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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



xii 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 NOy 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 VOy possesses VO4 coordination and bulk
V705 consists of distorted VOs 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) ~ (PZCsypport + PZCispersed oxide) /2 (L.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 V205 1.4
y-Aly03 8.8 Nb,Os 43
CeO» 6.8 CrO3 (Crp03) ws (7.0)
ZI'02 6.7 Ta205 ~4
TiO, 6.3 MoO3 1.2
Nb,O5 43 WO; 0.7
Si02 1.8 R6207 ws

ws — water soluble metal oxide.
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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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solution (e.g., VO4, CrO4, M00O4, WOy, ReQy, etc.). For low pH values, the
hydrated metal oxides tend to be present as linear polymeric chains (e.g., (CrO3)n
with nequal to 2 or greater) and clusters (e.g., V10028, M07026, NbgO19, 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 VO, (orthovanadate),
V207 (pyrovanadate), V30O1g (trimer), V4013 (metavanadate or tetramer), V19023
(decavanadate), and V,05. nH>O (V205 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. As the 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 VOy, V207, (VO3)n VOy, V207, (VO3)n
Al,O3 8.8 (VO3)n (VO3)n, V10028
710, 6.7 V207, (VO3)n, V10028 V10O2s

TiOy 6.3 (VO3)n, V10093 V10028

SiOy 1.8 V,05.nH,O V;,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], M0oO3/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, MoO3, 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., NH4 VO3 in water, V205 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 AIMogOx 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 after 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=O bonds (e.g., monoxo M=0, dioxo O=M=0 or tri-
oxo M(=0)3) [64]. For isolated mono-oxo units, the M=O symmetric stretch, Vg,
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
0=M=0 functionality possesses both symmetric, Vs, and asymmetric, Vys, stretch-
ing modes that can be separated by about ~10 cm™! and the IR overtone region
exhibits three bands at ~2V;, Vg + V,s, 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=O bonds are in the CiS configuration,
the Vg and Vs 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 Vg and IR is generally more sensitive to
Vys. 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
1607180 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=180 vibrations. For dioxo structures,
three symmetric stretching bands will appear due to 1°0=M='°0, 180=M='80,
and '®0=M=180 vibrations, and four symmetric stretching bands should appear
for trioxo functionalities (M'03, M!80!60,, M!'30160, and M'303). In addi-
tion, the isotopic shifts due to the substitution of the heavier 180 for 190 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 (+45) 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 VOg4 vanadate ions consist of isol-
ated (VOZ_orthovandate), dimeric (VgO‘;_ pyrovanadate) or polymeric chain
((VO3)i~ 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, Nas V,07, and Nap(VO3)p). Bulk VOgq
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vanadates are also very common structures, and are typically found in extended
vanadia structures. For example, the decavandate cluster in NagV10Oog 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 VO5
coordination. This is the case for bulk V,Os 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 (+5) 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 VOy 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 VOyx monolayer. In 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/SiO,, Raman and UV-Vis spectroscopy reveal only the
presence of isolated surface VO4 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
VOy4 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 VO, species and dehydrated isolated surface VO, 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, Eg, from 3.6
to 2.6 eV [44,82]. In addition, Raman detects vibrations originating from bridging
V-O-V bonds at ~500-600 (Vs), 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)y structures with
n > 2 at monolayer surface coverage because of the low measured E, 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 VO, species. An excep-
tion to this general observation, however, is found for the supported V,05/CeO2
system where IR detects two small shoulders at 1022 and 1029 cm™! that would
correspond to polymeric surface VOq4 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 VO4 species [63]. The band asso-
ciated with the surface polymeric VO4 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 VOy4 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 VOq4
species [74], (2) the overtone region only exhibits the V=0 vibration from the isol-
ated surface monoxo VOy 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
VOq 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 VO, 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 (46) oxides

Bulk chromates possess CrO4 coordination in isolated (CrO4 monochromate),
dimer (Cr,O7 dichromate), trimer (Cr3 O trichromate), and tetramer (Cr4O13 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 CrOs 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 CrOs, 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 (Vas) cm ™!,
dioxo ClLCr(=0), vibrates at 984 (Vs) and 994 (Vas) cm ™!, and trioxo CsBrCr(=0)3
vibrates at 908 (Vs), 933 (Vas), 947 (Vas), and 955 (Vas) cm~! [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 CI 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(4-6) 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(+46) 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) CrO3 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 (19861995 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 v and
Vs 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 [§9—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 CrOx on SiO; [64,88]. The
corresponding Raman spectrum reveals that the dehydrated surface CrOy 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
Cr03/Si0; catalyst suggests (recall that gas phase dioxo Cl,CrO; exhibits Raman
vibrations at 984 (Vs) and 994 (V,s) 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/SiO; 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>~ — Cr%7 lig-
and to metal charge transfer transition [92] and by Raman vibrations at 770 (Vas),
600 (V) 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 AlyOs3, and the ratio of polymeric to
isolated surface CrO4 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 CrOy4 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 >> 4 as in bulk CrO3). 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(+46) oxidation state, and chromia in excess of mono-
layer surface coverage becomes reduced to Cr(+3) CrpO3 crystalline particles
upon calcination at elevated temperature.

1.2.2.4 Rhenium (4+7) oxides

The bulk inorganic chemistry of rhenium (+7) oxides is rather sparse [60,93].
Several ortho-rhenate compounds containing isolated ReO, 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 ReOs 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 ReO4 units bridged by one oxygen
atom (gaseous O3Re—0-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 (Vs of terminal Re=0), 456 (v 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 < CI < F) [94]. The gas phase dioxo F3ReO, oxyhalide exhibits
its terminal Re=0 vibrations at 1026 (Vs) and 990 (V,s) cm™! [95] and the monoxo
Fs5Re=0 possesses its terminal Re=0 Vg vibration at 990 cm™~! [62]. The lower
Re=0 v; 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 (ReOy4), ReO4 dimers
(O3Re-0O-Re03), and polyrhenates composed of mixtures of alternating ReO4
and ReOg groups.

The maximum attainable surface ReOy 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»O7 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 ReOy coverage is never reached because volatilization and crystalline
Re,O7 is never present. Thus, supported ReOy catalysts are unique among the sup-
ported metal oxide catalysts in that only surface ReOy coverage below monolayer
can be achieved without the presence of crystallites.

The dehydrated supported ReOyx/Al,O3 system has received most attention
among the different supported ReOy catalysts in the literature. The coordination
of the dehydrated surface ReOy 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 ReOy species are present in Al,O3
with Re=0 v; at ~1015 and ~1004 cm ™! and corresponding Re=0 Vs 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=0 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 ReOx 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 Vg and V¢ vibrations of the dehydrated surface ReO4/Al,O3
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species on AlpO3 are consistent with the vibrations exhibited by trioxo mono-
meric gas phase oxyhalides XRe(=0)3, possessing Czy 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 Vs and V,g vibrations at 1026 and 990 cm™ L
with both stretching modes higher than that observed for surface ReO4/Al, O3 spe-
cies. The gas phase monoxo FsRe=0 exhibits its V; vibration at 990 cm~ !, which s
lower than that measured for the dehydrated surface ReO4/Al, O3 species. Further-
more, the monoxo FsRe=0 does not possess the Vyq 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;O7
ReOg4-containing dimer (1009, 972, 341, and 322 cm’l) 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 ReOy 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 C3y symmetry and the apparent degeneracy of the asym-
metric vibrations of the —O-Re(=0)3 functionality in gas phase dimeric Re;O5.
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 ReOy 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 ReOy/ZrO, sample at low surface
coverage occur at ~995 (Vg) and ~885 (V) cm™! for the first surface ReOy
species and ~1008 (V) and ~980 (V,s) cm™~! for the second surface ReOy species
at the highest surface coverage (3.3 Re/nm?). The coincident Raman and IR bands
for the dehydrated ReOy/TiO, sample appear at ~1005 (Vs) cm™! at low surface
coverage and ~1011 (Vs) and 975 (V,s) cm™! at the highest surface coverage
(2.4 Re/nm?). Only very low surface coverage of ReOy on SiO, was achieved
(0.54 Re/nm?) and evidence for only one dehydrated surface ReOy species with
vibrations at ~1015 (V) and ~985 (V) cm~! was detected on the SiO support
with Raman and IR, respectively. Isotopic oxygen exchange Raman studies with
supported ReOy/ZrO, revealed only two vibrations for Re=!90 and Re=!180 [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=O 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=0 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 VOg4
and CrOy4 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 MoO4) and in NaMo,O7 (chain of alternating MoO4 and MoOg units). Isol-
ated MoQj4 coordination is, however, rather common for ortho-molybdates (e.g.,
K>MoOy4, NayMoO4, CaMoO4, MgMoO4, MnMoO4, CuMoOQy, etc.). Highly
distorted, isolated MoQO, coordination is found in Al,(Mo0QO4)3, Fep(MoQy)3,
Cry(Mo04)3, and Gda(MoO4)3 [99]. Highly distorted MoOs units are present in
Bi2(Mo0QO4)3 [99]. Polymolybdate clusters composed of 6 to 8 MoOg coordin-
ated units are also known (e.g., [NH3P3(NMej)g12M0gO19, (NH4)6M07024, and
(NHy)4MogOy4) [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-MoO3
causes the sixth oxygen atom to be located very far from Mo and, consequently, the
bulk alpha-MoQO3 structure is better described as consisting of MoOjs units [60].
The bulk beta-MoO3 crystalline phase is another MoOs3 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
BroMo(=0); gives rise to bands at 995 (V) and 970 (Vys) cm~! (electronegativity
of Br < Cl < F) [61]. Thus, the structural inorganic chemistry of molybdenum
oxides consists of MoOg4, MoOs, 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 MoOyx coverage [40,100,101]. Above the monolayer
surface MoOy coverage, crystalline MoO3; was also present. For supported
Mo03/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 MoOy 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 MoOy species are bonded
either to the oxide support cations or to the adjacent surface MoOy 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 MoOy species at low surface coverage [40,100-102]. EXAFS analysis of
the dehydrated surface MoOy species on SiO; is consistent with the isolated nature
of the supported MoOy/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 MoOy 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:lSO) [102]. The terminal Mo=O0 vibrations of the dehydrated surface MoOy
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 MoOy species on SiO; has been
found to be neither that of pure MoO4 nor that of pure MoOg, and this dehyd-
rated surface MoOy species most probably possesses O=Mo(—0-Si)4 coordination
[40,102].

For non-SiO; supported MoOy catalysts, the dehydrated surface MoOy
coordination depends on the surface molybdena coverage and the specific oxide
support. At low surface molybdena coverage (5 to 15% of monolayer), primarily
surface MoQ4 coordinated units are present on Al,O3 and TiO; [40,101]. The cor-
responding Raman spectra of these catalysts also indicate that the surface MoOg4
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 MoOy 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 MoOy 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,O3 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 MoOx species. (a) Isolated monoxo
Mo0O4/Mo0Os5 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!80 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 MoQy, with the exception of supported MoO3/SiO, that
appears to possess the isolated monoxo MoOs structure. At high surface coverage,
highly distorted and polymeric monoxo MoQg structures are always present. The
presence of surface monoxo MoQ; species at high surface coverage depends on
the specific support (Al,O3 ~ ZrO, > TiO; ~ NbyOs) [40]. For high surface
coverage of supported MoO3/SiO», crystalline MoOs3 is also present in addition to
the surface MoOy 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 MoOy species, (2) MoO4 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 (LipWO4, NayWQO4, Nay WOy,
RbyWOy4, and Cs;WO4) compounds possessing isolated WO, sites are known.
Tungstates rarely form polymeric WO4 compounds, and one such exception
is MgW,07 that consists of a pair of sharing WOy4 units. Alternating poly-
meric WO, and WOy sites are present in the polytungstate chains of NayW,07
and (NH4)2W>07. An isolated WO5 coordinated site has been determined to
be present in the Caz(WO;5)Cl, compound. Isolated WOg coordinated units
are present in the Wolframite structure (FeWO4, MnWO,, CoWO4, NiWOy,
and ZnWOy). Polytungstate chains composed of WOg coordinated units are
present in Li;W>07 and AgrW,0O7. Tungsten oxide clusters composed of
polymeric WOg units have been identified with varying number of tungstate
units: 4-membered (AggW4016), 6-membered (NBus)aWeO19, 10-membered
(NH4BuW(033), and 12-membered (paratungstate-(NH4)10(HyW12042.10H,0)
and metatungstate-(NH4)s(HoW12049)). 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 Cl4 W=0 and BrsW=0 have not been experi-
mentally determined. However, it is possible to estimate their vibrational frequency
by analogy with the corresponding X4Mo=0 and X3V=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
X2 W(=0); oxyhalides has not been determined, but the IR spectra for BroMo(=0);
and the ions [SesMo(=0),]%> and [Se, W(=0),]>~ has been reported and exhibit
their Vy/v,s vibrations at 995/970, 864/834, and 888/845 cm ™1, 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 Bro W(=0), oxyhalide would vibrate
at ~1020/980 cm™! by analogy with Br,Mo(=0)5. 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 WOy 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-
Si0;, 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 WOy species are simultaneously present below monolayer
surface coverage due to the low reactivity of the Si~OH groups [106,107]. For
the supported WOy systems that were extensively examined with Raman and IR,
it was concluded that the surface WOy species contain only one terminal W=0
bond [85,98]. The fundamental vibrations of the terminal W=0 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=0O nature of the surface WOy structures since only two bands
due to W=!90 and W=!80 vibrations were detected [108]. The vibrations of
the terminal W=0 bond of the dehydrated surface WOy 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 WOy 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 WOy species on SiO; have been reported till date. Although, much of the
critical structural spectroscopic data about the surface WOy species on SiO; are
currently not available, comparison with the corresponding surface MoOy/SiO;
system tentatively suggests that the surface WOy on SiO» most likely possesses the
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isolated monoxo O=W(-0); structure. The actual details of the surface WOy struc-
ture on Si0, will be determined once the additional characterization information
becomes available.

For dehydrated non-SiO; supported WOy, there currently exists sufficient
Raman and IR data to conclude that these structures possess monoxo W=0 sur-
face WOy species. For supported WO3/Al,O3, 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='80 vibrations [108]. The coordination of
the surface WOy species on Al,O3 was found to be WO, at low surface cover-
age and WQg at monolayer coverage [48]. Raman spectroscopy also revealed the
presence of bridging W—O-W bonds with v; = 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 WOy 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 WOs structure
at high surface coverage [49,109]. For supported WO3/ZrO,, the surface WOy
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 WOy are presented in
Figure 1.7. Analogous to the dehydrated surface MoOy species, dehydrated isol-
ated surface WO4/WOs5 and dehydrated polytungstate surface WOg species are
also found. The isolated monoxo WQO4 and WOs species are primarily observed
at low surface coverage and the polytungstate monoxo WOg species are found to
be present at high surface coverage. These dehydrated surface WOy structures are
consistent with the known inorganic chemistry of tungsten oxide compounds.
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FIGURE 1.7 Structures of dehydrated surface monoxo WOy 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 (+45) oxides primarily possess distorted NbOg coordination with
different extents of distortion [60,110]. The NbO7 and NbOg coordination are also
known (e.g., Nb,Os-nH;O is composed of NbOg, NbO7, and NbOg units). Isolated
NbOy4 coordination is not common and only found in several rare earth niobates:
LaNbOg4, SmNbOy4, YbNbO4, and YNbO,. Consequently, unlike the isolated MOy
sites present in bulk AIVO4, Al2(Mo00Q4)3, and Al,(WO4)3 discussed earlier, the
bulk AINbOy structure contains highly distorted polymeric NbOg. The NbgOj9
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]¢Nb19Osg salt. Layered niobia salts, KCapNap_3NbnO3znq with
n = 3 to 5 layers, are composed of distorted monoxo NbOg groups [111-113].
The various bulk Nb;O5 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-Nb,Os5 (1 NbOy4 per 27 NbOg).
The Nb=O vibrations of monoxo CI3Nb=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 NbOg4
structure is rare.

The XANES/EXFAS data are only available for the dehydrated supported
Nb,O5/Al>,03 and NbyO5/Si0; systems [67]. The XANES/EXAFS analyses sug-
gest that surface NbOy 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 NbOy species [114]. At high surface coverage on
Si0,, crystalline NbyOs coexists with the surface NbOy 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 NbOy species is detected at
~980 t0 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 NbOx/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 NbOg surface species at high
surface coverage. Very similar Raman and IR vibrations are also present for the
dehydrated supported NbyOs/ZrO, and NbyOs/TiO, systems. Isotopic oxygen



22 Metal Oxides: Chemistry and Applications

() ﬁ (b) o o}
Nb — O O O
/O\o ?/5\? ?/5\?
| | | © ©

FIGURE 1.8 Structures of dehydrated surface monoxo NbOyx 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=1°0 and Nb=180 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 NbOy species are
depicted in Figure 1.8.

The dehydrated surface NbOy coordination chemistry is consistent with the
known Nb oxide inorganic structural chemistry. Whereas NbOy4 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., YbTaO,) 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?; cluster described in Section 1.2.2.7, made up of
distorted TaOg groups. Bulk TapO5 exhibits a phase transition at 1360°C and the
stable phases below and above this temperature are referred to as L-Ta,O5 and
H-Ta;Os, respectively. Poorly crystalline TayOs is present below ~800°C and is
present as TayOs-nH;O (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=0O bond by comparing with the
corresponding Cl3Nb=0 monoxo complex and correcting for the heavier mass of
Ta. Such an estimation gives a value of ~950 cm™! for the Ta=O 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 TaOy species on several different
oxide supports was determined with XANES [68]. Highly distorted TaOg¢ species
were primarily found to be present on Al, O3, 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 TaOx 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 (V,s) and ~610 (V) cm~! in the cor-
responding Raman spectra. For dehydrated Ta;O5/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
AlyO3, 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 NbOy species, but such data has not been reported in the literature till
date. The proposed structures for the dehydrated surface TaOyx species are shown
in Figure 1.9.

The molecular structures of the dehydrated surface TaOy 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 (V20s5, CrO3z, 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/O5)).
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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
AlQOy4 and SiOy4 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-
Iytic 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 VO; sites were found to be present for
both dehydrated V-silicalite and supported V,05/Si0; catalytic systems [119]. For
dehydrated Ti-silicalite and supported TiO2/Si0O5 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 NbQy sites [114]. The same situation also occurs for surface acidic sites
generated by zeolites such as Al-ZSM5 and supported Al,O3/SiO, [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 CH30H to
H,CO [122], bulk bismuth-molybdates are the catalysts of choice for select-
ive oxidation of CH;=CHCHj3 to acrolein (CH,=CHCHO) and its further
oxidation to acrylic acid (CH,=CHCOOH) [123], selective ammoxidation of
CH,=CHCHj3; to acrylonitrile (CH,=CHCN) [123], and selective oxidation of lin-
ear CH;CH,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
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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.
M.S. Wainwright and N.R. Foster, Catal. Rev. Sci. Eng. 33 (1991) 1.
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, L.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 L.LE. Wachs, J. Catal. 209 (2004) 43.
11. V.V. Guliants, Catal. Today 51 (1999) 255.
12. J. Dunn, H. Stenger, and L.E. Wachs, Catal. Today 51 (1999) 301.
13. S. Choi and L.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).

Hw



Molecular Structures of Surface Metal Oxide Species 27

20.
21.
22.
23.
24.
25.
26.
217.

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.LE. 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, LE. Wachs (Ed.),
Butterworth-Heinemann, Stoneham, MA (1992) p. 89.

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

H. Eckert and LLE. 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 LE. 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, LE. Wachs, and S.R. Bare, J. Phys. Chem. 99 (1995) 10897.

F.D. Hardcastle and L.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, LE. 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, LE. Wachs, J.M. Brown, G.H. Via, and ED. 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

51.
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.
7.
78.

79.

Metal Oxides: Chemistry and Applications

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

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

G. Deo, FED. 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 LLE. 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 I.E. 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.LE. 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 1.E. 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.E. de Groot, L.LE. Wachs, J. Geus, and
D.C. Koningsberger, Top. Catal. 10 (2000) 241.

L.J. Burcham, G. Deo, X. Gao, and L.LE. 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.LE. 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 L.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 L.LE. 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, I.LE. Wachs, F.J. Cho,
R. Ryoo, S. Kijjlstra, and E. Poels, J. Chem. Soc., Faraday Trans. 91 (1995)
3245.

L.R. 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 I.LE. 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 I.E. 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 L.LE. Wachs, to be published.

S.S. Chan, L.LE. Wachs, L.L. Murrell, and N.C. Dispenziere, J. Catal. 92 (1985) 1.
D.S. Kim, M. Ostromecji, and L.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 LE. 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, Inorg. 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, LE. Wachs, M.S. Wong, and J.Y. Ying, J. Catal. 203 (2002) 13.

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, I.LE. Wachs (Ed.),
Butterworth-Heinemann, Stoneham, MA (1992) 129.

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

G. Deo, A M. Turek, LLE. 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.LE. Wachs, and W. Gruenert, Surf.
Interface Anal. 36 (2004) 238.

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

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

L.E. Briand, J.-M. Jehng, L. Cornaglia, A.M. Hirt, and L.E. 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.

O.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
228 B 113 T L1 () o 31
2.2 Methods of Preparation.............c.eeeeiiiiiiiieiiiiiiiii .. 33
2.2. 1 IMPregnation ........ovvvviiiiiiiiiiiiiiriiiiieeaeaaaan., 33
222 TonexXChange ........ovviiiiiiiiiiiiiiiii e, 33
223 Grafting......oooonniiiiiiii e 34
2.2.4 Deposition—Precipitation. .............oouuuieeeiiiiiiiienaaaannn. 34
2.2.5 Co-Precipitation . ......couviuuueteeeeii e iiiiieee e 34
22,6 Other Methods..........cooviiiiiiiiiiiiiiii i 34
2.3 Catalyst Molecular StruCtUI€ . .........uuuuuteitieiiieiiaaaaans 35
2.4 Case Study: Tungstated Zirconium Oxide..............ooeeeiiiinn... 36
241 Surface COVErage......oovviiiiiiiiiiiiiiiiiiiiiiiiiaaaa... 38
2.4.2  Molecular Structure of WOy Species ...........ocoeeeieeannnn 40
2.4.3 Relationship Between WOy Surface Structure and Catalytic
Properties ......oovviiiii 41
2.5 New Synthesis APProaches ..............uueuuuuuuuiuuueuninnennniannnns 44
2.5.1 Surfactant Templating.............coooiiiiiiiiiiiiiiiiia 44
2.5.2 NP Surfactant Templating ............ccoeeveiiiiiiiieeeaninnn. 46
2.5.3 Modified Sol-Gel Chemistry ..........c.ceeveeiiiiiiieeennnnnn 47
2.6 CONCIUSIONS ...ttt 48
ACKNOWIEAGMENLS . ... 49
Ref@IENCES ... 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,0s5/(Kieselguhr or SiO5)
(V205+WO3)/Ti02
(V205+M003)/Al, 03
V,05/TiOy

Cry03/Al,03

CrOx/SiOy
(K20+Cry03)/Fer O3
BigPMo1,05,/Si0;
Rey07/A1,03

TiO»/Si0,

TiO,/Si0y

AgOx/y-AlLO3
(PtOx+PdOx)/(Lap O3+Al,03)

Catalytic reaction

Oxidation of SO for sulfuric acid production

Selective catalytic reduction of NOx using ammonia [8]

Oxidation of benzene to maleic anhydride

Oxidation of 0-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 MoOy/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 MoOy/Al, O3 [19]. The ability of MoOj3 to spread across the Al,O3
surface as MoOy 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
MoOy/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 WOyx/Al,O3 [21] and MgWOy resulting from the preparation of
WOy/MgO [22]) or a surface species of a mixed metal oxide composition (e.g.,
supported aluminotungstate clusters on WOy/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 (pgyf). 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 O
HHH |'\'/|n+ ,I\},m |I\I/|n+ ,I\},m Metal oxide
000 /IN /I /IN/IN\ crystallites
111 Oo0000O0 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, ¢ and surface area are (metal atom)/nm? and m2/(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.f 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 WOy/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. WOy/ZrO; can be doped
with iron, platinum, sulfate, and other species for improved catalytic properties
[34-39]. The short-hand notations “WO3/ZrO,” and “WOy/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 WOx/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 ZrOx(OH)4_»x) have been used. Prepared through a
proprietary process, uncalcined WOx/ZrO; is commercially available from MEL
Chemicals (Magnesium Elektron Inc., USA) [40,41].

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

e WOy 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 WOj3 crystals.

o  WOy/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
ZrOy 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
WOy source: ammonium tungstate solution
Calcination at 825°C for 3 h in air
ZrOy source: Zirconyl chloride solution added to
NH4OH/ammonium tungstate solution
WOy 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
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
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
ZrOy 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
ZrOy source: Zr(OH)4 supplied by MEL Chemicals
WOx 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
ZrOy source: Zr(OH)4 precipitated from zirconyl
chloride using NH4OH; dried at 150°C
WOx 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
WOy source: ammonium tungstate solution
Calcination at 650°C for 4 h in air
Valigi et al., Incipient wetness ZrOy source: Zr(OH)4 precipitated from zirconyl
2002 [49] impregnation; chloride using NH3 gas; dried at 110°C

ion exchange WOy 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
WOy/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 WO3 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 m2, 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 WOy species in a two-dimensional plane of corner-shared WOg
octahedra with W—O bond distances corresponding to those in low-index planes
of monoclinic WO3 crystallites” [47].

From a molecular standpoint, WOy 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 WOyx/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 WOy 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 WOy loadings. Based on WOy/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 WOy 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 WOy 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 WOy 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 WOy
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 WOyx/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,f 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 WOy/ZrO, with different WOy 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=O 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/nmz,
respectively. For reference, crystalline WO3 has sharp and intense bands at ~715 and
~ 800 cm™! (Taken from Kim, D.S., Ostromecki, M., Wachs, L.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 WOy relates to observed
catalytic properties has increased since Hino and Arata’s work. In their report,
they calcined their impregnation-derived WOy/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 WO3 Psurf Strong Brensted
method area (mz/g) content (W/nm?2) site amount
(Wt%) - .
(meq/g) Site/nm?
Impregnation of 62 213 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 WOy/ZrO, materials pre-
pared through impregnation and co-precipitation for pentane isomerization [42].
By titrating the Brgnsted acid sites with 2,6-dimethylpyridine and examining the
catalytic activity of the poisoned samples, they determined that the impregnated
and co-precipitated WOy/ZrO, samples had a similar amount of total Brgnsted
acid sites (~0.0094 meq/g, or ~0.09 site/nm?). However, the latter contained
twice as many strong Brgnsted sites active for pentane isomerization (Table 2.3).
Co-precipitation led to a more active material due to a higher surface density of
strong Brgnsted sites, though the strong Brgnsted 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 WOy/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 o0-xylene isomerization over WOy/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]). WOy/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 WOy/ZrO;
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FIGURE 2.5 0-Xylene reaction rates over WOx/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.)
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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/nmZ2. In the intermediate range of 4 to 8 W/nm2, 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?2,
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 WOS~ domains, charge balanced by
spatially delocalized H**, or Brgnsted 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 WOy/ZrO; materials, and the reaction rates over WOx/ZrO;
depend solely on W surface density.

In their modification of incipient wetness impregnation, Knozinger et al. [46]
prepared WOy/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 WOy/ZrO, materials have surface
densities that exceed the monolayer coverage of 4 W/nm? without the formation of
WOs3 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 WOy 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
WOy/ZrO, with polytungstates which are more thermally stable than impreg-
nated materials; Scheithauer et al. [46,56] speculated the polytungstate domains
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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

WO, /ZrO; calcined at 650°C WOx/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
59 64 2.4 40 3.8
8.6 69 32 46 4.9
10.5 82 33 46 5.9%
13.6 88 4.0 42 8.4%
19.0 96 5.1 35 14.12
239 70 8.9 30 20.72
32.0 43 19.3 28 29.7%

& Raman bands for WO3 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 Knézinger, 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 WOx/ZrO»
under reaction conditions, leading to the reduction of WOt 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 WOy 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
WOy/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 WO3 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 mz/g
was formed.

A mesoporous WOy/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 Tllustration 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/ZrO;, 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);p—poly(ethylene oxide)yq 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 WOy 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 WOs3, 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 WOy species are on the surface. With
a WOs3 content of ~30 wt%, the surface density is calculated to be 6 W/nm?.

(NH4)H2W12040(aq)
Polymer
micelle Aggregation Calcination
Pore
H~1 o
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 WOx/ZrO (calcined at 600°C)
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NP/surfactant-templated WOy/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 WOy. 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
ZrOy NPs would also stabilize WOy 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 WOx/ZrO; with an open structure similar to that of NP/surfactant-
templated WOy/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 WO3 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 WOx/ZrO; (calcined at 600°C)
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The two forms of NP-supported WOy/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 WOy/ZrO, and therefore are more
active [89].

Boyse and Ko [45] prepared WOy/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 WOy/ZrO; contained more thermally stable WOy 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 WOy/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, MO», 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.



Defect Chemistry and Transport in Metal Oxides 57

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 (3.1

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

AG = nAg—TAS = nAg— TkInP (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 n; interstitials and ny
vacancies. Since the defects are formed in pairs, N = n; = ny, the configurational
entropy is given by:

N! NI NI
A% =k ((N - nV)!nV!> <(N - ni)!ni!) = 2kln((N - n)!n!) (3.3)

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) — nInn] (3.4)

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

is given by:
N N-—n
AG =nAg—2KT |N1 nin| —— 3.5
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and, when the derivative (0 AG/dn)Tp = 0, is evaluated with (N — n) ~ N for
dilute defects, the concentration of defects is given as:

n Ag\ As Ah (3.6)
N P\ Tkt ) TP T ok ) P\ Tk '

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, T.

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, V%/
is a vacant aluminium site that has a triple negative effective charge and All.\/lg 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: AgXg — Agd + 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,
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however, at higher temperature, intrinsic defects are likely to dominate the largely
temperature-independent extrinsic defects.

3.2.2 Electronic Defects

The probability that an electron occupies an energy state is given by the Fermi—
Dirac distribution function:

Ne 1
FE=3~17 expl(E — Ep)/KT]

(3.7)
where N, is the number of electrons, N the number of available energy states and
Er is the Fermi energy. At 0 K, the probability that energy states which are smaller
than Ep are occupied by electrons approaches unity, whereas for energies larger
than Ep, the probability is close to zero and the probability function has a step-
like shape. At T > 0 K, the probability function becomes more diffuse as some
electrons are excited to energy levels above Er (Figure 3.2).

For an intrinsic semiconductor, such as pure silicon, the number of electrons
in the conduction band is equal to the number of holes in the valence band and is
given by:

N=n.=n, =Ny exp(%) (3.8)

where Ny is constant and Eg is the band gap. Given the fact that most oxides
have a large band gap and contain high levels of impurities, most electronic defect
properties are extrinsic. Extrinsic defects can introduce carriers into localized

CB

VB

CB

VB

FIGURE 3.2 Fermi-Dirac distribution function and corresponding distribution of electrons
and holes in valence and conductionbandat T =0Kand T > 0K
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FIGURE 3.3 (a) Creation of a donor band below the conduction band and (b) acceptor band
above the valence band on doping

energy levels within the band gap and, in such cases, are electrically active. An
electronic defect in an energy level just below the conduction band edge is con-
sidered as a donor because it will donate electrons to the conduction band and
therefore increase N-type conductivity. For example, when a phosphorus atom
with a valence state of +5 is added to silicon that has a +4 valence state, the
additional electron introduces a donor state. The crucial energy required to excite
electrons is now Ep rather than Eg and therefore electrons are more easily excited
into the conduction band (Figure 3.3[a]). An acceptor is a dopant that has an
energy level near the valence band and hence can accept an electron, giving rise
to increased p-type conductivity. An example of acceptor doping is the addition
of a gallium atom with valence state 43 to silicon, which creates a hole in the
valence band and an acceptor level just above the valence band; above the valence
band. Electrons are much more easily excited than pure Silicon because Ej, is the
controlling energy rather than Eg [3], Figure 3.3(b).
For a donor-doped material, the total number of charge carriers is given by:

Niotal = Ne (dopant) + Ne (intrinsic) + Ny, (intrinsic) 3.9)

—E —Eg
Notal = No,D GXp<k—TD> + 2ng eXp<ﬁ> (3.10)

In band theory considerations, electrons are strictly delocalized, however, in many
materials, it is better to view electronic defects as located at particular sites. The
additional electron from the phosphorus donor atom in silicon, for example, could
be viewed as not completely delocalized but located on the Si atom according
to: Péi + SiSXi — PSXi + Siéi. In such cases, the electronic model moves from
band-type to polaronic-type model (a polaron is an electronic point defect and
is formed when an electron has a bound state in the potential created by a distorted
lattice).

From a polaronic viewpoint, the incorporation of an acceptor dopant such as
APt in SrTiO3 can be written as:

ALy O3 + 2Ti — 2Al4; + V& + 2TiO, (3.11)
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The negative charge of the acceptor center, Aléi, is compensated by the positive
charge of the oxygen vacancies [4]. Alternatively, it is possible that the acceptor
dopant is electronically compensated by the generation of holes, contributing to
p-type conductivity:

ALO3 4 2Ti¥, + 102 — 2Al4; + 2h* 4 2TiO, (3.12)

A trivalent ion, such as La’t, can be incorporated in SrTiO3 as a donor atom
and the positive charge of the donor center can be compensated by negatively
charged strontium vacancies (3.13) or by electrons (3.14), giving rise to n-type
conductivity:

Lay03 4 381, — 2Lag, + V4. + 3Sr0 (3.13)
LayO3 + 3SrSXr — 2Lag, + 3SrO + 2¢/ 3.14)

Another example is the superconductor, (Nd;_xCey)2CuO4 with 0 < X < 0.20, of
the T’-type structure (a K, NiOy-related structure), where the aliovalent substitution
of Nd3*t by Ce** is compensated by reduction of some of the Cu®>* to Cu™ and
formation of Cuéu donor defects:

2Cuy, + 2Nd%, +2Ce0, — 2Ceq, + 2Cul, +Nd203 + 10,  (3.15)

As aresult, superconductivity is induced by donor doping and (Nd;_xCey)2CuO4
is one of the rare examples of an n-type conducting superconductor, which
distinguishes it from other high-T¢ superconductors [5].

Electronic defects can also occur on reduction and oxidation of metal ions at
different oxygen partial pressures (pO;). At low pO;, the material loses oxygen
and generates electrons that contribute to N-type conductivity:

0o < 102 + Vg +2¢// (3.16)

Athigh pO,, oxygen is incorporated at an oxygen vacancy and takes two electrons
from the valence band, leaving two holes to contribute to p-type conduction:

30, + V& < Og + 2h* (3.17)

However, redox processes can also lead to the formation of acceptor or donor
dopants, for instance, in StMnO3_; where some of the Mn** are reduced to Mn3+
at low pO» or high temperatures:

2Mnyy, + O — 2Mn{y, + VS (3.18)
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Alternatively, in LaMnOs3, Mn3t can be oxidized to Mn*T, hence leading to the
formation of a donor dopant, Mng,, , and the formation of a Mn vacancy:

3Mn, — 3Mn}y, + Vi (3.19)

In some metal oxides such as barium cerate-based perovskites, water can be incor-
porated at oxygen vacancies as well as oxygen atoms, leading to the formation of
singly charged protonic defects:

H,0 + V& + 0% — 20H}) (3.20)

At low temperatures, the holes are effectively trapped by the acceptor centers and
electrons are trapped by donor centers:

A/ +h* < AX (3.21)
D* +¢/ < D¥ (3.22)

where A* is an acceptor with a trapped hole and D* is a donor with a trapped
electron. In the band model, a similar localization occurs that can be described in,
for example, Equation (3.9). Holes can also be trapped by vacancies that occur in
NiO where a hole may be trapped by a doubly charged nickel vacancy, resulting
in the formation of a singly charged nickel vacancy:

V{400 o VY (3.23)

1

A consequence of the trapping of electronic defects is that materials become insu-
lating at low temperatures. Defect association can also occur between oxygen
vacancies and acceptor dopants, as it was observed in Y-doped zirconia, where
V¢ are trapped by Yér defects at low temperature, which led to a drastic decrease
in oxide ion conductivity [6—8]. Similarly, protonic defects are likely to form asso-
ciations with acceptor dopants, which hence would limit protonic conduction in
metal oxides [9].

As all metal oxides contain impurities, the defect mechanisms of “pure” oxides
may subsequently be similar to that of doped oxides. For example, “pure” strontium
titanate, SrTiO3, has a similar defect chemistry to acceptor-doped SrTiO3, because
the impurities are usually metals that occur in lower oxidation states such as Fe3*,
APt Mg?*, Na!™, etc., and their concentrations, typically around 10 to 10° ppm,
are sufficient to dominate the defect chemistry, especially at higher pO,.

Defect concentrations vary with temperature, solute concentration, and gas
activity (usually pO;). In order to establish defect equilibria, it is always neces-
sary to establish bulk electrical neutrality. For example, intrinsic MgO has four
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dominant defects, Vl/v{ o V°O°, ¢/, and h*® with the following defect-forming reaction:
// oo

null — VMg + Vo (3.24)

null — ¢/ +h* (3.25)

05 = 502+ Vg + 2¢/ (3.26)

The equilibrium constants for reactions (3.24), (3.25), and (3.26) are given by:

Ks = [Vig V] (3.27)
Ki =np (3.28)
Kr = n*[Vg1y/pO, (3.29)

where Kg is the equilibrium constant for the formation of the Schottky pair,
Kj the equilibrium constant for the formation of intrinsic electronic defects, and Kg
the equilibrium constant for the formation of oxygen vacancies on reduction. The
electroneutrality condition is given by:

2Vif,] +n=2VE]+p (3.30)

This system of equations, (3.24) to (3.30), can now be solved for each defect,
provided that the equilibrium constants are known. If a single defect of each
sign has a concentration that is much higher than that of other defects of the
same sign, the electroneutrality condition can be simplified using the Brouwer
approximation in which there is just one positive and one negative defect. For
MgO, four Brouwer approximations are principally possible: (i) n = 2V,
(i1) 2V1/v{g =p, (iii) [V{v{g] = [V{'], and (iv) n = p. The intrinsic Schottky concen-
tration (i1i) is usually greater than the electronic charge carrier concentration (iv),
hence only three Brouwer regimes — (i), (ii), and (iii) — have to be considered.
Brouwer regime (i) applies at low pO, because reduction increases the concentra-
tion of oxygen vacancies and electrons. At high pO», the electron concentration is
decreased and the hole concentration is increased, hence Brouwer approximation
(ii) becomes important. Variation in defect concentration with ambient gas activity
is usually displayed in a Brouwer diagram, which plots log [concentration] against
log pO; at a constant temperature (Figure 3.4).

For Brouwer region (iii), which is located in the intermediate pO, region, the
concentration of both vacancies is constant, [V{v{g] = [Vg] = /Ks. When we
apply Equation (3.29), the pO, dependence of the electron concentration in region
(iii) can be obtained:

n= Ky K '?po; ' (3.31)
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FIGURE 3.4 Brouwer diagram for MgO with three distinguished Brouwer regions: defect
concentration as a function of pO; [4]

In the diagram, the line representing n therefore has a slope of —;11. From
Equation (3.28), the hole concentration in region (iii) must hence be given by:

K; _
p= F = KiKy, '?K{poy/* (3.32)

and therefore, the plot for p has a slope of + }‘. As discussed before, under reducing
conditions, Brouwer approximation (i) can be applied and by substituting (i) in
Equation (3.29), the concentration of electrons at low pO can be obtained:

n=2[Ve] = 2K, p0o; /0 (3.33)

and from this relation, the lines that represents n and [V¢'] have a slope of —%.
Similarly, at high pO,, Brouwer approximation (ii) becomes most relevant and
substitution of (ii) in (3.29) gives a —|—é slope of the lines presenting p and [Vl/v{g].
Since Brouwer diagrams are isothermal, the dependence of defect concentrations
on the temperature can be obtained from the equilibrium constant:

AG AS AH
K =exp KT = exp s exp KT (3.34)

From this, the defect concentration varies exponentially with temperature
and the activation energy for different defect regimes can be calculated. In
MgO, for instance, the concentration of electrons has an activation energy of
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Ea = (Ahg/2k — Ahg/2Kk) inregion (iii) and in region (i), the activation energy is
givenby Ex = (Ahr/3Kk), with Ah; representing the enthalpy of the corresponding
defect formation reaction, (3.24) or (3.26) [4].

3.2.3 Nonstoichiometry

Simple and complex metal oxides based on elements of the first transition series
display a wide variety of nonstoichiometric phenomena, which have their origin
in the unfilled 3d electron shell.

Simple metallic oxides, that is, oxides formed from a single element, MO,
MO,, MO3, etc., are rarely stoichiometric and gross deviations from nominal
cation or anion stoichiometry can occur. For instance, up to 18% of the Fe sites
can be vacant in FeO with the rocksalt structural framework being retained over
the entire range Fe1_x0,0.05 < x < 0.18 [4].

Nonstoichiometry in perovskite oxides can arise from cation deficiency in A
or B sites or oxygen deficiency or oxygen excess. A classical example for A-cation
deficient perovskites is tungsten bronzes, AxWO3. In AxWO3, A-cations (typically
alkali ions) can be missing either partially or wholly and the resulting structures
are therefore intermediate between the ABOs3 perovskite structure and the ReO3
structure.

The A-cation content has a great influence on the properties of the materials.
WOs is insulating; at low X, AxWOj3 is semiconducting and at high X, it becomes
metallic [10]. The B—O interactions are usually stronger than the A—O interactions,
and B-site vacancies in an ABOj3 lattice are therefore energetically unfavorable.
Examples for B-site deficient perovskites are BaySmj_xUOg and Ba;Ce_xSbOg
[11]. In general, B-site vacancies are much more favored in structures with AO3
close-packed layers in hexagonal stacking sequence rather than in a cubic arrange-
ment, giving rise to sequences of corner-sharing and face-sharing octahedra and
hexagonal polytype structures (Figure 3.5). Examples are the homologous series
(Ba,La)nTin—103n [12] and BaCo;_xO3 [13].

Oxygen-deficient perovskites have attracted much attention because some
desirable physical properties of such a material can depend directly on the
oxygen stoichiometry. Oxygen stoichiometry depends on temperature and pO;
and physical properties can therefore easily be controlled by reduction or oxid-
ation treatments. If the cation framework remains intact, such redox processes
are highly reversible and render the family of oxygen-deficient perovskite very
attractive as oxidation catalysts and oxygen electrode materials. Depending on the
nature of the B-cation and the overall concentration of oxygen defects, various
arrangements of oxygen vacancies are possible. BOg octahedra may be reduced
to lower-coordinated polyhedra, such as BO5 squared pyramids, BO4 tetrahedra,
and BO4 planar squares as well as linear BO; arrangements. The reduced BOg_s
polyhedra may order giving rise to large supercells. Oxygen defects may also
cluster and form locally segregated regions or microdomains. For example, in
WO;3_s-type structures, oxygen vacancies are eliminated by the formation of crys-
tallographic shear (CS) planes where octahedra are linked through edges rather than
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FIGURE 3.5 Alternating sequences of face-sharing and corner-connected octahedra in
hexagonal perovskite, LagTi3O1o

corners [14]. Two well-characterized oxygen-deficient systems are CaMnOs3_s and
CaFeOs3_s [15-18]. In the fully oxidized compositions, CaMnO3 o and CaFeOs3 ,
the transition metal is in valence state +4.0. In both systems, the transition metal
can be reduced to valence state +3.0 and octahedral frameworks can accommodate
up to ~17% oxygen vacancies without decomposition of the perovskite structure.
However, the two systems differ greatly in the arrangement of oxygen vacan-
cies and resulting superstructures: in oxygen-deficient CaMnQ;3_s phases, Mn**
cations are reduced to Mn3t and MnOg octahedra transformed into MnOs square
pyramids (Figure 3.6). Five different structures with ordered vacancies have been
reported for different values of (3 — §) and intermediate compositions are com-
plicated intergrowths of oxidized and reduced structures. In CaFeO3_s, FeOg
octahedra are reduced to FeOy tetrahedra rather than FeOs square pyramids and the
crystal structure of CayFe; 05 (=2CaFeO; 5) is built up from chains of alternating
octahedra and tetrahedra, running parallel to the b-axis with Ca atoms in the holes
between the polyhedra (Figure 3.6). This structure is known as the brownmillerite
structure, named after the mineral, Cap; AlFeOs. Partially reduced compositions of
ferrite perovskite oxides contain CayFe;Os brownmillerite microdomains, which
are intergrown three-dimensionally with the parent structure. Individual domains
can be as large as ~10° A3 and decrease with increasing oxygen content [19].
ACo03_; is an oxygen-deficient system that, depending on the A-cation, may
exhibit different ordering schemes of oxygen vacancies; when A = Ca, CoOg octa-
hedra are reduced to CoOs5 squared pyramids and the reduced compositions have
structures similar to that obtained for CaMnO3_s. However, in StCoO3_s, oxygen
vacancies order in brownmillerite fashion. The Sry_xLaxCo_yFeyO3_s series with
brownmillerite-type oxygen defects exhibits high mixed electronic/oxygen ion
conductivities and members of this series are promising candidates for application
in solid oxide fuel cells [20]. The number and the arrangement of oxygen vacancies
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FIGURE 3.6 Ordering of oxygen vacancies in nonstoichiometric perovskite oxides.
(a) CaMnO; 5 and (b) Brownmillerite, CaFeO 5

have direct consequences for the magnitude of oxygen transport. In general, large
unit cells and open channels such as those present in the brownmillerite structure
increase carrier mobilities, while a high concentration of randomly distributed
(disordered) oxygen vacancies lead to high carrier densities.

In perovskite oxides, a small oxygen excess is accommodated by the creation of
cation vacancies at A- and B-sites leaving an intact oxygen sublattice. LaMnO3_,
is a system where such “oxygen excess” is described by the formation of A- and
B-cation vacancies. The Mn** content can be as high as 33%, then the formula
will approximately correspond to Laggs5Mng.94503; however, La;_sMnO3 and
LaMn;_s O3 have also been observed [21,22]. Where there is a large oxygen
excess, layered perovskite-related structures are formed. The cubic perovskite is
sliced parallel to (110) to give slabs containing n {110} perovskite layers joined
by CS along the (100), direction forming a homologous series, AnBnO3ny2 with
n=4— o[23].

3.3 DirrusioN AND ELECTRICAL CONDUCTIVITY IN
METAL OXIDES

‘We now proceed by describing the diffusion of defects, and hence their contribution
to conductivity in metal oxides. Fick’s first law can be used to relate a diffusive
flux to a concentration gradient,

_ oC (3.35)
= ax ’

where jx is the flux in the X-direction and D is the diffusion coefficient that
depends upon jump frequency, distance of the jump and whether such jumps
are correlated or not (i.e., whether the probability of a jump taking place depends
upon the previous path of the particle). To determine the diffusion coefficient,
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a concentration gradient may be imposed and the flux measured. This can
be achieved, for example, using a membrane configuration. Alternatively, the
response of the material to a change in concentration can be monitored as a function
of time. Such an experiment is described by Fick’s second law of diffusion,

9C  _9°C

— =D— 3.36

ot X2 (3.36)
First, let us consider the case of random diffusion. Consider two parallel planes
in a solid with a separation distance between them, £. The concentration of the
diffusing species in Plane 1 is C; and in Plane 2 is C,. If there are n jumps for
each particle in unit time, t,

n
—=f (3.37)
t

where f is the jump frequency. If diffusion is a random process then there is a 50%
probability that a jump from Plane 1 will end in Plane 2 (in an infinite medium)
and vice versa. Therefore, the net flux between the two planes can be given by,

j = 3Citf — JCtf (3.38)
However,
dC
C=C+¢{— 3.39
) 1+ x (3.39)
and therefore,
1 dC
j=—-f?— 3.40
J > (3.40)

Hence, for random diffusion in one dimension the diffusion coefficient is,
Dy = 4f €2 (3.41)

where the subscript ‘r’ refers to the random nature of the diffusion and the subscript
‘1’ refers to one-dimensional diffusion. For three-dimensional diffusion it can
easily be shown that,

D3 = & f¢2 (3.42)

Diffusive fluxes can also be expressed in terms of a chemical potential driving
force. Consider a species moving through the lattice with a drift velocity, Vv, as a
result of a driving force, du/dX. Then,

du
V=—-—-m— 3.43
ax (3.43)
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where mis a mobility coefficient. The flux then depends upon the concentration
of the species multiplied by the drift velocity,

. d
j = —mCd—/;(L (3.44)

The diffusion coefficient (for random diffusion) is given by,

D = mRT (3.45)
and therefore,
. D _du
=-——C— 3.46
1= "R« (346)

The chemical potential of the diffusing species can be related to its activity in the
usual way,

w=p’+RTha (3.47)

and therefore,

dx dInC dx

1 1
dna: DCd nadC

j=-DC (3.48)

For a dilute solution the activity approaches the value of the concentration and
therefore,

dlna _
dinC

(3.49)

and Fick’s first law is recovered.

As these considerations describe diffusion in terms of chemical potential driv-
ing forces, the approach can be used to describe diffusion in nonideal systems
provided that the chemical potential of the diffusing species can be adequately
described (such nonidealities are beyond the scope of this chapter).

If Equation (3.46) is rewritten in terms of the electrochemical potential driving
force, dju/dX, we can investigate the effect of an electrical field on the migration
of ionic defects in the solid,

D du
_—c*t
RT ~dx

(3.50)

The electrochemical potential for an ion of charge, z, is related to the potential,
¢, by,

A=+ 2Fe (3.51)
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and therefore,

. D _du D d¢
=—-——C— - —=CzZF— 3.52
J RT dx RT dx (3:52)
If we assume a uniform composition for the solid, that is, uniform chemical
composition, then there is no diffusive flux and the current density is given by,

do

D
i = zFj = ——CZF?
I="Rt ax

(3.53)

Conductivity, o, is equal to current density divided by the electrical field gradient,

i D
= G/ ' Z2F? (3.54)
If we employ an electrical mobility, u,
u= %D (3.55)
then,
i =2zF = —zFqu—i) (3.56)
and
o = zFuC (3.57)
or for an individual specie,
oi = zFu; G (3.58)

The total conductivity, o, of the material depends upon the sum of all individual
conductivities,

o=F Zziuici (3.59)
i

Hence, individual conductivities can be expressed as a fraction of the total
conductivity by using a transport number, {j,

oj = tjo (3.60)

Let us now consider the diffusion mechanism. A vacancy diffusion mechanism
involves an atom or an ion at a normal site hopping into an unoccupied site or
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vacancy. An interstitial mechanism involves the ion hopping from one interstitial
site to another identical interstitial site (there are other diffusional mechanisms but
they are beyond the scope of this chapter). Here, for the purpose of illustration
we will focus on the vacancy mechanism as this is believed to be responsible for
diffusion in many oxides. Diffusion of oxygen in the lattice can only occur if the
oxygen species are adjacent to an oxygen vacancy. In, for example, a simple binary
oxide material the fraction of vacancies in the material is given by:

C
fraction of vacancies = F\/l 3.61)

where Cy is the oxygen vacancy concentration (here we use Cy as the vacancy
concentration and not [V&'] as is commonly used when discussing defect equi-
libria — see Section 3.1) and C’ is the concentration of oxygen lattice sites. The
fraction of occupied sites is then given by:

C
fraction of occupied sites = 1 — F\’/ (3.62)

The diffusion of the oxygen species in the lattice depends upon the concentration
of vacancies and the number of nearest neighbors, N,

1 C
Do = EMZN% (3.63)
For an fcc structure this reduces to,
C
Do = fazg, (3.64)

as there are six nearest neighbors and the lattice parameter, &, is equal to the
jump distance (the same expression is obtained for a bcc structure). Likewise, the
diffusion coefficient for oxygen vacancies is given by:

C
Dy = fa? <1 _ ?Y) (3.65)
Note that,
DyCy = Do(C’ — Cy) = DoCo (3.66)

In Section 3.1, we have already discussed how the vacancy concentration depends
upon temperature, solute concentration and gas activity. However, the jump fre-
quency will also depend upon temperature. A simple application of transition state
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theory to the hopping process gives,
—AG,
f=1 3.67
exp( - ) (3.67)

where AGy, is the change in free energy required to form the transition state during
the hopping process.

Until recently, we have assumed that diffusion is arandom process. However, in
real experiments diffusion coefficients are often determined by the use of isotopic
tracers. If the tracer (in this case an oxygen isotope) has jumped into a vacancy
it is clearly in the right environment to jump immediately back to the unoccupied
vacancy that it leaves behind. Such correlated jumps serve to reduce the diffusion
coefficient to a value lower than that which would be expected for a random walk.
The resulting diffusion coefficient in the presence of such correlated jumps is
known as the tracer diffusion coefficient (as its value can be determined from
tracer experiments) or the self-diffusion coefficient.

Such tracer diffusion coefficients tend to be determined through dynamic exper-
iments rather than steady state experiments. Accordingly, one must solve Fick’s
second law with appropriate boundary conditions, to obtain the tracer diffusion
coefficient, Dy,

9C _ _ 0°C

—~ —D— 3.68
at Cax2 (3.68)

These boundary conditions will usually include an initial condition, a symmetry
condition and a surface flux condition that will depend upon the surface exchange
coefficient and a surface, a surface rate constant controlling the rate of exchange
between the tracer in the solid and the tracer in the surrounding atmosphere. The
tracer diffusion coefficient is related to the diffusion coefficient through a cor-
relation factor or the Haven ratio (the tracer diffusion coefficient is equal to the
diffusion coefficient divided by the Haven ratio).

3.4 Mixep loNic AND ELECTRONIC CONDUCTING MATERIALS

Although oxides have a wide range of catalytic applications their transport prop-
erties are most obviously critical when they are used in the form of a membrane
within a chemical or electrochemical reactor. As such their ionic conductivity
must be high if they are going to support a reasonable ion flux. Such materials fall
broadly into two classes: those materials that exhibit a very low electronic con-
ductivity and, if the electronic transport number is <0.01, are generally termed
solid electrolytes (solid electrolytes are covered in a separate chapter); and those
materials that exhibit an appreciable or high electronic conductivity as well as ionic
conductivity and are hence termed mixed conductors. In the rest of this chapter
we will focus on such mixed ionic and electronic conducting (MIEC) materials.
First, we will address transport in MIEC membranes from a theoretical perspective
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before reviewing work that has been performed on preparing and characterizing
such membranes.

3.4.1 Transport in MIEC Membranes

In order for permeation of oxygen to take place through a ceramic membrane,
adsorption and dissociation of oxygen molecules must occur on the surface at active
adsorption sites. The adsorbed oxygen must be reduced and incorporated into the
crystal lattice as oxide anions. Such surface processes can be lumped together
and described by an oxygen exchange coefficient, k. Similar processes will also
occur on the oxygen-evolving side of the membrane. Under steady operation, the
flux of oxygen, jo, through a membrane surface can be expressed in terms of a
partial pressure, chemical potential or concentration driving force, for example,

jo =k(Cog — Co) (3.69)
where Co is the solid-state oxygen concentration at the surface and the subscript
g is used to denote a virtual solid-state oxygen concentration that would be in
equilibrium with the oxygen in the gas phase.

The MIEC membrane itself exhibits both ionic and electronic conductivity
with the total conductivity given by the sum of these two contributions,

0 = Ojon + Oc (3.70)
Substituting (3.54) into (3.50) and expressing for individual specie,
oi du;

ji = __z|-2F2 I (3.71)

therefore, the individual current density is given by:

. oj dij
lji=———— 3.72
[ ZF dx (3.72)
The ionic current can be described by:
. Oion diLion
lion = — 3.73
ion 7 dx (3.73)
and the electronic current, if carried by electrons (n-type conductor),
dii
= Lo lHe (3.74)

:Fdx
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In the absence of an external electrical circuit,

fion +ic =0 (3.75)
and therefore,

Oion dfLion _ Edlae
ZionF dX F dx

(3.76)

In oxygen-deficient perovskites (general formula of ABO3_s) the ion flux is carried
by oxygen-ion vacancies and we may write the above equation in terms of oxygen
vacancy conductivity, oy, and vacancy electrochemical potential, [iy,

ovdity _ oedfie
2F dx = F dx

(3.77)

Defect concentrations are determined by reaction between gas-phase oxygen,
oxygen vacancies, and electrons on both sides of the membrane through the
reaction,

0, + 2V +4€ =200 (3.78)

The oxygen chemical potential difference across the membrane results in an elec-
trochemical potential difference in oxygen-ion vacancies and electrons such that,

Ao, = 20po = —2Afly — 4Afie or duo, = 2duo = —2djiy — 4dfie

(3.79)
Combining with Equation (3.77), we obtain,
_ 1 o,
dpy = —5 —duo, (3.80)
o
and therefore using Equation (3.77),
o . I _
djie = —djio, (3.81)
Ojon 4

It should be noted that the emf developed across the membrane depends upon A jie.
Equation (3.81) can therefore, on integration, be used to calculate the emf. This is
simply performed if the ionic and electronic transport numbers are constant and
results in,

E = tionEelec (3.82)
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where E.|e. is the emf developed in the case of a solid electrolyte membrane with
an ion transport number of unity.
The flux across the membrane can now be evaluated,

. oi dij
=5 3.83
Therefore, the ionic flux is given by,
. oy d/lv
=——— 3.84
V=70 X (3-84)
or, using Equation (3.80),
. 1 du
iv ovOoe AU, (3.85)

Zﬁ o dXx

We now assume that the electron transport number approaches unity. Substituting
for electrochemical potential, in the absence of a gradient in electrical potential,
in terms of pO; with the electron transport number at unity gives,

~_RT _dInPo,
V=3V T ax

(3.86)

Expressing the above equation in terms of an oxygen-vacancy concentration
driving force,

_ RT oy dIn P02 dCV
" 8F2Cy dInCy dx

Iv (3.87)
(dInPg,)/(dInCy) can be evaluated from the defect equilibria or from exper-
imental determination of the degree of nonstoichiometry and is known as the
thermodynamic factor. For an oxygen deficient material with local equilibrium of
reaction (3.78) this factor is given by (see Equation [3.33]),

dInPo,
dIn Cv

— —6 (3.88)

Expressing conductivity in terms of the vacancy diffusion coefficient (see
Equation [3.54]),

Dv , _»
= —4F~“C 3.89
oV = pmr v (3.89)

and substituting Equations (3.88) and (3.89) in Equation (3.87) gives,

i dCy
= —-3Dy—— 3.90
Jv Vi (3.90)
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The chemical diffusion coefficient, D, determined by oxygen permeation experi-
ments is defined by,

jo=-D——=—-jy=D— (3.91)

and the chemical diffusion coefficient is three times the vacancy diffusion
coefficient,

D = 3Dy (3.92)

The oxygen diffusion coefficient can then be calculated from the vacancy diffusion
coefficient using Equation (3.66).

3.4.2 Fabrication and Characterization of
MIEC Membranes

The acceptor-doped perovskites (general formula of ABO3_s) have shown much
promise as MIECs. Much attention has been focused on these versatile metal oxides
as they exhibit catalytic activity [24] and therefore their use in some applications
can avoid the need for catalytic modification of the membrane surface. This activity
has meant that MIECs can be used as electrode materials in solid-oxide fuel cell
systems for the reduction of oxygen; simultaneously, this inherent catalytic activity
means that problems with chemical stability can arise.

When used as a dense membrane in a reactor system the MIEC acts as a barrier
between two isolated chambers allowing only the ionically conducted species to
pass through the membrane under a chemical potential gradient. Air can be used as
afreely available oxidant that is supplied to one chamber with no mixing of nitrogen
with the product stream from an oxidation reaction as depicted in Figure 3.7,

0%~
Hydrocarbon ~
l Air
CO,+H,0 N
_e,

FIGURE 3.7 Schematic of a MIEC membrane employed in an oxidation reaction
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thereby eliminating the need to have a separate and expensive cryogenic oxygen
production unit leading to reduction in the overall system cost.

The most important consideration for a MIEC membrane is the delivery of a
stable continuous transmembrane flux. This flux is central to membrane perform-
ance and therefore oxygen permeation studies in MIEC membrane characterization
are fundamental. From an economic standpoint, an oxygen flux of 1 to 10 ml cm ™2
min~! (STP) has been cited as the requirement for future needs [25,26]. In order
to provide a broad overview of this research area we will briefly outline synthesis
and characterization methods applied to the MIEC perovskites before moving on
to look at selected MIEC membranes currently used in laboratory-scale tests.

The perovskite-type metal oxides can be synthesized by a number of differ-
ent routes. The solid-state reaction uses high purity oxides or carbonates of the
component metal elements, which are thoroughly mixed to obtain a homogeneous
powder. The powder is then fired to promote the solid-state reaction of the oxides.
Another common method is the sol-gel route that involves the production of a
gel from a liquid followed by calcination to form the product. Metal nitrates or
alkoxides of the constituent elements are dissolved in water and a chelating agent
is added. The mixture is heated and stirred causing polymerization followed by
condensation. Evaporation of the water causes the gel to form, which is then heated
to remove the organics leaving the ceramic powder product. Coprecipitation is a
well-established method of preparing mixed oxides. An aqueous solution of the
metal cations is mixed with another solution that contains a precipitating agent.
The precipitated product is filtered, dried, and thermally decomposed to isolate
the ceramic powder. The novel solid-state combustion route can be subcategorized
into the self-propagating high temperature and volume combustion routes. A pellet
of the requisite metal oxides is ignited by an external source, the combustion wave
passes through the pellet producing the ceramic powder. In spray pyrolysis, a solu-
tion of the metal nitrates of the required stoichiometry is fed as a fine spray into
a reaction chamber. Spray drying involves the rapid vaporization of a solution of
the metal cations while in freeze drying fine droplets are sprayed into liquid nitro-
gen followed by slow sublimation of the solvent. These methods allow control of
impurities and produce fine homogeneous particles. Other more specialized and
less common methods include hydrothermal methods, plasma spraying, electron
beam evaporation, and arc vaporization.

X-ray diffraction is invariably employed for determination of crystallinity
and phase purity of the ceramic powder. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) are used to determine particle size and
morphology of the ceramic powder. Thermogravimetric analysis (TGA) allows
one to obtain the degree of oxygen nonstoichiometry, §, of the perovskite. Less
common techniques include solid-state nuclear magnetic resonance (NMR), which
has been used to calculate the chemical diffusion coefficient, D [27], to observe
oxygen vacancy motion [28] and for structural investigations [29-31].

The three basic shaping processes for ceramics powders are pressing, casting,
and plastic forming. Die pressing consists of the uniaxial compaction of a ceramic
powder while confined in a compression die and is the most widely used shaping
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technique for laboratory scale studies such as oxygen permeation and conductivity
tests. Development of this simple method is isostatic pressing that produces a mem-
brane that is more uniformly compacted, hot isostatic pressing gives additional
densification and increased membrane strength. In slip casting, a low viscosity
suspension of micrometer size ceramic particles is poured into a porous mould.
For solid ceramic objects the slip is supplied continuously into the mould and the
suspension is left as a soft solid. Tape casting facilitates the production of ceramic
sheets, again a slip is used, which is poured onto a rolling film. Plastic form-
ing with extrusion processes involves forcing a plastic mix of a ceramic powder
through a constricting die to produce elongated shapes of constant cross-section.
Following shape forming the membrane undergoes densification via sintering, this
process also gives rise to grain boundaries [32,33] between the individual crystals
(or “grains”). SEM can give the grain size distribution, show the grain boundaries,
reveal imperfections such as cavities and porosity of the membrane surface, and
estimate surface areas.

Diffusion coefficients and surface exchange coefficients that govern oxygen
flux can be calculated by a number of techniques. A commonly used method is the
180 isotope tracer method coupled with secondary ion mass spectroscopy (SIMS).
180 is incorporated into the membrane sample that is sectioned and the 20 diffu-
sion profile is measured by SIMS line scanning [34]. This gives the tracer diffusion
coefficient which can then be converted to the diffusion coefficient. The surface
exchange coefficient is more difficult to obtain as it involves many processes and
is very sensitive to surface conditions. AC impedance spectroscopy (IS) can be
used to obtain conductivities of membrane samples but application of this method
to MIECs requires the use of selective blocking electrodes. This technique has
been used to obtain chemical diffusion and surface exchange coefficients [35].
Conductivity relaxation involves changing the oxygen partial pressure surround-
ing a sample and monitoring the change in electrical conductivity versus time
and can yield chemical diffusion coefficients and surface exchange coefficients.
The solution of Fick’s second law is then used to obtain the chemical diffusion
coefficient.

However, the direct observation of membrane performance is provided by
oxygen flux measurements. At elevated temperatures, oxygen permeates through
the membrane under an oxygen chemical potential gradient. The oxygen permeate
leaves the cell and is then analyzed, usually by GC, to obtain the oxygen flux. The
results of recent oxygen permeation studies using perovskite-type MIEC mem-
branes, including salient experimental conditions, are summarized in Table 3.1
for ease of comparison. We have quoted the molar flux where fluxes at standard
temperature and pressure (STP) have been reported in the literature; in a number
of articles fluxes are not quoted at STP and so we omit using the molar flux unless
quoted by the authors.

Various members of the La—Sr—Co-Fe oxide system have received great atten-
tion with particular interest in the robust Lag ¢Srg4Cog2Fepg03_s (LSCF6428)
(note that the chemical formula of complex perovskites can be abbreviated by
using the first letter of the chemical symbol of each of the metal constituent
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elements followed by digits corresponding to the stoichiometry of the relevant
element). This material has been studied in disk [36] and tubular form [37] using
180 tracer with SIMS, conductivity relaxation and oxygen permeation techniques.
A successful attempt at improving oxygen flux involved applying a thick porous
coating of the same perovskite to make an asymmetric disk membrane [38]. Fluxes
three times that obtained for the disk alone were reported. AC IS has been used to
determine the chemical diffusion coefficient and surface exchange on disk mem-
branes [39]. It was found that permeation was under control of both bulk diffusion
and surface exchange. Studies using LSCF powder coatings on LSCF mem-
brane disks have been undertaken using LSCF1991, LSCF2882, LSCF6482, and
SrCogp gFep.203_s [40]. The disks were treated with porous coatings of LaCoOs3,
Lag gSrg2Co03_s, and SrCog gFep203_s perovskites. The transport parameters
of LSCF6464 have been investigated using electrical conductivity relaxation and
high temperature coulometric titration techniques [41]. The strontium substituted
Lag2Ap8Cog2Fe0303_5 (A = Sr, Ba, Ca) [42] perovskite has been shown to
give the highest oxygen flux compared to the calcium and barium analogues.
However, under low oxygen partial pressures the material decomposed. The
barium-substituted material was found to be more stable. Studies on other La-
containing perovskites have included disks of Laj_xSrxFeO3_5 (X = 0.1 to 0.4)
[43]. Treatment of the lower oxygen partial pressure side with a CO-containing
atmosphere at high temperature led to improved oxygen fluxes. Experiments using
membranes of various thicknesses revealed the presence of bulk diffusion limita-
tions. The Lag 4CaggCoxFe{_xO3_s (X = 0, 0.25, and 0.5) series was tested for
oxygen permeation and stability [44]. The perovskite with highest cobalt content
was mechanically the weakest during long-term testing. Experiments in which
hydrogen was added to the permeate side gave an improvement in flux.

It has been reported that barium instead of lanthanum at the A site improves
phase stability of the perovskite by preventing oxidation of the B site cation
without adversely affecting oxygen permeability. The Bag s5Srg5CoggFep203_s
(BSCF5582) system has been prepared in disk [45] and tubular membrane [46]
form for permeation studies. At low oxygen partial pressures and lower temper-
atures there was evidence of membrane decomposition. However, this was found
to be reversible with an increase in temperature. In tubular form, a stable oxygen
flux was maintained over a working period of 150 h.

Strontium and magnesium doped LaGaOs produces a family that possesses
good oxide anion conductivity, further doping with cobalt at the gallium-site in the
Lag gSrg2GagsMgo2—xCoxO3_s [47] system increases oxide ion and electronic
conductivity. There is also interest in the lanthanum nickelate based oxides. A small
increase in phase stability has been obtained when nickel was used as the dopant
in the Lag.99St0.10Ga0.65Mg0.15Nip.203-s and Lag 5Pro.5Gag 65Mgo.15Nig203-5
systems at low oxygen partial pressures. The praseodymium analog was found to
be more stable [48].

The Sr—Co-Fe perovskite systems have the highest oxygen permeabilities of all
the perovskite MIECs but can suffer from degradation as a result of the formation of
a brownmillerite phase. Experimental and modeling work concerning the transport
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mechanism of oxygen in SrCoq gFep 203_s and for comparison SmCoq s5Feys03_s
has been undertaken [49]. Attempts to increase stability by doping in divalent and
tetravalent cations have been made [50]. Success was obtained with the larger
divalent cations, Ba?>" provided the highest stability, but the reduction in free
volume also hindered oxygen permeation. Further attempts to solve the instability
problems in the Sr—Co-Fe system have resulted in the study of two new MIEC
families, SrCog4Fep¢_xZrxO3_s (0 < X < 0.2) and SrCog 95_xFexZrp0503_s
(0.1 < x < 0.8) [51]. For the first family, 5 mol% of zirconia improved stability
while high cobalt content in the second family improved both phase stability and
oxygen flux.

The surface condition of the membrane and behavior of oxygen on the metal
oxide surface play a crucial role in performance and greatly influence interfacial
processes. This influence can be evidenced by the wide-ranging surface exchange
coefficient values often obtained by different workers for a given MIEC material.
An additional complication is the segregation of constituent metals leading to
differences in the composition of the surface and bulk of the metal oxides which
can influence the catalytic properties. Adsorption of species from the gas phase
can also be a contributory factor in segregation.

Changes in the oxidation state, coordination, and symmetry of the A- and
B-cations of the MIEC metal oxide at the surface can facilitate the presence of a
number of surface oxide species. The different oxide species include lattice oxygen,
various chemisorbed oxygen species [52-55] (e.g., 0,07, O;, 03_, O, ,and 02’)
and in addition, in the presence of water or hydrogen, surface hydroxyls. Tech-
niques such as electron paramagnetic resonance (EPR), temperature programmed
desorption (TPD), infrared spectroscopy (IR) and x-ray photoelectron spectro-
scopy (XPS) have indicated the presence of these oxide species [52,56—58]. These
normally unstable oxide species can be stabilized when adsorbed on metal oxide
surfaces and have the ability to promote either complete oxidation or partial oxid-
ation depending on the type of metal oxide surface employed. They can influence
oxidation reactions such as syngas (hydrogen and carbon monoxide) production
from methane and oxygen and oxidative coupling of methane to higher hydro-
carbon products. The oxide species can participate in a reaction in a number of
ways such as proton abstraction, direct attack, or interaction with the metal oxide
by rejuvenation of spent lattice oxygen anions. The electronic conductivity of the
MIEC metal oxide is central to oxygen exchange and can play a promoting role,
for example, CeO, is superior in this role than ZrO; due to its higher electronic
conductivity [59].

The major application of MIECs in dense membrane form is envisaged to be
chemical production and air separation. Currently the La—Sr—Co-Fe and more
recently Ba—Sr—Co-Fe perovskite metal oxide systems have drawn most attention
for chemical production, notably for the production of syngas. However, the large
oxygen chemical potential gradients established during reaction conditions often
lead to membrane failure. A more detailed discussion of recent MIECs investigated
for their oxygen permeation performance and use in laboratory-scale chemical
production studies is provided elswhere [60].
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4.1 INTRODUCTION

Transition and rare earth metal oxides are the fundamental ingredients for the
advanced smart and functional materials. Many functional properties of inor-
ganic materials are determined by the elements with mixed valences in the
structure unit [1], by which we mean that an element has two or more dif-
ferent valences while forming a compound. The discovery of high-temperature
superconductors is a successful example of the mixed valence chemistry, and
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the colossal magnetoresistivity (CMR) [2,3] observed in the perovskite structured
La;_xAxMnOj3 (A = Ca, Sr, or Ba) is another example. Transition and rare earth
metal elements with mixed valences are mandatory for these materials to stimulate
electronic, structural, and chemical evolution leading to specific functionality.

The valence states of metal cations in such materials can certainly be determ-
ined chemically using the redox titration, but it is inapplicable to nanophase or
nanostructured materials, such as thin films. The wet chemistry approaches usu-
ally do not provide any spatial resolution. X-ray photoelectron spectroscopy (XPS)
can provide information on the average distribution of cation valences for nano-
structured materials with certain spatial resolution, but the spatial resolution is
nowhere near the desired nanometer scale, and the information provided is limited
to a surface layer of 2 to 5 nm in thickness.

Electron energy-loss spectroscopy (EELS), a powerful technique for material
characterization at nanometer spatial resolution, has been widely used in chemical
microanalysis and the studies of solid-state effects [4]. In EELS, the L ionization
edges of transition metal and rare earth elements usually display sharp peaks at the
near-edge region, known as white lines. For transition metals with unoccupied 3d
states, the transition of an electron from 2p state to 3d levels lead to the formation
of white lines. The L3 and L, lines are the transitions from 2p3/? to 3d*/?3d%/? and
from 2p'/2 to 3d3/2, respectively, and their intensities are related to the unoccupied
states in the 3d bands [5,6].

Numerous EELS experiments have shown that a change in valence state of
cations introduces a dramatic change in the ratio of the white lines, leading to
the possibility of identifying the occupation number of 3d orbital using EELS.
Morrison et al. [7] have applied this technique to study the valence modulation
in FexGe|_yx alloy as a function of Ge doping. The 3d and 4d occupations of
transition and rare earth elements have been studied systematically [8—10]. The
crystal structure of a new compound Mn7 5sBr3O1¢ has been refined in reference
to the measured Mn valences [11]. The oxidation states of Ce and Pr have been
determined in an orthophosphate material, in which the constituents of Ce and
Pr are in the order of 100 ppm [12]. Llord et al. [13] and Yuan et al. [14] have
demonstrated the sensitivity of the Fe white lines to the magnetic momentum of
the Fe layers.

In this chapter, we review our current progress made in applying EELS for
quantitative determination of valence states of Mn and Co oxides. The fun-
damental experimental approach is given first. The applications of EELS will
be demonstrated for quantifying the valence transition in Mn and Co oxides,
determining the concentration of oxygen vacancies, refining the crystal struc-
ture of an anion deficient perovskite, and identifying the crystal structure of
nanoparticles (CoO and Co304). With the use of energy-filtered transmission
electron microscopy (EFTEM), a new experimental approach is introduced for
mapping the spatial distribution of a cation by its valence. The valence state map
is almost independent of the specimen thickness and can be used to directly read
out the local valence state from the image. A spatial resolution of ~2 nm has
been demonstrated.
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FIGURE 4.1 An EELS spectrum acquired from a Co oxide, showing the technique used to
extract the intensities of white lines

4.2 PRINCIPLE OF EELS MEASUREMENTS

Figure 4.1 shows an EELS spectrum of Co oxide acquired at 200 kV using a Hitachi
HF-2000 transmission electron microscope equipped with a Gatan 666 parallel-
detection electron energy-loss spectrometer. The EELS spectra were acquired in
the image mode at a magnification of 40 to 100 K depending on the required
spatial resolution and signal intensity. Also, the EELS data must be processed
first to remove the gain variation introduced by the detector channels. A low-loss
valence spectrum and the corresponding core-shell ionization edge EELS spectrum
were acquired consecutively from the same specimen region. The low energy-loss
spectrum was used to remove the multiple inelastic scattering effect in the core-loss
region using the Fourier ratio technique. Consequently, the data presented here are
the results of single inelastic scattering.

Several techniques have been proposed to correlate the observed EELS signals
with the valence states; the ratio of white lines, the normalized white-line intensity
in reference to the continuous state intensity located ~50 to 100 eV beyond the
energy of the L line, and the absolute energy shift of the white lines. In this
study, we use the white-line intensity ratio that is calculated using the method
demonstrated in Figure 4.1 [9]. The background intensity was modeled by step
functions in the threshold regions. A straight line over a range of approximately
50 eV was fitted to the background intensity immediately following the L, white
line. This line was then modified into a double step of the same slope with onsets
occurring at the white-line maxim. The ratio of the step heights is chosen to be 2:1
in accordance with the multiplicity of the initial states (four 2p*/? electrons and
two 2p1/ 2 electrons) [9,10,13,15]. Although there exist some disagreements in the
literature about the calculation of the normalized white-line intensity because the
theory behind the white line and their continuous background is rather complex
[16], it appears, based on our experience, that the ratio of the white-line intensities
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is likely to be a reliable and a sensitive approach. This background subtraction
procedure is followed consistently for all of the acquired spectra. The calculated
result of L3/L; is rather stable and is not sensitive to either the specimen thickness
or the noise level in the spectrum.

The EELS analysis of valence state is carried out in reference to the spectra
acquired from standard specimens with known cation valence states. Since the
intensity ratio of L3/L; is sensitive to the valence state of the corresponding ele-
ment, if a series of EELS spectra are acquired from several standard specimens
with known valence states, an empirical plot of these data serves as the reference
for determining the valence state of the element present in a new compound.

The L3/L, ratio for a few standard Co compounds are plotted in Figure 4.2(a).
EELS spectra of Co-L; 3 ionization edges were acquired from CoSi; (with Co*h),
Co304 (with Co?%7*), CoCOj3 (with Co?*), and CoSOy4 (with Co?T). Figure 4.2(b)
shows a plot of the experimentally measured intensity ratios of white line L3/L»
for Mn. The curves clearly show that the ratio of L3/L; is very sensitive to the
valence state of Co and Mn. This is the basis of our experimental approach for
measuring the valence states of Co or Mn in a new material.
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FIGURE4.2 Plots of the intensity ratios of L3/L; calculated from the spectra acquired from
(a) Co compounds and (b) Mn compounds as a function of the cation valence. A nominal
fit of the experimental data is shown by a solid curve
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4.3 IN SiTU OBSERVATION OF VALENCE STATE TRANSITION

For demonstrating the sensitivity and the reliability of using white-line intensity to
determine the valence states in mixed valence compounds [17], the in situ reduc-
tion behavior of Co3Qy is first examined. A Gatan TEM (transmission electron
microscopy) specimen heating stage was employed to carry out the in situ EELS
experiments, and the specimen temperature could be increased continuously from
room temperature to 1000°C. The column pressure was kept at 3 x 1078 torr or
lower during the in situ analysis.

Figure 4.3 shows the Co L3/L; ratio and the relative composition of N /Nc, for
the same piece of crystal as the specimen temperature was increased. The specimen
composition was determined from the integrated intensities of the O-K and Co-
L, 3 ionization edges with the use of ionization cross-sections calculated using the
SIGMAK and SIGMAL programs [4]. The L3/L; ratios corresponding to Co>*
determined from the EELS spectra of CoSO4 and CoCO3 at room temperature, and
Co%97+ obtained from Co304 are marked by a shadowed band, the width of which
represents the experimental error and the variation among different compounds.
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FIGURE 4.3 An overlapped plot of the white-line intensity ratio of Co L3/L, and the
corresponding chemical composition of Ng/N¢, as a function of the in situ temperature of
the Co3O4 specimen, showing the abrupt change in valence state and oxygen composition at
400°C. The error bars are determined from the errors introduced in background subtraction
and data fluctuation among spectra
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FIGURE 4.4 An overlapped plot of the white-line intensity ratio of Mn L3/L, and the
corresponding chemical composition of N /Ny, as a function of the in Situ temperature of
the MnO; specimen based on EELS spectra, showing that the change in Mn valence state
is accompanied with the variation in oxygen content

The Co La/L, ratio and the composition, Np/Nce, simultaneously experience a
sharp change at T = 400°C. The chemical composition changes from O:Co =
1.33 £ 0.5 to O:Co = 0.95 £ 0.5 corresponding to the change of the average
valence state of Co from 2.674 to 24+ when the temperature is above 400°C.

The second experiment is performed on the reduction of MnO,. Similarly, the
plot of composition, Np/Npmp, and white-line intensity, Mn L3/L;, are shown in
Figure 4.4, where the shadowed bands indicate the white-line ratios for Mn2+,
Mn3*, and Mn** as determined from the standard specimens of MnO, Mn, 03,
and MnO,, respectively. The reduction of MnO; occurs at 300°C. As the speci-
men temperature increases, the O/Mn ratio drops and the L3/L, ratio increases,
which indicates the valence state conversion of Mn from 44 to lower valence
states. At T = 400°C, the specimen contains the mixed valences of Mn*t, Mn3t,
and Mn?*. As the temperature reaches 450°C, the specimen is dominated by
Mn?** and Mn?**and the composition is O/Mn = 1.3 £ 0.5, in correspondence of
Mn3 04, which is consistent with the mixed valence of Mn cations and implies the
incomplete reduction of MnO;.

To trace the relationship between the valence transition and the evolution of
crystal structure, electron diffraction patterns were recorded in situ at different
temperatures, as shown in Figure 4.5. The crystal structure is MnO; (with rutile
structure), and no visible change in crystallography is observed up to 400°C.
From 400° to 450°C, the crystal structure experiences a rapid change from rutile
to spinel, and the final phase at 500°C is identified to be dominated by Mn3O4, with
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FIGURE4.5 A series of electron diffraction patterns recorded in situ from MnOy during the
thermal induced reduction of MnO; to Mn3O4. Note that a small fraction of other phases
do exist at the final stage. The final phase is identified in reference to the x-ray powder
diffraction data

the presence of a small fraction of other phases, consistent with the composition
measured by EELS in Figure 4.4.

Similar analysis has been performed for MnFe;Oy4 spinel structured nanocrys-
tals [17,18]. The AB>O4 spinel structure has two types of cation lattice sites:
a tetrahedral site A>* formed by four nearest-neighbor oxygen anions, and an
octahedral B3* site formed by six oxygen anions. In MnFe>Oy, the percent-
age of the A sites occupied by Fe specifies the degree of valence inversion.

For a general case, the ionic structure of MnFe;O4 is written as (Mn%foe?(“L)

(Fe?fyMn)3,+)O4, in which the A and B sites can be occupied by either Mn or
Fe. The magnetic property of this material strongly depends on the degree of
inversion because the Fe?t A—Fe>* B super-exchange interaction is much stronger
than the Mn>t A—Fe>* B interaction [19]. An experimental measurement of the
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FIGURE 4.6  Fractions of the Mnt and Mn3" ions in MnFe; O, measured by quantitative
fitting of the experimental EELS spectra with the standard spectra of the oxides containing
Mn?t and Mn3*t ions. Five repeated measurements at 25°C are shown that give a
consistent result

valence conversion of Mn in this material can provide concrete information on the
distribution of Fe in A and B sites, possibly leading to a better understanding of
its magnetic property. Figure 4.6 shows the EELS measured fractions of Mn**
and Mn** ions in the MnFe, Oy specimen as a function of the in Situ specimen
temperature in TEM. The fraction was calculated by fitting the experimentally
observed L3 and L, EELS spectra by a linear summation of the spectra acquired
from MnO and Mn;O3, and the coefficients for the linear combination give the
percentages of the Mn ions of different valence states in the material. It is clear
that the fractions of Mn>* and Mn>* ions at room temperature are 0.5:0.5, while
a complete conversion into divalent Mn occurs at 600°C. These data explicitly
illustrate the evolution in the valence state of the Mn ions, leading to temperature
dependent magnetic properties of MnFe,O4.

4.4 QUANTIFICATION OF OXYGEN VACANCIES IN CMR OXIDES

Many properties of advanced materials are determined by the elements with mixed
valences in the structure [20], by which we mean an element that has two or
more different valences while forming a compound. In the perovskite structured
La;_xAxMnO3 (A =Ca, Sr, or Ba) CMR materials, for example, the residual
charges induced by a partial substitution of trivalent La’>" by divalent element
A%* are balanced by the conversion of Mn valence states between Mn>* and
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Mn**t (or Co*t and Co** for Co) and the creation of oxygen vacancies as well.
The ionic structure of La;_xAxMnO3_y is

34+ A2+ 3+ 4+ 2— O
Lay®, A; Mnl—x+2y Mnx_2y O3—y Vy 4.1)

provided there is no residual charge trapped in the vacancy sites, where V? stands
for the fraction of oxygen vacancies. Valence transition between Mn>* and Mn**
is responsible for the transition from insulator to conductor and possibly the mag-
netoresistance. This ionization formula is proposed with an assumption that there
is no residual charge trapped in the vacancy sites.

In practice, quantifying oxygen vacancies is a challenge to existing microscopy
techniques although x-ray and neutron diffuse scattering can be used to determine
vacancies in large bulk single crystalline specimens. Moreover, for thin films grown
on a crystalline substrate the diffraction analysis may be strongly affected by the
defects of the substrate—film interface and the surface disordering. In this section,
we show the application of EELS for quantifying oxygen vacancies.

From Equation (4.1), the mean valence state of Mn is

(Mn)yg =34+ X—2y “4.2)

The amount of doping X is usually known from energy dispersive x-ray microana-
lysis. The (Mn),s can be determined using EELS based on the white-line intensity
as illustrated in Section 4.2. Therefore, the content of oxygen vacancies Y can be
obtained [21].

For a Lag 67Cap.33MnO;3_y thin film grown by metal—organic chemical vapor
deposition, the L3/L; ratio was measured to be 2.05-2.17, thus, the average valence
state of Mn is 3.2-3.5 according to the empirical plot shown in Figure 4.2(b).
Substituting this value into Equation (4.2) for X = 0.33, yields y < 0.065, which
is equivalent to <2.2% of the oxygen content. At the maximum oxygen vacancy
Ymax = 0.065, the atom ratio of Mn** to Mn3* in the specimen is 0.25, thus,
the charge introduced by Mn valence conversion is (X — 2y) = 0.2%, the charge
due to oxygen vacancy is 2y = 0.137, which means that 60% of the residual
charge introduced by Ca doping is balanced by the conversion of Mn3* to Mn**+
and 40% by oxygen vacancies. Therefore, a small percentage of oxygen vacancy
can introduce a large effect in balancing the charge. Quantification of oxygen
vacancies by this technique may have higher sensitivity than the conventional
EELS microanalysis for such a small percentage of vacancies.

4.5 REFINING THE CRYSTAL STRUCTURES OF
NONSTOICHIOMETRIC OXIDES

Lag 5519 5C003_y is a magnetic oxide that has potential applications in fuel cells
and ionic conductivity. The cation structure of this material can be determined by
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FIGURE 4.7 A high-magnification (100) TEM image of Lag 5Srg5C00; 75, where the
white spots correspond to the projected atom columns with La the strongest contrast, Sr
strong, Co weak and oxygen invisible. The rectangular box indicates the (100) projection
of the unit cell. The image was recorded at 300 kV

high-resolution TEM. Figure 4.7 shows a high-magnification TEM image of the
Lag 5S19.5C003_y crystal oriented along (100), exhibiting C-axis directional aniso-
tropy structure. This type of image can directly give the projected position of the
cations in the unit cell [22,23], while no information can be provided about the dis-
tribution of oxygen anions. The image is also insensitive to the valence state of Co.

For perovskite structured oxides, the oxygen deficiency, if any, is rather small,
thus, the quantification of oxygen content is difficult using either EELS or energy
dispersive spectroscopy (EDS) microanalysis technique. Alternatively, one can use
EELS to measure the mean valence state of Co, then apply the result to determine
the oxygen deficiency. For the specimen Lag 5519 sCoO3_y used to record the TEM
image given in Figure 4.7, the mean valence of Co is determined to be 2+, hence
the ionic structure of this crystal is

3+ @2+ 24+2— o)
Lay 5 Sry5 Co™" 0555 Vi7s

To confirm that the valence state of Co in Lag 5819 5C003_y is 24, the inSitu EELS
measurement is carried out. As the specimen temperature increases, a reduction
of oxide would lead to a reduction in the valence state of Co if the Co has a
valence state other than 2+. Figure 4.8 shows the experimentally measured L3/L,
ratio as a function of the specimen temperature. The partial pressure of oxygen
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FIGURE4.8 A relationship between the Co L3/L, intensity ratio and the insitu temperature
of Lag 551y 5C00; »5, proving the divalent state of Co

is rather low in TEM, thus, oxidation is unlikely to occur based on our stud-
ies of MnOyx and CoOy (see Figure 4.3 and Figure 4.4). It is anticipated that
a significant change in L3/L; ratio would be observed if the valence state of Co
changes. In contrast, the experimentally observed L3/L; ratio has little dependence
on the temperature and the ratio remains in the Co®* range even when the oxide
is a totally changed crystallographically at 900°C. Therefore, the valence state
of Co is undoubtedly 2+. This information is important to confirm the reliab-
ility of the structural mode proposed earlier. The surprisingly high stability of
Lag 5S195C00; 25 is likely to be very useful for ionic conductor because of the
maximum density of oxygen vacancies.

Quantitative determination of the structure of this crystal needs the support of
data from x-ray diffraction, electron diffraction, and high-resolution transmission
electron microscopy (HRTEM) imaging. More importantly, the valence state of
Co measured by EELS is indispensable for refining the crystal structure because
the compound is chemically nonstoichiometric. From electron diffraction, we also
know that the oxygen vacancies are ordered in the crystal. Figure 4.9 gives the
structural model proposed, based on all of the known information about the struc-
ture [17]. The unit cell is made of two fundamental structural modules M; and M;
and its crystal structure is LagSrgCo;603¢, while the entire structure still preserves
the characteristics of perovskite framework and is a superstructure induced by an
ordered structure of oxygen vacancies. The polyhedra formed by the oxygen anions
that coordinate a Co atom can be a planar square (coordination number, CN = 4),
a square-based pyramid (CN = 5), or a octahedron (CN = 6). These modules are
required to balance the chemical structure of the crystal.
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FIGURE 4.9 (a) Two anion deficient modules of LaSrCo,0y 5, and the corresponding
stacking to form a complete unit cell of LagSrgCo;¢O3¢ (or Lag 5Srg 5C00, 55). (b) The
three-dimensional model of the structure proposed for LagSrgCo16034, where the Co with
coordination numbers of 4, 5, and 6 are shown and La and Sr cations are omitted for
clarity

4.6 IDENTIFYING THE STRUCTURE OF NANOPARTICLES

Determining the crystal structure of nanoparticles is a challenge, particularly, when
the particles are <5 nm. The intensity-maxim observed in the x-ray or electron
diffraction patterns of such small particles are broadened due to the crystal shape
factor, which greatly reduced the accuracy of structure refinement. The quality of
the HRTEM images of the particles is degraded because of the strong effect from
the substrate. This difficulty arises in our recent study of CoO nanocrystals whose
shape is dominated by tetrahedral of sizes <5 nm. Electron diffraction indicates
that the crystal has a NaCl type of structure. To confirm that the synthesized nano-
crystals are CoO, EELS is used to measure the valence state of Co. Figure 4.10
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FIGURE 4.10 A comparison of EELS spectra of Co-L; 3 ionization edges acquired from
Co0304 and CoO standard specimens and the as-synthesized nanocrystals, proving that the
valence state of Co is 2+ in the nanocrystals. The full width at half maximum of the white

lines for the Co304 and CoO standards is wider than that for the nanocrystals, possibly
due to size effect

shows a comparison of the spectra acquired from Co304 and CoO standard speci-
mens and the synthesized nanocrystals. The relative intensity of Co-L; to Co-L3 for
the nanocrystals is almost identical to that of standard CoO, while the Co-L; line
of Co30y4 is significantly higher, indicating that the Co valence in the nanocrystals
is 24, confirming the CoO structure of the nanocrystals [24].

Ex situ annealing of the CoO nanoparticles in an oxygen atmosphere is likely to
convert the particles into CozQOy4. This structural evolution is verified by EELS, as
shown in Figure 4.11, where the EELS spectra are acquired from the as-synthesized
CoO nanocrystals, a standard bulk CozO4 specimen, and the post ex Situ annealed
nanoparticles. The spectrum of the postannealed nanoparticles fits very well with
that of Co30y4, strongly support the conversion from CoO to Co304.

4.7 EXPERIMENTAL APPROACH FOR MAPPING THE VALENCE STATES
ofF Co AND Mn

‘We now present the experimental approach for mapping the valence state of trans-
ition metal oxides. Figure 4.12(a) shows an EELS spectrum of Co304. Several
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FIGURE4.11 A comparison of EELS spectra of Co-L; 3 ionization edges acquired from the
as-prepared CoO nanoparticles, postannealed CoO in oxygen atmosphere, and the Co3zO4
standard, proving that the CoO nanoparticles of 5 nm in size have been transformed into
Co30y after annealing at 250°C for 18 h in oxygen

techniques have been proposed to correlate the observed EELS signals with the
valence states, the ratio of white lines (the normalized white-line intensity in ref-
erence to the continuous state intensity located ~50 to 100 eV beyond the energy
of the L; line), and the absolute energy shift of the white lines. In this study, we
use the white-line intensity ratio that is calculated using the method demonstrated
in Figure 4.12(b) [9], as explained in fig. 4.1.

The valence state was discerned by referring to spectra acquired from stand-
ard specimens with known cation valence states. Since the intensity ratio of
L3/L, is directly related to the valence state of the corresponding element, a
series of EELS spectra were acquired from several standard specimens with
known valence states, and an empirical plot of these data serves as a calib-
ration for determining the valence state of the element present in a new
compound (see fig. 4.2).

To map the distribution of ionization states, an energy window of ~10 eV
in width is required to isolate L3 from L, white lines of Mn or Co. A five-
window technique is introduced (see Figure 4.12[a]): two images are acquired
at the energy-loss prior to the L ionization edges, and they are to be used to sub-
tract the background for the characteristic L edge signals; two images are acquired
from L3 and L, white lines, respectively, and the fifth image is recorded as loss of
region right after the L, line (used to subtract the continuous background under-
neath the L3 and L; lines). To extract the L3/L, image that is most sensitive to the
valence state of Mn or Co, a background, as illustrated in Figure 4.12(b), needs to
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FIGURE 4.12 (a) An EELS spectrum acquired from Co3Oy4, showing the five-window
technique used to extract the intensities of the white lines and the three-window technique
for O-K edge. (b) The Co-L edge after subtraction of the background, illustrating the
presumed background underneath L3 and L, lines

be subtracted. This procedure can be done easily in the EELS spectrum, but for
the energy-filtered image acquired in TEM under parallel illumination a different
approach has to be taken, as given by

_ 1(L3) — ¢y | (postlines)

" 1(Ly) — ¢ | (postlines) (4.3)

L3/La

where | (L3), 1(L2), and | (postlines) are the images recorded by positioning the
energy selection window at the L3, L, and the post L; line energy-losses, respec-
tively, after subtracting the conventional preedge background as ascribed by A
exp(—r AE); c; and ¢, are the adjustable parameters that represent the fractions of
the continuous background below the L3 and L lines, respectively, as contributed
by the single atomic scattering (as illustrated in Figure 4.12[b]). The choice of the
C; and ¢, factors depend on the specimen thickness since the | (postlines) image
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is strongly affected by the multiple scattering effect, while |(L3) and |(L;) are
less affected. Equation (4.1) represents the optimum choice for L3/L, mapping in
EFTEM under the data collection conditions allowed by the Gatan Imaging Filter
(GIF). A more accurate data treatment can be adopted in scanning transmission
electron microscopy (STEM).

To confirm the information provided by the L3/L, images, the specimen com-
position is mapped from the integrated intensities of O—-K and Mn-L; 3 (or Co-L; 3)
ionization edges by following the routine procedure of EELS microanalysis [4]

No _ lo(A) omn(A)
NMn IMn(A) o0(A)

(4.4)

where 1o (A) and Iy, (A) are the integrated intensities of O—K and Mn-L (or Co-L)
edges for an energy window A, respectively, above the ionization thresholds;
oMn(A) and op(A) are the integrated ionization cross-sections for the corres-
ponding energy window A, and they can be calculated by the SIGMAK2 and
SIGMAL2 programs in the hydrogen-like atomic model. From the energy-filtered
images, the distribution map of the atomic ratio O/Mn or O/Co can be calculated.

The EFTEM experiments were performed using a Philips CM30 (300 kV)
TEM, equipped with a GIF system. This TEM provides a high-beam current needed
for chemical imaging. The energy window width was selected to be 10 eV for Mn
or 12 eV for Co. Energy-filtered images were acquired with a 1024 x 1024 CCD,
2x pinning, and gain normalized. Exposure times were 10 to 30 sec, depend-
ing on specimen thickness, to achieve images having satisfactory signal-to-noise
ratios. The selection of the energy window width depends on the energy separation
between L3 and L, lines. It took 2 to 4.5 min to acquire a complete set of images.
Specimen drift between different images was corrected after the acquisition, but
it was important to minimize the drift of the specimen during data acquisition.

4.8 MAPPING THE VALENCE STATES OF Co USING
THE WHITE-LINE RATIO

The first specimen selected for illustrating the experimental approach is a direction-
ally solidified eutectic ZrO,/CoO [25], which is composed of trilayer structures
of ZrO;, Co304, and CoO after heat treatment in a high-oxygen partial pressure.
This is an ideal geometry for studying CoO—Co0304 interfaces; as the differences
in crystal structure, the coordination configuration of cations and the valence states
result in dramatic differences in EELS spectra of CoO and Co304 [26]. Shown
in Figure 4.13 is an one-dimensional spatially dispersed EELS spectra across a
Co0—Co30y interface. The valence-loss spectra of the two phases are distinctly
different. The O—K edge exhibits a double split peak for CozO4 while no splitting
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FIGURE 4.13 Zero-loss bright-field TEM image of CoO—-Co30;, interface, showing the
selection area aperture for forming the EELS spectra; spectrum lines for the low-loss region,
the oxygen K edge, and the cobalt L edge, exhibiting distinct differences in the intensities
and energy positions of the characteristic peaks between CoO and Co3zO4

is associated with CoO. The white lines of the two phases differ not only in their
relative intensity, but also in having a slight chemical shift (1.5 eV). The width and
position of the energy-selection window were carefully justified. The peak-to-peak
energy between L3 and L is 15 eV and the full width of the line at 10% intensity
cut-off is 7 to 8 eV, thus, the energy window width is chosen to be A = 12 eV to
separate the two lines and do ensure the signal-to-noise ratio.

Figure 4.14 shows a group of energy-filtered images from a triple point in
the CoO—Co304 specimen. The bright-field TEM image (Figure 4.14[a]) shows
that one of the grains was strongly diffracting. The energy-filtered images using
L3 and L, lines (Figure 4.14[b] and [c]) show the distinct difference in contrast
due to a difference in the relative white-line intensities. The L3/L, image given
by Equation (4.1), clearly shows the distribution of cobalt oxides having different
valence states (Figure 4.14[d]), where the diffraction contrast disappears. The
relative fractions of the ions were determined by comparing the local average L3/L,
intensity with the intensity obtained using EELS from the standard specimens.
The region with lower oxidation state (Co®*) shows brighter contrast and the
one with high oxidation states show darker contrast. Although the energy-filtered
O-K edge image exhibits some diffraction contrast, the O/Co compositional ratio
image greatly reduces the effect. The O/Co image was calculated from the images
recorded from the O-K edge and the L3 + L; white lines for an energy window
width of A = 24 eV. The high-intensity region in the O/Co image indicates the
relative high-local concentration in oxygen (e.g., higher Co oxidation states), the
low-intensity region contains relatively less oxygen (e.g., lower Co valence state),
entirely consistent with the information provided by the L3/L, image.

Under the single scattering approximation, the intensities of L3 and L, lines
scale in proportion to the specimen thickness, thus, their ratio L3/L, has little
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FIGURE 4.14 A group of images recorded from the same specimen region using signals
of (a) the zero-loss bright-field, (b) the Co-L3 edge, (c) the Co-L, edge, (d) the L3/Lo
ratio, (e) the O-K edge, and (f) the atomic concentration ratio of O/Co. The continuous
background contributed from the single atom scattering has been removed from the dis-
played Co-L3 and Co-L, images by choosing the factors in Equation (4.1) to be ¢; = 0.3
and ¢, = 0.7. Each gain normalized image was acquired with an energy window width of
A =12 eV except for O-K at A =24 eV

dependence on the specimen thickness. This result holds even for slightly thicker
specimens because the near-edge structure is less affected by the multiple plasmon
scattering effect and the energies of the characteristic plasmon peaks are larger
than the energy split between the L3 and L, lines. Therefore, in the conven-
tional thickness range for performing EELS microanalysis of t/A < 0.8, where t
is the specimen thickness and A is the mean-free-path length of electron inelastic
scattering, the L3/L, image truly reflects the distribution of valence state across
the specimen.

Figure 4.15 shows another group of images recorded from the CoO-Co304
specimen. The L3 and L, images display some contrast across the phases, while
the image recorded from the postline energy-loss region shows a small contrast
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FIGURE 4.15 A group of images recorded from the same specimen region using signals of
(a) the Co-L edge, (b) the Co-L3 edge, (c) the post Co-Ly continuous energy-loss region,
(d) the O-K edge, (e) the L3/L; ratio, and (f) the atomic concentration ratio of O/Co. The
continuous background contributed from the single atom scattering has been removed from
the displayed Co-L3 and Co-L, images. The L3/L; ratio image was calculated by taking
¢y = 03 and ¢ = 0.8. (g) A line scan across the CoO-Co304 interface in the L3/Lp
image averaged over a 30 pixel width parallel to the interface, showing the local average
white-line ratio. Based on comparison of the displayed numbers with the values measured
from standard specimens (see fig. 4.2), the regions corresponding to CoO and Co3zOy4 are
apparent. (h) A line scan across the CoO-Co3 Oy interface in the O/Co ratio image averaged
over a 30 pixel width parallel to the interface, from which the local compositions match
very well to CoO and Co304. Each raw image was acquired with an energy window width
of A =12 eV except for O-K at A =24 eV
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variation (Figure 4.15[c]) possibly because the postline region is dominated by the
single atomic scattering properties and it is less affected by the solid-state effects,
provided the thickness-projected density of Co atoms is fairly uniform across the
grains. The image from the O-K edge show some variation due to diffraction
contrast as well as specimen thickness (Figure 4.15[d]). In contrast, the L3/L,
image (Figure 4.15[e]) and the O/Co image (Figure 4.15[f]) show little dependence
on the specimen thickness and the diffracting condition. This is uniquely suited
for mapping the valence state distribution across the specimen.

To determine the optimum spatial resolution achieved in the L3/L, image, aline
scan across the CoO—Co30y interface averaged over a 30 pixel width is displayed
in Figure 4.15(g). The half width of the profile at the interface is about 2 pixels,
which corresponds to a resolution of ~1.8 nm. The image across the interface in
the O/Co image shows a half width of 3 pixels, which corresponds to a resolution
of ~2.8 nm. It must be pointed out that a better resolution achieved in the L3/L,
image is likely due to the smaller width of the energy window (A = 12 eV) than
the A = 24 eV used for O/Co image as well as the sharp shape of the white lines.

4.9 IN SiTu OBSERVATION OF VALENCE STATE TRANSITION OF Mn

For demonstrating the application of the technique for a more complex case, a
reduced MnOy powder was prepared by in situ annealing [27]. A Gatan single-tilt
TEM specimen heating holder was employed to carry out the in situ EELS experi-
ments to provide continuous temperature control from room temperature to 600°C.
The column pressure was maintained at 2 x 10~ torr or lower during the in situ
analysis. Upon reduction of the oxide, cations of multi-valences would be anticip-
ated in the system. A detailed analysis of this reduction process by EELS has been
reported previously [21]. The results indicated that the reduction of MnO» occurs
at 300°C. As the temperature reaches 450°C, the specimen is dominated by Mn>*
and Mn>* and the composition is O/Mn = 1.3 #+ 0.5, corresponding to Mn3Oy.
To obtain a specimen containing multi-valences, the in Situ annealing of one
MnO; specimen was performed at 350°C. The resulting reduced phases were a
mixture of oxides of Mn with valences of 2+, 34, and 4+, and this model system
was used for mapping the valence state distribution of Mn. Figure 4.16 shows a
group of images recorded from an agglomeration of MnOy with different valences.
The bright-field image does not indicate any information about the valence states
of Mn. The EFTEM Mn-L3 image reflects the distribution of Mn phases, but
its contrast is approximately proportional to the local projected thickness of the
specimen. The L3/L; ratio image (Figure 4.16[d]) directly gives the distribution
of Mn**, Mn?*, and Mn®*. The low intensity regions are Mn**, and the high
intensity regions are the mixed valences of Mn?* and Mn>*, in correspondence
to the formation of Mn3Qy4. To confirm this observation, the atomic ratio O/Mn
image is calculated from images acquired from O-K and Mn-L edges, and the
result is given in Figure 4.16(c). The image clearly indicates that the regions with
Mn** have higher O atomic concentration because of the balance of the cation
charge. This is an excellent proof of the information provided by the L3/L; image.
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FIGURE 4.16 A group of energy-filtered images acquired from the same specimen region
of mixed phases of MnO; and Mn3Oy4. (a) The conventional bright-field TEM image, (b) the
energy-filtered TEM images of Mn-L3 white-line, (c) the distribution of O/Mn in the region
calculated according to Equation (4.4) using the energy-filtered images from O—K and Mn-
L edges, and (d) the calculated Mn L3/L ratio image. The complimentary contrast of (c) to
(d) proves the experimental feasibility of valence state mapping using the white-line ratio.
Each raw image was acquired with an energy window width of A = 10 eV except for O-K
at A =20eV

4.10 PHASE SEPARATION USING THE NEAR-EDGE FINE STRUCTURE

The near-edge fine structure observed in EELS is closely related to the solid-state
effect and it is most sensitive to bonding and near-neighbor coordination config-
urations. Phase and bonding mapping using the near-edge structure have been
carried out for diamond [28], in which the images were formed using the 7* and
o* peaks in the C-K edge and the distribution of diamond bonding was retrieved.
Similarly, the O—K edge displayed in Figure 4.17 clearly shows a difference in the
near-edge structure of CoO from Co304. The first peak observed in the O—K edge
of Co30y4 is separated by 12 eV from the main peak. Using an energy selection
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() BF-TEM

FIGURE 4.17 (a) The bright-field TEM image and (b) the energy-filtered image recorded
by selecting the sharp peak located at 532 eV in the O-K, displaying the distribution of the
Co304 phase. Energy window width A = 6 eV

window of 6 eV in width it is possible to map the Co304 regions that generate this
peak. A bright-field image of Co30y4 is given in Figure 4.16(a), and Figure 4.16(b)
shows an energy-filtered image and it is clear that the Co304 regions show greater
intensity, just as expected.

4.11 SUMMARY

For characterizing advanced and functional materials that usually contain cations
with mixed valences, EELS is a very powerful approach with a spatial resolution
higher than any other spectroscopy techniques available. Based on the intensity
ratio of white lines, it has been demonstrated that the valence states of Co and
Mn in oxides can be determined quantitatively. This information is important in
studying valence transition in oxides.

The EELS is most sensitive to the divalent and trivalent Mn and Co ions, while
the difference between Mn3* and Mn** or Co®* and Co** is small, leading to
a larger error in the identification of the valence state because of experimental
error. The only possible solution is to acquire high-quality EELS spectra. From
the experimental point of view, we found that Mn and Co are the only transition
metal elements whose white-line ratios are most sensitive to valence state variation,
while the white lines of Fe are almost independent of its valence states. Therefore,
more theoretical research is required to explore the origin of white lines.

Based on the intensity ratio of white lines, a new experimental approach has
been demonstrated for mapping the valence states of Co and Mn in oxides using
EFTEM. Resulting L3/L, images are almost independent of either the specimen
thickness (provided t/A < 0.8) or the diffraction effects, and are reliable for
mapping the distribution of cation valences. An optimum spatial resolution of
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~2.0nm has been attained experimentally. This is a new application of the EFTEM
for characterizing the electronic structure of magnetic oxides.

ACKNOWLEDGMENTS

We are grateful to Dr. J. Zhang and Dr. Z.J. Zhang for providing the
Lag 55195C003_y and the MnFe;O4 specimens, respectively. Thanks also to
Dr. A. Revcolevschi, Dr. S. McKernan, and Dr. C.B. Carter for kindly providing
the oxidized CoO specimen.

REFERENCES

1.

10.

11.

12.

13.

14.

Wang, Z.L. and Kang, Z.C. Functional and Smart Materials — Structural
Evolution and Sructure Analysis. New York: Plenum Press, 1998.

Jin, S., Tiefel, T.H.,, McCormack, M., Fastnacht, R.A., Ramech, R., and
Chen, L.H. Thousandfold change in resistivity in magnetoresistive La—Ca—Mn—-O
films. Science 1994, 264, 413-415.

von Helmolt, R., Wecker, J., Holzapfel, B., Schultz L., and Samwer, K. Giant
negative magnetoresistance in perovskite like Lap/3Baj;3MnOx ferromagnetic
films. Phys. Rev. Lett. 1994, 71, 2331-2334.

Egerton, R.F. Electron Energy-Loss Spectroscopy in the Electron Microscope 2nd
ed. New York: Plenum Press, 1996.

Krivanek, O.L. and Paterson, J.H. ELNES of 3d transition-metal oxides:
1. Variations across the periodic table. Ultramicroscopy 1990, 32, 313-318.
Pease, D.M., Bader, S.D., Brodsky, M.B., Budnick, J.I., Morrison, T.I., and
Zaluzec, N.J. Anomalous L3/L, white line ratios and spin pairing in 3d transition
metals and alloys: Cr metals and CrpgAugg. Phys. Lett. 1986, 114A, 491-494.
Morrison, T.I., Brodsky, M.B., Zaluzec, N.J., and Sill, L.R. Iron d-band occupancy
in amorphous FexGe| _y. Phys. Rev. B 1985, 32, 3107-3111.

Pearson, D.H., Fultz, B., and Ahn, C.C. Measurement of 3d state occupancy in
transition metals using electron energy-loss spectroscopy. Appl. Phys. Lett. 1988,
53, 1405-1407.

Pearson, D.H., Ahn, C.C., and Fultz, B. White lines and d-electron occupancies
for the 3d and 4d transition metals. Phys. Rev. B 1993, 47, 8471-8478.

Kurata, H. and Colliex, C. Electron-energy loss core-edge structures in manganese
oxides. Phys. Rev. B 1993, 48, 2102-2108.

Mansot, J.L., Leone, P, Euzen, P, and Palvadeau, P. Valence of manganese,
in a new oxybromide compound determined by means of electron energy loss
spectroscopy. Microsc. Microanal. Microstruct. 1994, 5, 79-90.

Fortner, J.A. and Buck, E.C. The chemistry of the light rare-earth elements as
determined by electron energy-loss spectroscopy. Appl. Phys. Lett. 1996, 68,
3817-3819.

Lloyd, S.J., Botton, G.A., and Stobbs, W.M. Changes in the iron white-line ratio in
the electron energy-loss spectrum of iron-copper. J. Microsc. 1995, 180, 288-293.
Yuan, J., Gu, E., Gester, M., Bland, J.A.C., and Brown, L.M. Electron energy-
loss spectroscopy of Fe thin-films on GaAs(001). J. Appl. Phys. 1994, 75,
6501-6503.



110

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Metal Oxides: Chemistry and Applications

. Botton, G.A., Appel, C.C., Horsewell, A., and Stobbs, W.M. Quantification of

the EELS near-edge structures to study Mn doping in oxides. J. Microsc. 1995,
180, 211-216.

Thole, B.T. and van der Laan, G. Branching ratio in X-ray absorption spectroscopy.
Phys. Rev. B 1988, 38, 3158-3169.

Wang, Z.L. and Yin, J.S. Cobalt valence and crystal structure of
Lag 5519 5C007 75. Phil. Mag. B 1998, 77, 49-65.

Zhang, Z.J., Wang, Z.L., Chakoumakos, B.C., and Yin, J.S. Temperature
dependence of cation distribution and oxidation state in magnetic Mn—Fe ferrite
nanocrystals. J. Am. Chem. Soc. 1998, 120, 1800-1804.

Goodenough, J.B. Metallic oxides. Prog. Solid State Chem. 1971, 5, 145-399. In
Proceedings of the Microscopy Society of America, Cleveland.

Wang, Z.L. and Kang, Z.C. Functional and Smart Materials — Sructural
Evolution and Structure Analysis. New York: Plenum Press, 1998.

Wang, Z.L., Yin, J.S., Jiang, Y.D., and Zhang, J. Studies of Mn valence con-
version and oxygen vacancies in Laj_xCaxMnO3_y using electron energy-loss
spectroscopy. Appl. Phys. Lett. 1997, 70, 3362-3364.

Wang, Z.L. and Zhang, J. Tetragonal domain structure magnetoresistance of
Laj_ySrxCoO3. Phys. Rev. B 1996, 54, 1153-1158.

Wang, Z.L. and Zhang, J. Microstructure of conductive Laj _xSrxCoO3 grown on
MgO(001). Phil. Mag. A 1995, 72, 1513-1529.

Yin, J.S. and Wang, Z.L. Ordered self-assembling of tetrahedral oxide nanocrys-
tals. Phys. Rev. Lett. 1997, 79, 2570-2573.

Bentley, J., McKernan, S., Carter, C.B., and Revcolevschi, A. Microanalysis of
directionally solidified cobalt oxide-zirconia eutectic. In Microbeam Analysis,
Armstrong, J.T. and Porter, J.R., Eds., 1993, Vol. 2 (Suppl.), pp. S286-S287.
Bentley, J. and Anderson, I.M. Spectrum lines across interfaces by energy-
filtered TEM. In Proceedings of the Microscopy and Microanalysis, Bailey G.W.,
Corbett J.M., Dimlich R.V.W., Michael, J.R., and Zaluzec, N.J., Eds. San
Francisco: San Francisco Press, 1996, pp. 532-533.

Wang, Z.L., Yin, J.S., Zhang, Z.J., and Mo, W.D. In-situ analysis of valence
conversion in transition metal oxides using electron energy-loss spectroscopy.
J. Phys. Chem. B 1997, 101, 6793-6798.

Mayer, J. and Plitzko, J.M. Mapping of ELNES on a nanometre scale by electron
spectroscopic imaging. J. Microsc. 1996, 183, 2-8.



5 Surface Processes and
Composition of Metal
Oxide Surfaces

B. Pawelec
Institute of Catalysis and Petrochemistry, CSIC, Madrid, Spain

CONTENTS
5.1 IntroduCtion ...........cooeiiiiiiiiiiiiiiii i 111
5.2 Hydroxylation/Dehydroxylation of Metal Oxide Surfaces ............. 113
5.2.1 Surface Hydroxyl Site Densities............c.ccovviiieiaaann 113
5.2.2  Dehydroxylation of Metal Oxide Surfaces...................... 116
5.3 Carbonation ...........oooiiiiiiiii 118
5.4 Deviations of Surface COmMPOSION ......uuuuuuiiiiiiiiiiiiiiiiiiiaaans 121
5.4.1  Solid Solutions .......ooviiiiiiiiiiiiiii 121
5.4.2 Inhomogeneous Distribution of Metal Oxides in
Porous Media.......ooouuiiiiiiiiii i 124
5.4.3 Aggregation Phenomena in Supported Oxides ................. 127
5.5 SUMMATY ettt aeaaaes 128
References .......oooniiiiiiii 128

5.1 INTRODUCTION

Metal oxides constitute a class of inorganic materials that have an extraordinary
range of properties and are therefore used in many technological applications
involving the properties of bulk and surface layers. An account of the properties of
metal oxides in catalysis, gas sensing, and fuel cells can be found in Section 5.2.
As with most materials, many of the properties of metal oxides depend strongly
on the preparation procedure employed in their synthesis. During the life of
these materials, the properties of surface and interface usually play an important
role in the overall properties and behavior; this holds for both preparation and use.
This is why the chemical and structural features of surfaces and interfaces must be
analyzed carefully in order to maintain a permanent control over reactivity. With
a few exceptions, the properties of many metal oxides are still poorly known and
under-exploited in comparison with metals. Nevertheless, there is currently great
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interest in exploring this huge field of materials science. This growing activity
is related to the impressive development of instrumental tools over the last two
decades, making it possible to investigate — at local scale — chemical structures,
bonding, chemical composition, and the bonding of adsorbates to the surface layer.
Additionally, the more demanding functionalities for high performances and tailor-
made materials require accurate characterization of the internal and the external
surfaces of solids, particularly in advanced materials such as oxide-based compos-
ites, oxide catalysts, oxide coatings in protecting layers, chemical sensors, oxide
electrodes for high temperature fuel cells, among others [1-3].

The surface of many metal oxides is altered when exposed to the external
environment. Since the symmetry and coordination of the metal ions is lost at
the surface, they show a strong tendency to become saturated by reacting with gas
molecules. One major process that takes place is hydroxylation, which is the result
of a true chemical reaction between surface M—O bonds and water molecules. The
kinetics of this process depends on many variables, among which temperature
plays an important role, and the resulting hydroxyl group densities are basically
dictated by the nature of the metal oxide. Another process that occurs simultan-
eously with hydroxylation — specifically on metal oxides of basic character — is
carbonation.

Many studies have addressed the chemical reactivity of surface hydroxyl
groups in relation to applications such as adsorbents, catalysts, as well as ion
exchangers. The presence of hydroxyl groups with different energies has been
established using infrared (IR) spectroscopy [4,5], and it has been suggested that
such groups are heterogeneous. Evidence for the formation of surface hydroxyl
groups on the surface of metal oxides also comes from other techniques. For
instance, analysis of the Ols profile in the photoelectron spectra of a broad variety
of oxides exposed to moisture or reduced in a hydrogen environment indicates the
appearance of more than one O-species [6-8]; that is, the lattice O~ ions are, in
general, accompanied by other less electron-rich oxygen species such as hydroxyl
groups. Accordingly, in this chapter selected examples are considered in order to
illustrate the high reactivity of a metal oxide surface when exposed to the sur-
rounding atmosphere for prolonged periods. The hydroxylation and carbonation
of surfaces are discussed, particularly in the case of basic metal oxides.

Another important factor to be considered is the surface composition of metal
oxides. A common characteristic of solid solutions or complex metal oxide systems
is the appearance of a segregated phase on the surface as a consequence of the
inability of the lattice to accommodate homogeneously all the ions in the oxide
lattice [9—13]. This situation is even more critical in metal oxides supported on
a porous substrate. When the precursors of the metal oxides are being deposited
within the intricate porous networks of currently used supports (SiO;, Al>Os3,
7103, etc.), mass transfer limitations are usually involved. This makes it difficult,
if not impossible, for equilibrium to be reached, which leads to a concentration
gradient of the supported oxide between the external and the internal surface.
Most supported metal oxides prepared by methodologies involving the chemistry
of solutions show inhomogeneities in their distribution across the pore network.



Surface Processes and Composition of Metal Oxide Surfaces 113

Thus, the differences in the distribution of a metal oxide in a solid solution and
in supported metal oxides are also discussed in this chapter, referring to highly
surface-sensitive tools to reveal the atomic composition of the surface layer of
selected systems.

5.2 HYDROXYLATION/DEHYDROXYLATION OF METAL OXIDE
SURFACES

Oxide surfaces usually terminate in oxide ions due to the larger size of the 0>~
ion as compared with the M™" cation and low polarizing power. In the crystal
of a MOy oxide, the symmetry and coordination of the M™ cations are lost at
the surface. This surface unsaturation tends to be compensated by reaction with
gases, and particularly with moisture. Upon exposure to water, the surface of
a metal oxide undergoes a series of chemical reactions that are largely dictated
by the chemistry of the M™ ion. The first step in surface hydration involves
the formation of surface hydroxyl groups (dissociative adsorption) followed by
molecular adsorption. Using high resolution electron energy loss spectroscopy
(HREELS), it has been demonstrated that H,O adsorbed on the (110) layer of
TiO; originates a first layer, composed of dissociated molecules characterized by
the stretching frequency of OH groups at 3690 cm ™!, and a second layer due to
molecularly adsorbed water, as evidenced by its stretching and bending modes at
3420-3505 and 1625 cm™!, respectively [14]. H-bonding between molecular H,O
and OH groups also occurs.

In other oxides, the hydroxylation reaction is strongly limited by a high activ-
ation barrier. For instance, in the case of silica, the totally dehydroxylated surface
is highly hydrophobic and hydroxylation can only be achieved under severe pre-
treatments such as high temperature conditions and pretreatment with aggressive
chemicals [15].

5.2.1 Surface Hydroxyl Site Densities

Most metal oxides react with adsorbed water molecules to form hydroxyl groups,
which can be regarded as the ion-exchange sites [16-20]. The two types of sur-
face hydroxyl groups (acid and base) formed by the donation of protons from
the adsorbed water to oxide ions are the anion- and cation-exchange sites, and
their capacities and properties depend on the surface hydroxyl groups [21]. The
population of hydroxyl site densities in metal oxides can be measured by dif-
ferent methods, including surface acid—base, ion-exchange reactions [22,23],
reaction with Grignard reagents [21], IR spectroscopy [4,5,24], photoelectron
spectroscopy [6,25-28], dehydration upon heating [29,30], and crystallographic
calculations [31]. Among these, acid—base exchange sometimes affords far smaller
values than those obtained with other methods.

Owing to its simplicity, the reaction of hydroxyl groups with Grignard reagents
has frequently been used to measure surface densities. Hydroxyl groups (-OH) on
metal oxides react with methyl magnesium bromide (CH3MgBr), yielding CHy
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FIGURE 5.1 Amount of the methane evolved from a bulk Mn, O3 sample upon reaction of
its hydroxyl groups with methyl magnesium bromide (CH3MgBr) reagent

according to the equation [21]:
FOH + CH3MgBr — 4{OMgBr + CHy 5.1

The amount of CHy evolved allows determination of the surface density of
the hydroxyl groups. Figure 5.1 shows the volume of CHy (STP) evolved by the
Grignard reaction (Equation [5.1]) as a function of the weight of a bulk Mn;0O3
(Aldrich) sample. From the slope of the straight line, the amount of hydroxyl sites
per unit weight can be derived, and the surface OH density (mmol/m?) can be
readily obtained by dividing the slope by the specific area (m?/g) of the oxide. The
surface densities of the hydroxyl groups of several metal oxides thus calculated
are listed in Table 5.1 together with their specific areas.

The surface densities of the hydroxyl groups included in Table 5.1 agree
reasonably well with the values reported by other authors. For TiO;, the value
of 17.3 mmol/m? is only slightly lower than the 20.7 mmol/m? obtained by tritium
exchange with OH groups [31]. Also, there is good agreement in the OH sur-
face densities obtained by the Grignard method for the Fe; O3 (Aldrich) sample
(22.9 mmol/m?) listed in Table 5.1 and a Fe;O3 (Kanto A) sample using the
exchange reaction between OH and NaOH (23.8 mmol/m?) [21]. The surface OH
site densities compiled in Table 5.1 and many other data from the literature are
quite similar for several oxides with di-, tri-, and tetravalent ions. However, assum-
ing that the chemisorption of water molecules occurs only on the Lewis acid cation
sites, differences in hydroxyl site densities would be expected, since the number
of lattice metal ions in oxides changes with valence. To explain these differences,
a different mechanism of surface hydroxylation must be considered.
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TABLE 5.1
Specific BET Areas and Hydroxyl
Site Densities of Pure Metal Oxide

Samples

BET area [OH]
Metal oxide (m2/g) (mmol/m?2)
ZrO, (MEL) 104 229
TiO, (Degussa) 25 17.3
Cr,05 (Aldrich) 5.9 245
MnO, (CI1)? 43 225
Mn, O3 (Aldrich) 2.0 20.6
Mn304 (Aldrich) 2.7 29.4
Fe, O3 (Aldrich) 7.6 22.9
Fe304 (Aldrich) 14 25.7
CoO (Aldrich) 34 31.0

2 Taken from Tamura, H., Tanaka, A., Mita, K.,
and Furuichi, R. J. Colloid Interface Sci. 1999,
209, 225-231.

Metal oxide surfaces usually expose oxide (O?~) ions, which are strong bases
and cannot exist unchanged in aqueous solution. If an O?~ ion is brought into an
aqueous solution as a free ion, it will be instantaneously neutralized by a water
molecule, yielding two hydroxide ions according to the reaction:

0*~ + H,0 — 20H™ (5.2)

The entire surface of O>~ ions of metal oxides exposed to water molecules may
undergo this neutralizing reaction to form OH groups, and the water molecules turn
into the other type of OH groups by losing protons. These two kinds of OH groups
are conjugated acids (OH,) of lattice oxide ions and conjugated bases (OHy)
of water molecules, and hence their chemical nature is different. The two kinds
of hydroxyl groups are considered to form two layers, as depicted in Figure 5.2.
From the top view sketched in this figure, quantification of surface OH site densities
can be achieved. Assuming a radius r for hydroxyl groups closely packed in two
layers, the area of the hexagon is 6/ 3r2. Since, in the hexagon, there are three OH
groups in the first layer and another three in the second, the hydroxyl group site
density is Nog = 1/(J3r2NA), where Ny is Avogadro’s number. By using a value
of 0.145 nm for the radius of the hydroxyl group [21], a value of 45.6 mol/m?,
almost twice the value of the measured ones, is obtained. This difference can be
explained by taking into account that the ionic radius of OH groups was determined
for bulk ionic crystals, where hydroxide ions alternate with lattice cations. As stated
earlier, terminal OH groups lie adjacent to each other on the oxide surface, and
their electric charges are not symmetrically neutralized by the cations due to a
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[OH] = 1/(V3r2N,)

FIGURE 5.2 Closest packing of hydroxide anions with radius r. Each shade corresponds
to one layer

local imbalance of anion and cation arrangements at the surface. As a result, there
would be electrostatic repulsion between OH, leading to a looser packing. This
simple argument could explain why the experimental Noy values are smaller than
the calculated ones.

5.2.2 Dehydroxylation of Metal Oxide Surfaces

As shown earlier, hydroxyl groups are developed on metal oxide surfaces as a
consequence of the reaction between water molecules and exposed oxide (O%™)
ions. Removal of these OH groups can be achieved by thermal treatment of the
oxides under controlled atmospheres. The process can be described schematically
by the equation:

—OH
— D 0 +H,0
—OH (5.3)

The extent of the dehydroxylation process is a critical issue, particularly when
metal oxides are being used for practical applications. Although quantification
of remaining (and removed) hydroxyl groups can be achieved by different tech-
niques [21-29], differences in the binding energies of the O1s core levels of 0>~
and OH™ surface species are frequently observed, which makes them a simple and
accurate procedure for monitoring surface dehydroxylation. To illustrate this, and
taking into account the differences in binding energies of the Ols level of surface
02~ and OH ™ species, a bulk Mn,O3 sample exposed to ambient atmosphere has
been examined by photoelectron spectroscopy. The Ols core levels of the Mn, O3
sample recorded upon degassing at temperatures between 303 and 673 K are shown
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FIGURE 5.3 Ols core-level spectra of a bulk Mn,O3 sample degassed at increasing
temperatures

in Figure 5.3. At lower degassing temperatures, two components at 530.4 and
531.7 eV associated with lattice oxide ions and hydroxyl groups, respectively, can
be identified. The possibility that some carbonate structures might be involved in
the Ols component at 531.7 eV can be ruled out since no C-species lying in the
energy region at about 289 eV are detected. Upon degassing at increasing temper-
atures, the higher binding energy component decreases in intensity and disappears
at 673 K.

Although the Ols spectra in Figure 5.3 clearly show the progress of the
dehydroxylation processes upon increasing the degassing temperature, a more
precise understanding of the process can be gained by plotting the hydroxyl
groups-to-oxide ion intensity ratios as a function of the degassing temperature
(Figure 5.4). The [OH]/[O] intensity ratio decreases almost exponentially with
increasing degassing temperature. This ratio drops strongly in the range of 303 to
450 K ; at about 400 K, one-half of the surface hydroxyl groups are removed, while
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FIGURE5.4 Evolution of the relative surface concentration of hydroxyl groups as a function
of degassing temperature

temperatures of 673 K are required for a completely dehydroxylated surface to be
achieved. It can be said that the qualitative and quantitative information collected
in Figure 5.3 and Figure 5.4, respectively, is a power tool for developing a pro-
tocol to obtain reproducible metal oxide surfaces, which is an essential requisite
if samples prepared by different routes are to be compared.

5.3 CARBONATION

The surface of metal oxides are usually hydroxylated and carbonated when exposed
to air, a phenomenon that may further progress in subsurface layers depending on
the reactivity of the oxide and the ageing time. This kind of process takes place, to a
much greater extent, in the oxides of basic cations, such as alkaline, alkaline earth,
and lanthanide oxides. The nature and the extent of the carbonated/hydroxylated
surfaces can be readily determined by photoelectron spectroscopy since this tech-
nique is highly surface sensitive. Many investigators have addressed the analysis
of the surface of basic metal oxides [6,25-28,32-36]. The information gained is
derived from the analysis of the O1ls and Cl1s line profiles.

The Ols and Cls photoelectron spectra of a powdered La; O3 sample heated
under high vacuum at 303, 623, and 923 K are shown in Figure 5.5 and Figure 5.6,
respectively. The fit of the Ols profile was done assuming two components:
one at low binding energy (529.0 eV) (hereafter Or), which is typical of lat-
tice oxide ions (O?~), and another at high binding energy (531.8 eV) (hereafter
On), which can be attributed to different species such as carbonates, hydroxyls,
O-, etc., all of them with very similar binding energy [28,36]. The Cls profile also
shows two components at 284.9 and 289.8 eV (Cy), unambiguously assigned to
adventitious carbon from sample contamination and carbonate structures, respect-
ively (Figure 5.6). Heating of the sample at increasing temperatures (623 and
923 K) leads to a progressive decrease in the intensity of the Oy component. This
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FIGURE 5.5 Ols core-level spectra of a Lay O3 sample degassed at different temperatures
under high vacuum conditions

observation indicates that these O-species are partially eliminated upon thermal
treatment under vacuum. Similar behavior can be observed in Cy at 289.8 eV,
although in this case the decrease in peak intensity with temperature is less pro-
nounced than in Oy. These observations were also confirmed with a ZnO sample,
although complete dehydration and decarbonation took place at temperatures of
about 773 K (see Table 5.2).

Quantitative evaluation of Ols and Cls spectra allows one to obtain a better
understanding of the evolution of oxygen- and carbon-containing species on the
surface of LayO3 sample. The surface atomic ratios and peak percentages cal-
culated from the area of Ols and Cls components are summarized in Table 5.2.
This table also includes the surface ratios and peak percentages for a ZnO sample,
subjected to thermal treatments under high vacuum between 303 and 773 K, and
a CaCOg reference sample. These results indicate that the carbonate peaks of
La;0O3 and ZnO, and at least some of the OH contribution, are due to the presence
of carbonate species in the surface region sampled by the photoelectron techniques.
The fact that the Oy /Cq atomic ratio in the CaCO3 reference sample approaches
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FIGURE 5.6 Photoelectron spectra of Cls level of a LayO3 sample degassed at different
temperatures under high vacuum conditions

the stoichiometric composition (O/C = 3) means that similar ratios should be
observed if the surface of the two oxides analyzed were covered by a carbonate
layer. However, the Oy /Cy ratio only approaches 3 upon thermal treatment of
L,03 at 923 K and ZnO at 673 K. Thus, the large deviation in these ratios in the
samples outgassed at 303 K must be considered as indicative of the presence of
O-containing species other than carbonates.

Many other mixed La—-M-O (M, first transition row element) oxides analyzed
by x-ray diffraction and thermogravimetry methods [25,27] can be hydroxylated
and carbonated by moisture, giving La(OH)3; and La(OH)y(CO3)y compounds.
These structures, which are well characterized, undergo dehydroxylation at
temperatures above 673 K, while their decarbonation takes place at somewhat
higher temperatures: typically above 873 K [37]. This finding agrees with the
Oy /Cy ratios and the percentage of Oy reported in Table 5.2, indicating that
dehydroxylation progresses substantially at 623 K while decarbonation requires
higher temperatures (923 K). The same applies for the ZnO sample, although
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TABLE 5.2
Surface Ratios and Peak Percentages Derived from
the Area of O1s and C1s Spectra

Sample/treatment (K) Opy? Oy/Cy O(CH)/OH x 100P

LayO3
303 70 5.4 51
623 49 5.2 62
923 34 33 84
ZnO
303 37 3.7 81
673 16 32 92
773 0 0 —
CaCO3
303 100 3.1 100

@ Percentage of the OH species referred to total oxygen.
b Percentage of carbonate species with respect to total oxygen.

both dehydroxylation and decarbonation processes take place at temperatures
substantially lower than in La;O3.

The examples discussed here elegantly illustrate the fact that the surface
of LayO3 and ZnO is not only hydroxylated but also carbonated when these
oxides are exposed to the ambient environment. The results also show that
the carbonate structures are very stable, particularly in the case of LapyO3 and
other La-containing mixed oxides [25,27]. It should also be stressed that basic
oxides, such as the oxides of alkaline, alkaline earth, and lanthanide elements, are
readily carbonated/hydroxylated when exposed in air. This, as a consequence of
the difficulties in controlling their level of carbonation hydroxylation, represents
an important source of error in the evaluation of the final stoichiometry of binary
or more complex combinations of these oxides.

5.4 DEVIATIONS OF SURFACE COMPOSITION

5.4.1 Solid Solutions

The ability to tailor metal oxide systems for physical and chemical applica-
tions represents an obvious advantage for improved performance. Interesting
examples are cobalt and nickel oxides, which find applications in many oxidation
reactions and also as promoters of Mo and W oxide catalysts for the hydrodesulfur-
ization reactions of middle distillates. NiO and CoO can be mixed in all proportions
to form homogeneous solid solutions of the type CoxNij_xO, 0 < X < 1, in a
well-ordered rock salt crystal structure in the bulk material. When used in redox
reactions in alkaline media [38], these solid solutions exhibit electrochemical prop-
erties. The reason why CoO and NiO form solid solutions lies in the close match of



122 Metal Oxides: Chemistry and Applications

their individual unit cell structures. Both oxides are fcc rock salt structures and have
comparable lattice parameters of 0.4168 and 0.4267 nm for NiO and CoO, respect-
ively, and at intermediate compositions the lattice parameter varies linearly as a
function of X [39]. In addition, a thermodynamically stable mixed NiCo,O4 spinel
exists, in which all cobalt ions are in the 43 oxidation state. The NiCo,O4 phase,
which adopts an inverse spinel structure has been shown to undergo phase separa-
tion at the surface into NiO and a cobalt-enriched spinel of the type NixCoz4xO4.
What is interesting in the mixed oxide is the difference in oxidation properties of
NiO and CoO. Thus, while CoO forms a layer of the Co304 even under relatively
low partial pressures of oxygen, the Ni-containing oxides are thermodynamically
less accessible, and the spinel Ni3Oy4 is much harder to obtain [40].

Quantitative analyses of mixed CoxNi;_xO oxides by surface-sensitive Auger
and x-ray photoelectron spectroscopic techniques provide evidence of differences
in surface and bulk composition for X < 0.6 [39]. The line profile and binding
energies of the most intense Co 2p3,> and Ni 2p3,> core-level spectra of samples
with X < 0.5 are characteristics of rock salt CoO and NiO. The constant values of
the binding energy of the Ni 2p3,> level at 854.6 eV and of the Co 2p3/, level at
780.2 eV for solid solutions with X < 0.5 indicates that the chemical environment
of the cations remains indistinguishable by photoelectron spectroscopy, and they
agree with those of the 2p3,> levels observed for the bulk CoO and NiO single
crystals [39]. In addition, the satellite structures of Co?* and Ni?* ions are char-
acteristic of photoemission processes from CoO and NiO species. Deviation from
rock salt stoichiometry in either direction to form O-vacancies or through oxid-
ation to generate Ni** and Co’* ions has been shown to decrease strongly the
intensity of the satellites.

An evaluation of the Ni and Co concentration can be made by measuring the
peak intensities. Sensitivity factors for the various transitions can be estimated by
assuming an exponential escape-depth energy dependence for the photoelectron:

IM =lo - Z[M] - om - exp[—n - X/Ay - cosB] 5.4)

where lpp is the integral peak intensity of Co or Ni, |, is the x-ray photon intensity,
[M] is the concentration of Ni or Co in the nth layer in the solid, oy is the
photoemission cross-section, X is the distance between layers in the crystal lattice,
AMm is the mean free path for an electron with kinetic energy appropriate to the
transition of interest, and cos @ corrects the analyzer detection angle. Assuming
the concentration of Ni and Co to be homogeneous in the near-surface region,
a sensitivity factor may be defined, and the concentration proportional to peak
intensity

M] = Im/ (o - Sw) (5.5)
can be used to obtain the surface concentrations of Ni and Co ions. It should

be noted that |, remains constant within a given series of measurements, and is
cancelled by taking ratios of intensities.
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FIGURE 5.7 Surface cobalt concentration in CoxNij_xO solid solutions as a function of
the bulk value (Reproduced with permission from Elsevier)

Surface atomic ratios of cobalt to the sum of cobalt and nickel [Co/(Co+Ni)],
are plotted as a function of bulk composition of the CoxNij_xO samples in
Figure 5.7. From this plot, it is evident that the surface of the CoxNi;_xO mixed
oxides becomes Ni-enriched for X > 0.6. The Ni 2p3/, binding energies remain
essentially constant (854.6 £ 0.2 eV) and — simultaneously — the solid solution
concentration varies across the series. Ni>* ions in solid oxides usually display
binding energies almost 1.4 eV higher than this value [41]. Therefore, the data are
inconsistent with the presence of Ni’* as a dominant species in the near-surface
region for the CoxNij_xO solid solutions, regardless of composition. Tetrahed-
rally coordinated NiZt in NiAl,O4 and NiCr,O4 has also been reported, with
binding energies 855.4-856.2 eV. Thus, although the spinel phase appears to be
developed in the X = 0.6-0.7 region, the nickel species is predominantly octa-
hedrally coordinated Ni**. This suggests that the Ni-enriched oxide forming at
approximately X & (.6 bulk cobalt concentration is an inverse spinel structure
with the classic cationic Co>T[Ni2t,Co%+]0, distribution, where the cations in
brackets are octahedrally coordinated and those preceding the bracket are tetra-
hedrally coordinated. While the bulk NiCo,0y is classified as an inverse spinel,
variations in site occupancy have been proposed and bulk magnetic properties
have been interpreted as more in keeping with a distribution of site occupancies
given by COSZJFCO?J_F(S [Ni%’_L 5Nig“LCo3+]O4, with the majority of nickel as octa-
hedrally coordinated Ni>*. This may represent a difference in the spinel-like
surface formed on the CoxNij_xO solid solution as compared with native NiCo,O4
surfaces.

More complex mixed oxides such as Laj_xCexCoO3 usually display important
deviations in surface composition with respect to bulk composition. In the family
of La;_xCexCo0O3 (X = 0.0 to 0.5) oxides calcined at 1173 K, it was found that
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FIGURE 5.8 Surface and bulk concentration of cobalt in La;_yCexCoO3 mixed oxides as
a function of the substitution degree (X) (Reproduced with permission from Springer)

surface composition, as determined by photoelectron spectroscopy, varies to a large
extent with substitution (X) [42]. The cobalt surface ratio increased gradually with
cerium substitution, showing a maximum at X = 0.1, and then decreased again
(Figure 5.8). However, the composition, as determined by x-ray fluorescence,
agreed well with stoichiometric values for all the samples.

The activity profile of La; _xCexCoOs3 samples in the oxidation of CO at 523 K
and of CHy at 733 K follow a close parallelism with the cobalt surface ratio.
Since the activity of the individual CeO; and La; O3 oxides is negligible in both
reactions, it can be inferred that activity must be associated with surface Co®t ions.
In addition, the constant and stoichiometric Co/(La+Ce) ratio determined by x-ray
fluorescence, which probes more layers than photoelectron spectroscopy, leads to
the conclusion that the surface region of the mixed oxide crystal is contaminated by
the Lay O3, CeO;, and Co304 oxides. Therefore, the maximum in the Co/(La+Ce)
ratio at X = 0.1 may be reasonably assigned to the presence of a Co304 phase on the
surface of the mixed La; _xCexCoOs3 oxide, which in turn catalyzes the oxidation of
CO and CHy. This, and many other examples, illustrates the relationship between
catalytic behavior and the presence of an individual oxide segregated on the surface
of a mixed oxide catalyst.

5.4.2 Inhomogeneous Distribution of Metal Oxides in
Porous Media

The incorporation of metal oxides on mesoporous and microporous substrates often
results in inhomogeneities in the distribution of the oxide phase across the pore
network. This is particularly critical in the case of zeolites, in which the dimensions
of the channels are too small to facilitate the diffusion of the oxide phases during
the preparation steps. As a result of this, molybdenum oxide-loaded zeolites are
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excellent examples for showing how the external surface usually becomes enriched
in the oxide phase.

In the case of Y-type zeolite, the application of conventional methods to incor-
porate molybdenum precursors is hindered because of its micropore structure
and low ion-exchange capacity. Other less common preparation methods, such
as solid—solid ion exchange with MoCls, decomposition of the neutral Mo(CO)g
complex and impregnation with ammonium heptamolybdate precursor followed
by thermal decomposition at high temperature under vacuum, are required
[43, and references therein]. Since these methodologies may vary in the chem-
ical environment, symmetry, and location of the molybdenum oxide in the zeolite,
and because these factors exert a strong effect on reactivity, precise knowledge of
the chemical structures and electronic characteristics of Mo ions generated by the
preparation method and pretreatments are of prime importance.

The XANES spectra of Mo Ly x-ray absorption edges indicate that there is
no edge shifting of the Mo edge in the three Mo-loaded zeolites (Figure 5.9).
At the Ly edge, the atomic-like electric dipole transitions from the 2p initial states
to the 4d final states produce the largest white lines observed. In all the samples,
the white line at the Mo Ly edges is split into a doublet as a consequence of the
ligand field splitting of the final-state d orbitals. For tetrahedral symmetry, the
magnitude of the splitting is less than the octahedral field. The range of values
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FIGURE5.9 Mo Ly edge XANES spectra (a) and second-derivative curves (b) for Mo/HY
catalysts and reference compounds (Reproduced with permission from American Chemical
Society)
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for the splitting at the Mo Ly edge is 1.8 to 2.6 eV for tetrahedral coordination
and 3.1 to 4.6 eV for Mo octahedrally coordinated with oxide anions (O>~). The
splitting values, as determined in the second derivative spectra, of the MoO3-
zeolites and reference compounds (Figure 5.9) clearly indicate that molybdenum
atoms are tetrahedrally surrounded by O%~ ions. The number of available orbitals
is reflected in the relative intensity of the Ly edge absorption and can be predicted
through simple ligand-field theory. At the Mo Ly edge in compounds with octa-
hedrally coordinated molybdenum, the first maximum is higher than the second,
and vice versa for tetrahedral symmetry. With respect to the differences in white-
line intensity between MoO3 zeolites and reference compounds, the fact that the
white-line intensity in MoOj3 zeolites is higher than in the reference samples could
be related to the stabilization of small MoOs3 clusters interacting with exchange
sites in the HY zeolite cages.

Comparison of Mo/Si surface ratios derived from photoelectron spectroscopy
with Mo/Si ratios derived from chemical analysis (Figure 5.10) indicates that
molybdenum oxide is quite well dispersed within the pore network of the HY
zeolite. However, all Mo/Si surface ratios are slightly higher than Mo/Si bulk
ratios. This finding indicates a certain Mo-enrichment in the near-surface lay-
ers of the zeolite crystals. If Mo-loaded zeolites were subjected to a consecutive
impregnation, the distribution of MoOj3 species and their location along the pore
channels would change to a significant extent. The data plotted in Figure 5.10
for three calcined samples subjected to a consecutive impregnation with a Pd>*
salt clearly indicate that the Mo/Si bulk ratio decreases and also that the Mo/Si
surface ratio approaches the Mo/Si ratio determined by chemical analysis. These
data allow one to conclude that a fraction of the MoOj3 loading is lost during
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FIGURE5.10 Surface versus bulk composition of Mo-loaded zeolites. White symbols refer
to samples subjected to a consecutive impregnation with an aqueous solution of Pd* ions



Surface Processes and Composition of Metal Oxide Surfaces 127

the second impregnation step. However, the remaining MoOs3 species maintain
an almost uniform distribution within the zeolite crystal.

5.4.3 Aggregation Phenomena in Supported Oxides

The structures of supported metal oxides change strikingly when exposed to mois-
ture and pretreated at high temperatures in air. Although the chemistry of the
processes involved in such transformations is described in detail in other chapters
of this book, here emphasis is placed on the changes in the oxidation state of the
metal and also on the aggregation state.

Among the many supported oxides that exhibit redox properties (V20s, CrO3,
MnO,, Fe;03, WO3, MoOs3, etc.), chromium oxide is an interesting example
since it appears in different oxidation states. In the most widely investigated
CrOyx/SiO; system (Phillips polymerization catalyst), it is accepted that CrO3 could
be strongly dispersed and stabilized as surface chromate species through reaction
with surface hydroxyl groups of silica during the calcination step in oxygen or
dry air [44]. A highly dispersed state of surface-stabilized chromate species can
be achieved via many redispersion cycles of sublimation, volatilization, spread-
ing, deposition, and stabilization of CrO3 structures on the silica surface during
calcination. Unfavorable phenomena can also take place during calcination. The
induced reduction of surface-stabilized hexavalent surface chromates into lower
valence states and the formation of aggregated Cr,O3 structure oxides usually
occur simultaneously.

Careful analysis by photoelectron spectroscopy and electron microprobe ana-
lysis [44] affords a plausible mechanism regarding the formation of Cr;O3
microcrystals during the calcinations of a SiO;-supported Cr-oxide catalyst
containing 0.4 Cr/nm? according to the following scheme:

Dispersion Reduction Cleavage

1
CrO3 Crwox, surf Cr Ox, surf Cry,03 crystals
-H,0 high T H,O

In the first stage, the bulk CrO3 oxide is deposited on the substrate and stabilized
as chromate species, including monochromate, dichromate, and sometimes even
polychromate, through reaction with surface hydroxyl groups of silica during cal-
cination in dry air at temperatures of about 1000 K. Under these conditions, a highly
dispersed state of chromate species is gradually achieved through many redis-
persion cycles of sublimation, volatilization, spreading, and stabilization. These
redispersion cycles may be facilitated by the presence of traces of moisture gener-
ated from the deep dehydroxylation of silica in the early stage of dispersing bulk
CrO3 during the calcinations. The dehydroxylation also results in increasing strain
in surface siloxane groups, thus increasing the reduction potential of the surface
chromate species. At a certain critical point, the calcination-induced reduction of
chromate species to CrHIOx,Slmv species would be expected. Subsequently, further
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traces of moisture evolved from dehydroxylation might detach some CI‘IHOX’Surf
species from the silica surface, leading to the formation of three-dimensional Cr, O3
structures. Higher temperature, longer duration, and higher moisture content in the
late stage of calcination can induce a stronger aggregation of surface chromium
oxide species.

The example discussed and many others highlight the need to carefully monitor
all the changes brought about by sublimation, volatilization, spreading, and
stabilization processes that often take place along the pretreatment steps employed
to develop specific metal oxide structures.

5.5 SUMMARY

Precise knowledge of atomic scale of the chemical structures, bonding, chemical
composition, and bonding of adsorbates onto the surface layer of metal oxides
is of prime importance. Many properties of metal oxides strongly depend on the
preparation procedure employed in their synthesis and play an important role
in their overall properties and behavior. This is why the chemical and structural
features of surfaces and interfaces must be analyzed carefully in order to maintain a
permanent control of reactivity. With a few exceptions, for many metal oxides these
properties are still poorly known and under-exploited in comparison with metals.

Owing to high reactivity, the surface of many metal oxides becomes altered
when exposed to ambient environment. Since the symmetry and coordination of
the metal ions are lost at the surface, the ions show a strong tendency to be saturated
by reaction with gas molecules. One major process taking place is hydroxylation,
which is the result of a true chemical reaction between surface M-O bonds and
water molecules. Another process that occurs simultaneously with hydroxylation,
and specifically on metal oxides of basic character, is carbonation. Quantifica-
tion of these processes is a critical issue since the overall properties of oxides
often depend on the surface properties of the latter. Accordingly, these phenom-
ena must be considered carefully, particularly, in the case of oxides used for
technological applications.

Another important factor to be considered is the surface composition of metal
oxides. Although in many cases there is evidence that the surface composition
closely follows that of the bulk, the different examples discussed in this chapter
illustrate the fact that segregated phases on the surface unavoidably occur as a
consequence of the inability of the lattice to accommodate homogeneously all
the ions in the oxide lattice. Additionally, changes in the oxidation state of the
surface elements often occur with respect to that of the bulk, particularly when
exposed to moisture, thermal treatments, and cycling operations in reducing and
oxidative environments.
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6.1 INTRODUCTION

Metal oxides play an important role in many fields, including inorganic and
materials chemistry, condensed matter physics, geology, materials science, and
mechanical and electrical engineering. The importance of metal oxides lies in
their variety, their chemical stability, and their fascinating chemical and physical
properties. Metal oxides display properties ranging from piezoelectricity to super-
conductivity, from negative thermal expansion to ionic conductivity. Metal oxides
are used as gemstones, transparent conductors, gas sensors, and catalysts to name
but a few applications. They are used in computers, Li-ion batteries, fluorescent
lights, cellular phones, and fuel cells. An important focus of scientists who syn-
thesize and utilize metal oxides is to understand the origin of their properties and
to learn how to manipulate these properties through modification of the composi-
tion, the crystal structure, and/or the defects. This requires an understanding of the
electronic band structure, which, on the one hand, is the link between composition
and crystal structure and on the other hand with chemical and physical properties.
The optical and electrical transport properties can be understood directly from the
electronic structure. The chemical reactivity and catalytic properties depend upon
the energy levels and symmetry of electronic states near the Fermi level. Even the
dielectric and mechanical properties can be traced to the chemical bonding that is
the origin of the electronic structure.

The purpose of this chapter is to show how the electronic band structure arises
from the fundamental properties of atomic orbitals and the arrangement of atoms
within a crystal. The treatment is described in the language of chemical bonding
and the corresponding electronic states are derived from linear combinations of
atomic orbitals (LCAOs). This approach, often referred to as the tight binding
approach, differs from the free electron approach, which is more widely used in
physics and engineering. The free electron approach works well in compounds
where the valence electrons exhibit a high degree of delocalization, such as metals
and semiconductors. However, the inherent ionicity in most metal-oxygen bonds
tends toward localized or nearly localized states for the valence electrons. In fact,
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many of the interesting electronic properties of metal oxides arise from the close
competition between delocalized and localized electronic states. The LCAO model
is well suited to compounds that exist near this boundary. Furthermore, the LCAO
model allows to trace the key features of the electronic structure back to the
composition and crystal structure, thereby facilitating the chemical design and
manipulation of materials.

An examination of the chapter will quickly reveal that the compounds con-
sidered here do not require a detailed consideration of electron—electron repulsion.
This has been done intentionally to keep the focus on the relationships between the
composition, the crystal structure, and the electronic structure. A thoughtful treat-
ment of concepts, such as intrasite and intersite exchange, magnetic ordering,
the Hubbard model, superconductivity, etc., would probably double the length of
this already long contribution. Many readers will already be familiar with these
concepts; however, those readers who are less familiar with these concepts are
encouraged to seek descriptions of these effects, which can be found readily in
the solid-state chemistry literature. In either case, the concepts presented have
equal relevance to oxides where electron exchange effects play an important role.

6.2 METAL-OXYGEN BONDS: ELECTRONIC ENERGY LEVELS AND
CHEMICAL BONDING

As a starting point let us consider the energetics of the metal-oxygen bond. To
understand the electronic structure of metal oxides it is necessary to develop a semi-
quantitative notion of the energy levels, sizes, and symmetry of atomic orbitals.

6.2.1 The lonic Model

In simplified treatments, metal oxides are often taken to be completely ionic com-
pounds. While this is arather inaccurate view of most metal oxides, itis worthwhile
to briefly consider the implications of the ionic model and consider how this picture
changes when covalency is taken into consideration. Let us take MgO as a proto-
typical 