981) 133.

G. Centi, Ed. Catal. Today 16 (1993) 1, Special issue devoted to “Vanadyl
Pyrophosphate Catalysts.”

L.E. Briand, O.P. Tkachenko, M. Guraya, I.E. Wachs, and W. Gruenert, Surf.
Interface Anal. 36 (2004) 238.

L.E. Briand, O.P. Tkachenko, M. Guraya, X. Gao, I.LE. Wachs, and W. Gruenert,
J. Phys. Chem. B 108 (2004) 4823.

L.E. Briand, A.M. Hirt, and I.E. Wachs, J. Catal. 202 (2001) 268.

L.E. Briand, J.-M. Jehng, L. Cornaglia, A.M. Hirt, and I.LE. Wachs, Catal. Today
78 (2003) 257.

M. Havecker, A. Knop-Gericke, H. Bluhm, E. Kleimenov, R.W. Mayer, M. Fait,
and R. Schlogl, Appl. Surf. Sci. 230 (2004) 272.

0O.B. Lapina, V.M. Mastikhin, L.G. Simonova, and Y.O. Bulgakova, J. Mol.
Catal. 69 (1991) 61; Z. Sobalik, M. Markvart, P. Stopka, O.B. Lapina, and
V.M. Mastikhin, J. Mol. Catal. 71 (1992) 69.



) Nanostructured Supported
Metal Oxides

M.S. Wong

Department of Chemical and Biomolicular Engineering,
Department of Chemistry, Rice University, Houston, TX, USA

CONTENTS
2.1 Introduction ..........ooiiineiii et 31
2.2 Methods of Preparation..............cooiiiiiiiiiiiiiiiiiiiiii e 33
22,1 IMPregnation .........ovvviiiiiiiiiiiiiiiieaaaaan., 33
222 Tonexchange ..........c.ovviiiiiiiiiiiiiiiii e 33
223 Grafting.......oooiniiiiie i e 34
2.2.4 Deposition—Precipitation. .............coooeeeieiiiiiieneanannn 34
2.2.5 Co-Precipitation . .......oouiitiuiieeeiii e 34
2.2.6 Other Methods.........ccooviiiiiiiiiiiii 34
2.3 Catalyst Molecular Structure ............c.vvveiiiiiiiiieeiiiiiie e, 35
2.4 Case Study: Tungstated Zirconium Oxide..............ooviiiiieeannn. 36
2.4.1  Surface COVEIage......oovuueeiuiiteiiiit e 38
2.4.2 Molecular Structure of WO, Species ............cooeevieeinn 40
2.4.3 Relationship Between WO, Surface Structure and Catalytic
Properties ......oovviiiiii 41
2.5 New Synthesis Approaches ............ccoviiiiiiiiiiiiiiiiii e 44
2.5.1 Surfactant Templating............cooiiiiiiiiiiiiiiiiii .., 44
2.5.2 NP Surfactant Templating .............cccoeviiiiiiiiienaaninnn. 46
2.5.3 Modified Sol-Gel Chemistry ...........ccceveeiiiiiieeeaninnn. 47
2.6 CONCIUSIONS .. .uvteieeett et 48
AckNOWledgments ..........ouiiiiii i e 49
REfErences .......oeiitiii 49

2.1 INTRODUCTION

Supported catalysts comprise a very general solid catalyst design in which the
active phase (the supported layer) is located on the surface of an underlying
solid (the support). The motivation for supported catalysts is that the disper-
sion and stabilization of the supported layer on a high surface area support leads
to a highly active and robust composite catalyst. Metals, metal oxides, metal
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sulfides, organometallic complexes, and enzymes can be supported on inorganic
supports such as metal oxides, zeolites, and clays. This subject matter has been
well documented by a number of books [1-4] and more recently by Preparation
of Solid Catalysts [5], a monograph based on the comprehensive Handbook of
Heterogeneous Catalysis volumes edited by Ertl et al. [6].

Supported catalysts in which a metal oxide is supported on a different metal
oxide find tremendous use in commercial chemical production, petroleum refining,
and environmental remediation [7]. Table 2.1 lists a number of important industrial
reactions that are catalyzed by supported metal oxides. The active phase consists of
single metal oxides, metal oxide mixtures, or complex metal oxides. Some suppor-
ted metal catalysts can, technically, be considered supported metal oxide catalysts
if the metal is partially oxidized under reaction conditions, such as alumina-
supported silver epoxidation catalysts and palladium-on-stabilized alumina com-
bustion catalysts. Clearly, supported metal oxide compositions are diverse,
especially considering that the range of relative amounts of the active phase to the
support is large, and that additional metal oxides and modifiers can be introduced.

It can be argued that some mixed metal oxides can also be technically con-
sidered as supported metal oxide catalysts because the surface is discernibly differ-
ent from the underlying mixed metal oxide in terms of composition and molecular
structure. For example, the vanadium phosphorus oxide (VPO) catalyst is used in
the commercial production of maleic anhydride from butane [12]. The most active
crystal phase is the vanadium pyrophosphate (VO),P,07, and the surface struc-
ture proposed to be the active phase is a nanometer-thick amorphous VPO layer
enriched in phosphorus [12,15]. As another example, Wachs and coworkers [16]

TABLE 2.1
Commercial Processes [3,4]

Supported metal oxide compositions
V,05/(Kieselguhr or SiO5)
(V2,05+WO03)/TiOy
(V205+Mo003)/Al,03
V,05/TiO;

Cry03/Al,03

CrO,/SiO;
(Kp0+Cry03)/Fep 03
BigPMo1,05,/Si0;
Rey07/A1,03

TiO,/Si0y

TiO,/Si0;

AgOy/y-AlyO3
(PtOx+PdOy)/(Lay O3+Al,03)

Catalytic reaction

Oxidation of SO, for sulfuric acid production

Selective catalytic reduction of NOy using ammonia [8]

Oxidation of benzene to maleic anhydride

Oxidation of o-xylene to phthalic anhydride [9]

Dehydrogenation of light alkanes to alkenes [10]

Ethylene polymerization [11]

Dehydrogenation of ethylbenzene to styrene

Ammoxidation of propene to acrylonitrile [12]

Olefin metathesis [13]

Dehydration of phenylethanol to styrene

Epoxidation of propylene with ethylbenzene
hydroperoxide [14]

Oxidation of ethylene to ethylene oxide

Catalytic combustion of volatile organic compounds [12]
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provided methanol chemisorption data which indicate that mixed metal molybdates
and supported molybdenum oxides have similar surface structures.

In this chapter, the common methods of supported metal oxide catalyst pre-
paration are presented. The molecular and nanoscale structure (i.e., textural
properties) of supported metal oxides, specifically tungstated zirconia, are also
discussed. Finally, several new synthesis techniques are presented, through which
simultaneous control of the molecular and nanoscale structures may be possible.

2.2 METHODS OF PREPARATION

The basic principle behind supported metal oxide catalyst preparation involves
deposition followed by activation. According to The International Union of
Pure and Applied Chemistry (IUPAC) recommendations, deposition is defined
as “the application of the catalytic component on to [sic] a separately produced
support,” and activation as “the transformation of the precursor to the active phase,”
usually entailing the calcination of the composite material [17]. There are several
well-studied deposition steps, with impregnation being the most common method
for preparing industrial supported metal oxides.

2.2.1 Impregnation

Contacting the support material with a solution that contains the supported metal
oxide precursor is known as impregnation. The incipient wetness method is impreg-
nation in which the support is contacted with a volume of precursor solution slightly
in excess of the total pore volume of the support, and then the slightly wet powder
is allowed to dry. This particular method allows a wide range of loadings to be pos-
sible, regardless of the surface interactions between the precursor and the support
that would limit the overall loading (e.g., adsorption and ion exchange).

If the support material is initially in the dry state, then the deposition process
is called capillary, or dry, impregnation. The speed of pore filling is fast and the
process is simple, but there are potential problems of heat release and internal pore
collapse due to capillary pressure by entrapped air [18]. If the support is already in
contact with the solvent (without the precursor), then the subsequent contact with
the precursor solution is known as diffusional, or wet, impregnation.

2.2.2 lon exchange

Impregnation through ion exchange (or equilibrium adsorption) involves immers-
ing of the support material in an aqueous solution of the supported metal oxide
precursor, and recovering the solid from the solution after a period of time. The
charged salt precursor electrostatically binds to the oppositely charged surface of
the support (typically a metal oxide). The surface charge arises from the difference
in the pH of the aqueous solution and the point-of-zero charge (PZC) of the metal
oxide support. If the pH > PZC, then the terminating hydroxyl groups at the sur-
face deprotonate. The net surface charge is negative, and the surface can adsorb
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cationic species. Conversely, if the pH > PZC, the hydroxyl groups protonate
and the surface can adsorb anionic species. It is difficult to differentiate between
electrostatic attraction and strict ion exchange of the precursor and the surface-
bound counterion. Other chemical interactions can also take place, such as metal
coordination.

2.2.3 Grafting

Grafting involves covalent bond formation between the metal precursor and the
hydroxyl group(s) on the support. This is more readily controlled as a prepara-
tion method in which the support is contacted with the precursor solubilized in
a nonaqueous solvent. Common precursors are metal alkoxides, metal chlorides,
and organometallic complexes. Both ion exchange and grafting methods lead to
coverage by the precursor up to a monolayer, but the latter allows a greater control
of dispersion and molecular structure of the supported metal species. Grafting can
also be carried out using precursors vaporized in the gas-phase, and this method
of catalyst preparation is called chemical vapor deposition (CVD).

2.2.4 Deposition—Precipitation

Like incipient wetness impregnation, this method provides supported metal oxides
with high loadings. The support material is suspended in a precursor solution, and
then precipitation of the supported metal oxide is induced such that the metal oxide
nanoparticles (NPs) are nucleated and grown on internal and external surfaces of
the support.

2.2.5 Co-Precipitation

Supported metal oxides can be prepared through co-precipitation, in which metal
precursors to both the support and the supported metal oxide are induced to form
the support material and the supported layer simultaneously. The support and the
supported metal oxide are more spatially distributed than materials derived from
the various deposition methods, but a fraction of the supported metal oxide may
be located below the surface, leading to overall lower metal oxide dispersion.

2.2.6 Other Methods

Other methods for preparing supported metal oxides have been reported. An inter-
esting approach is the use of bulk MoO3 in the preparation of MoO,/Al;O3. In the
solid—solid wetting or thermal spreading approach, MoO3 and Al,O3 powders are
mechanically ground together and heated at elevated temperatures (~500°C) for
24 h to yield MoO,/Al;O3 [19]. The ability of MoOj3 to spread across the Al,O3
surface as MoQ, surface species is attributed to the relatively low melting point
and Tammann temperatures of MoO3 (795 and 261°C, respectively), the affin-
ity of the acidic MoOj3 surface for the basic Al,O3 surface, and the reduction in
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surface energy of the bulk solids to form a supported metal oxide structure. Instead
of calcination, refluxing MoO3 and Al,O3 powders in water for several hours
can also yield the supported material [20]. In this slurry impregnation method,
MoO3 partially decomposes in water and the solubilized Mo species deposit on the
support. The resulting material is structurally similar to conventionally prepared
Mo0O,/Al,O3.

2.3 CATALYST MOLECULAR STRUCTURE

After the deposition (or co-precipitation) step, the resultant material is calcined to
decompose the metal precursor to form the supported metal oxide layer. Several
different surface metal oxide structures can emerge (Figure 2.1), which depends
on the preparation method, the metal oxide loading, the specific surface area of the
underlying supporting substrate, and the solid—solid chemical interactions between
the support and the supported layer. At low loadings, the metal oxide precursor
can be dispersed as isolated metal (monomeric) species. Increased loadings leads
to the adjoining mono oxo species forming oligomeric or polymeric species via
metal-oxygen—metal linkages, and eventually, to surface-bound (nano)crystalline
metal oxide domains. In addition to these structures, the metal oxide precursor
can form a solid solution with the support (e.g., Alo(WO4)3 resulting from the
preparation of WO,/Al,O3 [21] and MgWOy4 resulting from the preparation of
WO,/MgO [22]) or a surface species of a mixed metal oxide composition (e.g.,
supported aluminotungstate clusters on WO,./Al, O3 [23]). Identification of surface
structures and elucidation of structure—property relationships for many supported
metal oxide compositions have been enabled by in situ/operando Raman and other
surface-sensitive spectroscopic techniques in recent years [24—29].

An important parameter in determining the structure of the supported layer is
the surface density of the metal center (psyrf). This is experimentally determined
from the measured weight loading of the supported metal oxide and the overall
BET surface area of the catalyst. Quantitatively,

Weight fraction of supported metal oxide—+
molecular weight x Avogadro’s number

Psurf =
Surface area x 1018

o
HHH |\I}|n+ ,\|,||n+ |:/|n ,\|,||n+ Metal oxide
000 /1IN /IN /IN/IN crystallites
111 000000 00000
Support [ [

Support Support Support

Bare support Isolated Polymerized Crystalline

surface species species metal oxide

FIGURE 2.1 Representations of possible molecular structures of supported metal oxide
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where the units of pg,r and surface area are (metal atom)/nm? and m?/(g of
material), respectively, and the molecular weight is that of the supported metal
oxide. The surface density represents an average value and not the actual metal
distribution. There is the implicit assumption that the supported layer is local-
ized at the support surface, which may not hold for all supported metal oxides.
Thus, the actual surface density values of co-precipitated supported metal oxides
may be overestimated by pg,s calculations if a portion of the supported phase
is entrapped within the support structure. Nevertheless, it is a useful metric for
describing supported metal oxides.

2.4 CASE STuDY: TUNGSTATED ZIRCONIUM OXIDE

Tungstated zirconia is discussed as an illustration of some of the important concepts
of supported metal oxides. This supported catalyst composition has exceptional
low-temperature activity for acid-catalyzed reactions, as first reported by Hino
and Arata [30] for light alkane isomerization over 15 years ago. There has been a
continued interest in these WO,./ZrO;, materials as a robust alternative to sulfated
zirconia and other acid catalysts in industrial acid catalytic processes [31-33], and
progress has been made in understanding the nature of acidity and the relationship
between the surface structure and catalytic behavior. WO,/ZrO; can be doped
with iron, platinum, sulfate, and other species for improved catalytic properties
[34-39]. The short-hand notations “WQO3/ZrO;” and “WO,./ZrO,” are commonly
used, with the latter term more appropriate as it indicates the variable surface
structures of the supported tungstate species (i.e., monomeric, polymeric, and
crystalline).

Different routes have been studied in the synthesis of WO,/ZrO,, since Hino
and Arata’s original report, with many variations of the incipient wetness impreg-
nation theme (Table 2.2). The sol-gel approach is not well studied, and will
be discussed in Section 2.5.3. For impregnation, crystalline ZrO, (tetragonal or
monoclinic phases, or a mixture of both) and amorphous ZrO, (variously written
as Zr(OH)4, ZrO(OH),, or ZrO,(OH)4_»,) have been used. Prepared through a
proprietary process, uncalcined WO,/ZrO; is commercially available from MEL
Chemicals (Magnesium Elektron Inc., USA) [40,41].

Common observations about WO,/ZrO; can be drawn, which is independent
of the preparation method:

e WO, species suppress the sintering of the ZrO, support and the
crystallization of amorphous ZrO,.

e Higher calcination temperatures lead to lower surface areas and there-
fore higher surface densities, for a given weight loading.

e High weight loadings and high calcination temperatures lead to the
formation of WO3 crystals.

e WO,/ZrO, with the same surface density can have different WO3; weight
loadings.
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TABLE 2.2

Conventional Preparation Methods for WO, /ZrO,

Authors
Hino and Arata,
1988 [30]

Santiesteban
etal., 1997 [42]

Vaudagna et al.,
1997 [43]

Yori et al.,
1997 [44]

Boyse and Ko,
1997 [45]

Scheithauer
et al., 1998 [46]

Barton et al.,
1999 [47]

Method
Incipient wetness
impregnation

Incipient wetness
impregnation

Co-precipitation

Incipient wetness
impregnation

Incipient wetness
impregnation;
ion exchange

Incipient wetness
impregnation

Co-gelation

Modified incipient
wetness
impregnation

Incipient wetness
impregnation

Precursor source and activation procedure
ZrO; source: Zr(OH)4 precipitated from zirconyl
chloride using NH4OH
WOy source: ammonium metatungstate solution
Calcined in air, 600 to 1000°C
ZrO; source: Zr(OH)4 precipitated from zirconyl
chloride using NH4OH; dried at 95°C;
refluxed in NH4OH solution overnight
WO, source: ammonium tungstate solution
Calcination at 825°C for 3 h in air
Zr0O, source: Zirconyl chloride solution added to
NH4OH/ammonium tungstate solution
WO, source: ammonium tungstate solution
Precipitate was placed in a steambox at 100°C
for 16 h before calcination at 825°C for 3 h in air
ZrOy source: Zr(OH)4 precipitated from zirconyl
chloride using NH4OH; dried at 110°C
WOy source: ammonium tungstate solution
Calcination at 800°C for 3 h in air
Zr0O, source: Zr(OH)4 precipitated from zirconyl
chloride using NH4OH; dried at 110°C
WOy source: ammonium tungstate solution
Calcination at 800°C for 3 h in air
ZrO, source: ZrO, aerogel derived from zirconium
n-propoxide through CO, supercritical
drying at 70°C
WOy source: ammonium tungstate solution
Calcination at 700 to 1000°C for 2 h in air
ZrO, source: Zirconium n-propoxide gelled
with ammonium tungstate solution
WOy source: ammonium tungstate solution
Gel was supercritical dried in CO, at 70°C, dried
at 110 and 250°C, and calcined at
700 to 1000°C in air
ZrO, source: Zr(OH)4 supplied by MEL Chemicals
WO, source: ammonium tungstate solution
Suspension was refluxed at 110°C for 16 h,
dried at 110°C for 12 h, calcined between
500 and 1000°C for 3 h
ZrO; source: Zr(OH)4 precipitated from zirconyl
chloride using NH4OH; dried at 150°C
WO, source: ammonium tungstate solution
Samples calcined between 500 and 1010°C for
3 hin air
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TABLE 2.2
Continued.
Authors Method Precursor source and activation procedure
Naito et al., Incipient wetness ZrO, source: Zr(OH)4 precipitated from
1999 [48] impregnation zirconium oxynitrate using NH4OH
WO, source: ammonium tungstate solution
Calcination at 650°C for 4 h in air
Valigi et al., Incipient wetness Zr0O, source: Zr(OH)4 precipitated from zirconyl
2002 [49] impregnation; chloride using NH3 gas; dried at 110°C

ion exchange WO, source: ammonium tungstate solution
Calcination at 800°C for 5 h in air

2.4.1 Surface Coverage

Monolayer or saturation coverage can be defined as the surface density above which
nanocrystals of the supported phase can be detected through Raman spectroscopy.
Wachs and coworkers reported that the monolayer coverage was ~4 W/nm? for
WO, /ZrO, (prepared through incipient wetness impregnation) [22]. Other sup-
ports such as TiO,, Al;O3, NbyOs, and TayOs were reported to have similar
values for W monolayer coverages [22,25,50]. The term “monolayer catalyst” is
occasionally used to refer to a supported metal oxide catalyst with monolayer
coverage [9,51].

Different surface structure models lead to a range of theoretical monolayer
coverages. Zhao et al. calculated that a close-packing of WOj3 units in which the
oxygens form a complete monolayer on a ZrO, (or any) surface would have a
theoretical surface density of 0.19 g WO3 per 100 m?, or 4.93 W/nm? [52,53].
Scheithauer et al. [46] considered 6.5 W/nm? to be the theoretical monolayer, based
on the surface area of a WO3 unit derived from the bulk density of crystalline WO3.
Iglesia and coworkers [47] indicated that a range of 7 W/nm? [54,55] to 7.8 W/nm?
can be calculated for the theoretical monolayer coverage for polytungstates from
“the density of WO, species in a two-dimensional plane of corner-shared WOgq
octahedra with W—O bond distances corresponding to those in low-index planes
of monoclinic WOj3 crystallites” [47].

From a molecular standpoint, WO, surface species can be thought to titrate
the ZrO, surface hydroxyl groups. Scheithauer et al. [56] performed in situ fourier
transform infrared (FTIR) spectroscopy on a series of WO,./ZrO; prepared through
amodified incipient wetness impregnation method. They found that surface Zr—OH
groups (corresponding to an infrared (IR) peak between 3765 and 3782 cm™!)
of the ZrO; support decreased in population with increasing WO, loading and
disappeared at 4.0 W/nm?. They also detected IR peaks in the O—H stretching
region at lower wavelengths (between 3625 and 3682 cm™!), which remained at
all WO, loadings. Based on WO,/ZrO; samples prepared using incipient wetness
impregnated Degussa ZrO;, Vaidyanathan et al. attributed the lower-wavelength
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IR peaks to bridging OH groups (Zr—-OH-Zr). They concluded that the WO, spe-
cies preferentially bonded to the ZrO; surface through the isolated OH groups
rather than the bridging OH groups, implying incomplete coverage of the underly-
ing support [57]. However, it cannot be ruled out that the bridging OH groups are
located below the surface and not accessible to the WO, surface species, as sug-
gested by proton nuclear magnetic resonance (NMR) studies of alumina-supported
metal oxides by Mastikhin et al. [58,59].

Still, other data indicate that the ZrO, surface is exposed, even at surface
coverages >7.8 W/nm?. Through combined low-temperature CO chemisorption
(CO adsorbs on coordinately unsaturated Zr cations) and ion scattering spectro-
scopy (with a surface sensitivity of 0.3 nm), Vaidyanathan et al. reported that,
for samples prepared through impregnation of crystalline ZrO,, surface coverage
increased approximately linearly, up to a WO, loading of 1.7 wt% (or 1.2 W/nm?)
and reached a plateau of ~54% above 6 wt% (or 4.6 W/nm?) [57,60]. Ferraris et al.
[61] found a very similar trend for materials prepared through ion-exchange and
incipient wetness impregnation (Figure 2.2[a]). Scheithauer et al. [56] presented
CO adsorption/FTIR data suggesting that coordinatively unsaturated Zr (Lewis
acid) sites were present at surface densities as high as 14.1 W/nm?.

Using benzaldehyde as a selective probe molecule for the basic sites of ZrO,,
Naito et al. [48] reported that there was near-100% coverage of ZrO, by WOy
species at 4 W/nm? for materials calcined at 650°C. However, for materials cal-
cined at a lower temperature of 300°C, they found that ~55% coverage by WO,
was measured at 4 W/nm?; full surface coverage was not reached until 10 W/nm?
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FIGURE 2.2 WOy surface coverage of WO,/ZrO; determined from (a) CO chemisorption
at 77 K (The [ x] marks are data from Vaidyanathan et al. [60]. Taken from Ferraris, G.,
De Rossi, S., Gazzoli, D., Petliti, 1., Valigi, M., Magnacca, G., and Morterra, C., Appl.
Catal. A: Gen. 2003, 240, 119—-128. With permission.) and (b) benzaldehyde chemisorption
at 250°C (The open and closed symbols represent samples calcined at 300 and 650°C,
respectively. Taken from Naito, N., Katada, N., and Niwa, M., J. Phys. Chem. B 1999, 103,
7206-7213. With permission.)
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(Figure 2.2[b]). Materials with the same surface density pg,r values can thus have
different coverages of the ZrO, surface, highlighting the notion that monolayer
coverage by the supported layer does not necessarily correspond to a completely
inaccessible support.

2.4.2 Molecular Structure of WO, Species

Wachs and coworkers prepared WO,/ZrO, with different WO, loadings through
incipient wetness impregnation, using Degussa ZrO; (mixture of monoclinic and
tetragonal crystal phases, 39 m?/g) and ammonium metatungstate. Samples exhib-
ited a sharp Raman band in the ~1000 to 1010 cm™! region, which is due to a
stretching mode of a terminal tungsten oxo (W=0) bond (Figure 2.3). The broader
Raman bands at 804 and 875 cm™! were attributed to W-O-W bonds, indicating
that polytungstates coexist with monotungstates below monolayer coverage. Direct
quantification of the distribution of these species and WO3 crystals through Raman
spectroscopy is not possible, since the Raman signals for the polytungstates (and
polymerized metal oxide species, in general) are very weak [25,62].
Monotungstates have only one W=0 oxo bond under dehydrated condi-
tions, according to oxygen isotope exchange studies [63]. The tungsten center is
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FIGURE 2.3 [In situ Raman spectra taken after dehydrating the materials (previously cal-
cined) at 500°C. The weight loadings of 1, 3, and 5% correspond to 0.7, 2.1, and 3.5 W/nrnz,
respectively. For reference, crystalline WO3 has sharp and intense bands at ~715 and
~ 800 cm™~! (Taken from Kim, D.S., Ostromecki, M., Wachs, .E. J. Mol. Catal. A: Chem.
1996, 106, 93—102. With permission.)
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coordinated totally to six oxygens in distorted octahedral symmetry, as indicated
by EXAFS and CO adsorption/FTIR studies [46,47,56,61,64]. Thus, isolated
WOg octahedra presumably bind to the zirconia support through five W-O—Zr
bonds. Polytungstates are oligomers of WOg, which connect via W—O-W linkages
(Figure 2.4). The number of WOg units, extent of connectivity, and physical dimen-
sions of a polytungstate domain are not known and cannot be quantified yet [47].

2.4.3 Relationship Between WO, Surface Structure and
Catalytic Properties

An understanding of how the molecular structure of WO, relates to observed
catalytic properties has increased since Hino and Arata’s work. In their report,
they calcined their impregnation-derived WO,/ZrO, samples at several temperat-
ures (Table 2.3), and found that those calcined at 800 and 850°C were the most
active for pentane isomerization [30]. The tungsten content was ~13 wt%; no
surface areas were reported, and the surface densities could not be calculated.
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FIGURE 2.4 Schematic of (a) monotungstate and (b) polytungstate surface species

TABLE 2.3
Structural Properties of Two 825°C-Calcined WO, ZrO,
Materials Prepared by Santiesteban et al.

Preparation Surface WO; Psurf Strong Brensted
method area (mz/g) content (W/nm?2) site amount
(Wt%) S
(meq/g) Site/nm?
Impregnation of 62 21.3 8.9 0.002 0.019
refluxed Zr(OH)4
Co-precipitation 62 19.5 8.2 0.0039 0.037

Source: Calculations are based on values taken from Santiesteban, J.G., Vartuli, J.C.,
Han, S., Bastian, R.D., and Chang, C.D. J. Catal. 1997, 168, 431-441.
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They concluded that the active (super)acid sites were generated from the crystal-
lization of the amorphous Zr(OH)4 support into the tetragonal phase, though they
did not comment on the molecular nature of the active sites [65].

Mobil (now ExxonMobil) researchers compared WO,/ZrO, materials pre-
pared through impregnation and co-precipitation for pentane isomerization [42].
By titrating the Brensted acid sites with 2,6-dimethylpyridine and examining the
catalytic activity of the poisoned samples, they determined that the impregnated
and co-precipitated WO,/ZrO, samples had a similar amount of total Brensted
acid sites (~0.0094 meq/g, or ~0.09 site/nm?). However, the latter contained
twice as many strong Brensted sites active for pentane isomerization (Table 2.3).
Co-precipitation led to a more active material due to a higher surface density of
strong Brensted sites, though the strong Brensted site amount did not appear to
be related to tungsten surface density. They reported a maximum in isomerization
activity as a function of tungsten oxide content in co-precipitated materials. This
maximum activity behavior of WO,/ZrO; was observed by others for n-butane
isomerization [41,48].

Iglesia and coworkers [47,55,66] observed a similar maximum in reaction rates
for o-xylene isomerization over WO,/ZrO;. Like Hino and Arata, they observed
that reaction rates (in terms of turnover frequencies or TOF’s, normalized to
total W content) were greatest in value at an intermediate calcination temperature
(Figure 2.5[a]). WO,/ZrO, samples with different tungsten loadings exhibited a
different maximum in o-xylene TOFs as a function of calcination temperature.
By accounting for surface areas at different calcination temperatures, they were
able to collapse the reaction rates roughly onto a single volcano-shaped curve when
plotted against W surface density (Figure 2.5[b]). They found that WO,/ZrO;
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FIGURE 2.5 o-Xylene reaction rates over WO,/ZrO, with different tungsten loadings
plotted as a function of (a) calcination temperature and (b) tungsten surface density (Taken
from Barton, D.G., Soled, S.L., Meitzner, G.D., Fuentes, G.A., and Iglesia, E., J. Catal.
1999, 181, 57-72. With permission.)



Nanostructured Supported Metal Oxides 43

exhibited similar catalytic behavior for 2-butanol dehydration in terms of initial
TOF’s [67].

Barton et al. [47,55] attributed the high reaction rates to the presence
of polytungstates, as inferred from UV-Vis, x-ray diffraction (XRD), and
Raman characterization results. Monotungstates and polytungstates are found
at pgurf < 4 W/nm?2, and crystalline WO3 species are detected through XRD at
Psurf > 8 W/nm?. In the intermediate range of 4 to 8 W/nm?, polytungstates and
crystalline WO3 nanodomains (which cannot be detected through XRD but can be
detected through Raman spectroscopy) are found. They suggested that the TOF
increases with surface density and polytungstate population until ~10 W/nm?,
above which additional tungsten content contributes to the formation of WO3
crystals containing inactive and inaccessible tungsten atoms. They proposed that
polytungstates reduce to form bronze-like WO?~ domains, charge balanced by
spatially delocalized H®*, or Bronsted acid sites (Figure 2.6). The polytungstates
are reducible by hydrogen gas or by the reactant hydrocarbon (e.g., 2-butanol)
during the reaction, and the ease in reduction increases with domain size [54].
Two important findings are noted: calcination temperatures above 800°C are not
needed to yield active WO,/ZrO; materials, and the reaction rates over WO,./ZrO,
depend solely on W surface density.

In their modification of incipient wetness impregnation, Kndzinger et al. [46]
prepared WO,/ZrO; by refluxing a suspension of Zr(OH)4 in an aqueous solution
of ammonium metatungstate for 16 h, and then evaporating the suspension to dry-
ness. After calcining at 650°C, these refluxed WO,/ZrO; materials have surface
densities that exceed the monolayer coverage of 4 W/nm? without the formation of
WOj3 crystals (Table 2.4). One would expect that calcination temperatures above
the Tammann temperature of bulk WO3 (600°C) lead to sufficient mobility of the
surface WO, species for coalescence and crystallization to occur [68]. The calcin-
ation temperature of 825°C is sufficiently high to induce WO3 crystal formation
at most surface densities above 4 W/nm?. The refluxing step apparently yields
WO,/ZrO, with polytungstates which are more thermally stable than impreg-
nated materials; Scheithauer et al. [46,56] speculated the polytungstate domains

FIGURE 2.6 Proposed mechanisms for activation of polytungstate to form acid site (Taken
from Baertsch, C.D., Soled, S.L., and Iglesia, E. J. Phys. Chem. B 2001, 105, 1320-1330.
With permission.)
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TABLE 2.4
WOj3 content, surface area, and surface densities for WO, /ZrO,
calcined at 650 and 825°C

WOy /ZrO, calcined at 650°C WOy /ZrO, calcined at 825°C

WO3 weight  Surface area Psurf Surface area Psurf
loading (wt%) (m?/g) (W/nm?) (m?/g) (W/nm?)
0 ~30 0 ~ 18 0
3.6 54 1.7 30 3.1
5.9 64 2.4 40 3.8
8.6 69 32 46 49
10.5 82 33 46 5.92
13.6 88 4.0 42 8.42
19.0 96 5.1 35 14.12
239 70 8.9 30 20.72
32.0 43 19.3 28 29.72

4 Raman bands for WOj3 crystals observed.

Source: Values taken from Scheithauer, M., Grasselli, R.K., and Knézinger, H. Langmuir
1999, 14, 3019-3029; Scheithauer, M., Cheung, T.K., Jentoft, R.E., Grasse R.K.,
Gates, B.C., and Knozinger, H., J. Catal. 1998, 180, 1-13.

to contain Zr cations in a heteropolyacid-like form. Kuba et al. [69,70] reported
that pentane molecules formed radicals over polytungstate-containing WO,./ZrO,
under reaction conditions, leading to the reduction of W to W3+ cations and the
formation of hydroxyl groups. This redox initiation step may be responsible for
the induction period observed in pentane conversion with time [56].

2.5 NEW SYNTHESIS APPROACHES

The concept of polymerized WO, surface species as the active sites for acid cata-
lyzed molecular conversions upon partial reduction provides the motivation to
learn how to control the molecular structure of these surface species more ration-
ally at the synthesis level. The following synthesis routes have been reported for
WO,/ZrO, materials with desirable structural properties (such as high surface
areas, high thermal stability, and controlled pore sizes) and may provide greater
control over polytungstate formation with further study.

2.5.1 Surfactant Templating

Surfactant templating chemistry involves the hydrolysis and condensation of solu-
bilized precursors of metal oxides in the presence of surfactant molecules that form
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the eventual pores in the inorganic matrix. Mobil (now ExxonMobil) researchers
reported in 1992 that surfactants could be used to template highly ordered pore
channels of uniform sizes in silicate structures (Figure 2.7) [71-84]. A solu-
tion of hexadecyltrimethylammonium bromide contains aggregates of surfactant
molecules called micelles, and addition of a silicate precursor in basic solution
causes immediate precipitation of an organic/inorganic mesostructure. Forma-
tion involves the electrostatic binding of negatively charged silicate oligomers to
the positively charged ammonium head groups on the spherical micelle surface,
the elongation of micelles into rods, the packing of the rods into a hexagonal
array, and the condensation of the silicate between the rod-shaped micelles. The
mesostructure is calcined to remove the surfactant, thereby creating a honeycomb-
like structure. The resulting mesoporous silica material has high surface areas
(>1000 m?/g); uniform pore sizes (2 to 10 nm); liquid crystal-like, long-range
ordering of the pores, and high thermal stability (>800°C). Materials with larger
pore sizes can be prepared using longer surfactant molecules, organic liquids to
swell the micelles, and amphiphilic polymers.

Surfactant templating chemistry can be extended to many nonsilicate com-
positions after modifications to the synthesis route. These materials are less
structurally stable than the mesoporous silicates, which is attributed to the thin-
ness of the amorphous pore walls (~1 to 2 nm). Stucky and coworkers [85,86]
showed that this problem could be mitigated by preparing the materials with
thicker walls. To prepare mesoporous WO3, they dissolved a poly(ethylene oxide)—
poly(propylene oxide)—poly(ethylene oxide) triblock copolymer and WClg salt in
ethanol, and dried the resulting solution in open air. The tungsten salt reacted
with moisture to undergo hydrolysis and condensation reactions. These chem-
ical reactions caused the eventual formation of amorphous WOj3 around triblock
copolymer micelle-like domains, and after calcination at 400°C, a mesoporous
WO3 with thick, nanocrystalline walls (~5 nm) and surface area of 125 m?/g
was formed.

A mesoporous WO,/ZrO, was prepared in an analogous fashion, in which
ZrCly salt was added with WClg prior to drying of the ethanolic solution [85]. After
calcination at 400°C, the resulting mesoporous material was amorphous, with a
pore wall thickness of 4.5 nm and a surface area of 170 m?/g. The distribution of W
and Zr atoms was not reported, although the W can be presumed to be distributed
on the surface and throughout the pore walls.

Silicate
addition

—>

FIGURE 2.7 Illustration of two-step preparation of hexagonally ordered mesoporous silica
MCM-41
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2.5.2 NP Surfactant Templating

Wong et al. [87] reported the use of metal oxide NPs in surfactant templating, which
allowed the synthesis of tungstated zirconia, tungstated titania, and tungstated alu-
mina. In the preparation of WO,/ZrO5, a clear suspension of ZrO, NPs (diameter
~3 to 10 nm) is added to a solution of ammonium metatungstate and (ethylene
oxide),o—(propylene oxide)7o—poly(ethylene oxide)yg triblock copolymer, which
leads to immediate precipitation. It is thought that the metatungstate anion binds
to the surface of the positively charged NPs, and the coated NPs aggregate around
the polymer micelles (Figure 2.8).

Calcination of the dried precipitate at 600°C removes the organics from the
inorganic framework and transforms the metatungstate into WO, surface species.
The resulting material has a surface of 130 m?/g, a pore size in the 4 to 6 nm range,
and a pore wall thickness of ~4 to 6 nm (Figure 2.9). There are no crystalline
phases of ZrO, or WO3, as characterized through XRD. The material does not
crystallize into distinct ZrO, and WOj3 crystal phases until heated above 700°C.

The use of ZrO, NPs ensures that the WO, species are on the surface. With
a WOj3 content of ~30 wt%, the surface density is calculated to be 6 W/nm?.

(NH4)gH2W15040(aq)

Polymer
micelle Aggregation Calcination
Pore
H~1 °
ZrO,NP P 600°C

FIGURE 2.8 Illustration of two-step preparation of NP/surfactant-templated tungstated
zirconia

FIGURE 2.9 TEM image of NP/surfactant-templated WO,./ZrO; (calcined at 600°C)
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NP/surfactant-templated WO,/ZrO; contains no crystalline WO3 according to
in situ laser Raman spectroscopy [88,89]. It is hypothesized that the ZrO, NPs
stabilize polytungstates from crystallizing by trapping them in the gaps between
adjacent NPs, allowing for the high content of amorphous WO,.. Some batch-to-
batch variation is observed due to sensitivity of the final structure to synthesis
conditions, which affects the WO3 content, surface area, and surface density (as
high as 12 W/nm?).

2.5.3 Modified Sol-Gel Chemistry

To reduce the variability in the final structure, a new synthesis strategy involving
sol—gel chemistry is being studied. Knowles et al. [89] posited that, if ZrO,; NPs
act to stabilize polytungstates by entrapment in the NP gaps, then a network of
ZrO; NPs would also stabilize WO, in a similar fashion. A zirconia gel prepared
from the gelation of a zirconium alkoxide-derived sol is one such example of an
NP network. This gel was prepared through controlled hydrolysis of zirconium
n-propoxide, and subsequently mixed with a solution of ammonium metatung-
state. To avoid catastrophic pore collapse upon drying to form a xerogel, ascorbic
acid was added to the mixture. This organic is thought to bind to the gel surface
and to prop up the internal gel framework during drying. Calcination at 600°C led
to mesoporous WO,/ZrO, with an open structure similar to that of NP/surfactant-
templated WO, /ZrO; (Figure 2.10). XRD and Raman spectroscopic data indicate
the presence of tetragonal ZrO, with grain sizes ~16 nm and the absence of WO3
crystals for a WO,/ZrO, with 10.6 W/nm?. This two-step gelation method allows
the WOj3 content of the final material to be controlled independent of the sup-
port formation, unlike NP/surfactant templating, which require the simultaneous
presence of metatungstate and ZrO; NPs.

FIGURE 2.10 TEM image of sol-gel-derived WO,/ZrO, (calcined at 600°C)
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The two forms of NP-supported WO,/ZrO, materials (prepared from
NP/surfactant templating and sol—gel chemistry) are active for the dehydration of
methanol to dimethylether [89], according to methanol oxidation studies [90,91].
It is hypothesized that these NP-supported materials contain a larger amount of
polytungstates than conventionally prepared WO,/ZrO, and therefore are more
active [89].

Boyse and Ko [45] prepared WO,/ZrO, through a one-step co-gelation
(Table 2.2). An acidic alcoholic solution of zirconium n-propoxide and ammonium
metatungstate was prepared, which gelled in ~1 min. The resulting gel was
supercritically dried in CO;, to remove the solvent without collapsing the pore
structure. Calcination led to a material with mesopores in the range of 10 to 20 nm.
The co-gelled WO, /ZrO; contained more thermally stable WO, species compared
with the impregnated material. As in the case of co-precipitated supported metal
oxides, it could not be ruled out that tungsten atoms were trapped within the ZrO;
support.

Signoretto et al. [92] reported a one-step co-gelation method, in which
zirconium n-propoxide and tungsten n-propoxide was combined with nitric acid,
water, and isopropanol to create a homogeneous solution that gelled overnight.
Supercritically dried in CO, and calcined, the final material was found to con-
tain more entrapped tungsten than those prepared with zirconium n-propoxide and
ammonium metatungstate.

In a very different approach, Melezhyk et al. [93] prepared gel-like particles
using zirconyl chloride and ammonium metatungstate. A solution of the two salt
precursors and a solution of poly(vinyl alcohol) were prepared at 100°C, and
after combining, the resulting mixture was diluted with a buffer solution to yield
transparent gel particles. These particles were carefully dried and calcined. By
calcining the particles under inert atmosphere before calcining in air, higher surface
areas could be achieved. This pyrolysis step converted the poly(vinyl alcohol) into
carbonaceous residue that kept the framework from collapsing. The poly(vinyl
alcohol) also acted as a porogen during gel formation and drying processes, which
resulted in 10 nm pore sizes.

2.6 CONCLUSIONS

The challenge of controlling the nanostructure of WO,/ZrO,, namely the molecu-
lar surface structure and the nanometer-scale framework properties, can be
generalized to supported metal oxides. It is currently addressed through the
development of new material synthesis chemistries, such as surfactant templating
and sol—-gel chemistry. Surfactant templating leads to relatively unstable porous
materials, but thicker pore walls through a different chemistry or using NPs over-
comes this problem. This method and sol-gel chemistry can lead to mixed metal
oxides but the active metal oxide could be trapped below the support surface. Here,
too, the use of NPs (either preformed or formed in situ) is a solution, by ensuring
the localization of the active phase on the support surface. It appears that NPs in
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the form of a porous framework can stabilize the active phase as thermally stable
polymeric surface species, providing a new and interesting type of nanostructured
supported metal oxide. Ultimately, the ability to engineer the catalyst structure
at the nanoscale and the fundamental understanding of the synthesis—structure—
property relationships of supported metal oxides will further enable the rational
design and preparation of supported metal oxides.
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3.1 INTRODUCTION

Heterogeneous catalysis occurs at the surface of solids. To describe the overall
catalytic process it is obvious that one must consider fluid-phase transport of react-
ants to, and products away from, the solid surface. However, it is also true that, in
the case of oxide materials, solid-phase transport of defects must be considered if
we are to have a full description of the processes occurring at the surface. Further-
more, such defects, when present at the surface of the oxide, play a very important
role in determining the catalytic activity of the solid. The nature of these surface
defects is strongly related to the bulk defect chemistry of the solids. In this chapter
we describe the bulk defect chemistry of solids and discuss the role of this defect
chemistry in determining defect transport and electrical conductivity. We con-
clude the chapter by looking at the use of oxide membranes in chemical reactors.
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Such membranes rely upon the ability of the oxide material to selectively transport
defects which themselves undergo catalytic reactions at the free membrane sur-
faces. We focus on the versatile perovskite family of metal oxides which exhibits
both ionic and electronic conductivity (pure ion conductors or solid electrolytes
are dealt with elsewhere in this book).

3.2 Types oF DErecTs

In an ideal ionic crystal, each atom is located at its regular lattice site and all sites
are occupied, however, due to entropy considerations all real crystals deviate from
the perfect atomic arrangements. Important physical properties of a metal oxide
such as electrical transport, diffusion and diffusion-controlled processes such as
sintering and phase separation, catalytic activity, melting point and various optical
properties depend on the presence of defects. Numerous types of lattice defects
are recognized: electrons and positive holes, excitons (excited electrons that are
accompanied by their holes), vacant lattice sites and interstitial atoms, impurity
atoms in interstitial or substitutional positions, dislocations and stacking faults.
In addition to these primary imperfections, there are transient imperfections such
as electromagnetic quanta and charged and neutral radiation. For convenience,
we will concentrate on atomic defects and some electronic defects; however, it is
important to understand that all different types of imperfections interact among
themselves.

3.2.1 Point Defects

Point defects are missing, substituted or interstitial ions and occur in all crystalline
materials. They are electronically charged and can be intrinsic or extrinsic. Intrinsic
point defects are thermally generated in a crystal, whereas extrinsic defects are
formed by the addition of an impurity or dopant.

The most common types of intrinsic point defects are Schottky and Frenkel
defects (Figure 3.1). A Schottky defect consists of a vacant cation lattice site and a
vacant anion lattice site. To form a Schottky defect, ions leave their normal lattice
positions and relocate at the crystal surface, preserving overall charge neutrality.
Hence, for a metal monoxide, MO, vacant sites must occur equally in the cation and
anion sublattice and form a Schottky pair, whereas in binary metal oxides, MO3, a
Schottky defect consists of three defects: a vacant cation site and two vacant anion
sites. A Frenkel defect forms when a cation or anion is displaced from its regular
site onto an interstitial site, where, the resulting vacancy and interstitial atom form
a Frenkel defect pair.

The presence of Schottky defects lowers the overall density of the material
because the volume is increased at constant mass. Frenkel defects do not change
the volume and the density of the material therefore remains the same. Hence,
density measurements can be a useful tool for assessing the type of defect disorder
in oxides if the defect content is high enough.
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Schottky disorder Ideal ionic crystal Frenkel disorder

FIGURE 3.1 Formation of Schottky and Frenkel disorders in an ionic crystal

During thermal activation of an intrinsic defect in a lattice, the amplitude of
lattice vibrations is increased and, subsequently, atoms become more likely to be
displaced off their regular sites. The concentration of point defects is in thermal
equilibrium with the crystal, given by:

G = Gy +nAg — TAS. G.1)

where G is the free energy of the crystal upon forming n defect pairs, each defect
pair consuming an energy Ag during formation, and AS; is the configurational
entropy of the crystal. The change in free energy is therefore:

AG =nAg—TAS. =nAg—TklnP (3.2)

with P being the probability or the number of possible ways in which the defect
can be arranged. For instance, N Frenkel pairs consist of #; interstitials and ny
vacancies. Since the defects are formed in pairs, n = n; = ny, the configurational
entropy is given by:

AS. =k ( M ) < M ) = 2kln(L) 3.3)
N — ny)!ny! N — nj)!n;! (N — n)!n!

The Stirling approximation, In N! = N In N — N, can be applied for large numbers
of N and n, giving:

AS; =2k[NInN — (N —n)In (N —n) —nlnn] 34

When Equation (3.4) is substituted for AS, in Equation (3.2), the total free energy

is given by:
— ")} (3.5)

N N
AG =nAg — 2kT |:Nln< >+nln<
N—n
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and, when the derivative (0AG/dn)r p = 0, is evaluated with (N — n) ~ N for
dilute defects, the concentration of defects is given as:

A A Ah
= exp _o8 = exp el exp| —— (3.6)
2kT 2kT 2kT

The entropy, As, is the nonconfigurational entropy that is associated with lattice
strains and changes in vibrational frequencies and is much less than the config-
urational entropy. The most significant conclusion from relation (3.6) is that the
defect concentration depends exponentially on the formation of free energy, Ag,
and on temperature, 7.

Point defect equilibria can be described with the “concept of defect pairing,”
however this concept only applies to materials with low concentrations of defects,
<1%, where interactions between defects may be ignored and the defects may
be considered as randomly distributed. In the concept of defect pairing, wyy is
the energy of interaction between a pair of cation vacancies and wj; the energy of
interaction between a pair of interstitial cations. If wyy and wj; are negative, then
the defects exert an attractive force on each other and there is a tendency to form
groups or clusters, which, if sufficiently large, will nucleate a new phase. At a crit-
ical composition, the crystal structure will break up into two phases (=saturation
of a solution with a solute).

At higher defect concentrations, however, when substantial defect interac-
tions are involved, the concept of point defects is mostly inadequate to explain
nonstoichiometry. Large deviations from stoichiometry are accommodated by the
formation of clusters of point defects and alternative models involve ordering
of point defects to give rise to planar faults or new structural features, which
eliminate point defects.

Defects and defect chemical equations are best described using a standard
notation, the Kroger—Vink notation [ 1,2], which contains three parts: the main body
identifies whether the defect is a vacancy “V” or an ion such as “Al.” The subscript
denotes the site that the defect occupies which is either a regular lattice site or
an interstitial site, i. The superscript indicates the effective charge of the defect
relative to the perfect crystal lattice; a dot represents a positive charge and a dash
a negative charge whereas an x is used to indicate neutrality. For instance, VQ/]/
is a vacant aluminium site that has a triple negative effective charge and Allt/[g is
an aluminium atom at a magnesium site with a positive effective charge relative to
the perfect lattice. The Frenkel reaction for the system AgCl can be written using
the Kroger—Vink notation as: Agy e Ag? + V{%g, indicating that a silver atom
located at its regular site moves to an interstitial site giving a positive effective
charge and subsequently generating a vacancy at its regular site that is negatively
charged.

Extrinsic defects are formed not only by the presence of impurities or intro-
duction of dopant or solutes into the metal oxide but also by oxidation or
reduction processes. Whether a defect structure is considered as intrinsic or
extrinsic depends on the relative concentration of intrinsic and extrinsic defects,

=l=



