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ABSTRACT: Bulk mixed oxide catalysts are widely used for
various applications (selective oxidation catalysts, electro-
catalysts for solid oxide fuel cells, and solid oxide electrolyzers
for the production of hydrogen), but fundamental under-
standing of their structure−performance relationships have
lagged in the literature. The absence of suitable surface
composition and surface structural characterization techniques
and methods to determine the number of catalytic active sites,
with the latter needed for determination of specific reaction
rates (e.g., turnover frequency (1/s)), have hampered the development of sound fundamental concepts in this area of
heterogeneous catalysis. This Perspective reviews the traditional concepts that have been employed to explain catalysis by bulk
mixed oxides (molybdates, vanadates, spinels, perovskites, and several other specific mixed oxide systems) and introduces a
modern perspective to the fundamental surface structure−activity/selectivity relationships for bulk mixed oxide catalysts. The
new insights have recently been made available by advances in surface characterization techniques (low-energy ion scattering,
energy-resolved XPS, and CH3OH-IR) that allow for direct analysis of the outermost surface layer of bulk mixed metal oxide
catalysts. The new findings sound a note of caution for the accepted hypotheses and concepts, and new catalysis models need to
be developed that are based on the actual surface features of bulk mixed oxide catalysts.
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I. INTRODUCTION
Bulk mixed oxides are widely employed in industry as
heterogeneous catalysts for selective oxidation reactions (e.g.,
methanol oxidation to formaldehyde, propylene oxidation/
ammoxidation to acrolein/acrylonitrile, propane oxidation/
ammoxidation to acrolein/acrylonitrile, n-butane oxidation to
maleic anhydride, etc.), and electrocatalysts for solid oxide fuel
cells and solid oxide electrolyzers for the production of
hydrogen have received much attention in the catalysis
literature over the past five decades.1−4 The complexity of
bulk mixed oxide catalyst powders (e.g., variable oxidation
states, variable coordination for each oxidation state, chemical
nature of surface sites (redox, basic, or acidic (Lewis or
Bronsted)), participation of surface and bulk lattice oxygen
atoms in oxidation reactions and presence of vacancies or
defects) and difficulty in characterizing the surfaces of such low
surface area catalytic materials (typically ∼1−10 m2/g) have
limited the development of the catalysis science of bulk mixed
oxides. The difficulty in obtaining fundamental surface
information about the topmost outer layer of low-surface-area
bulk mixed oxides is a consequence of the inability of most
characterization techniques (e.g., XPS, XANES/EXAFS,
Raman, IR, EPR, NMR, XRD, HR-TEM, etc.) to discriminate
between the same elements present both in the outermost
surface layer and the bulk layers below the surface because the
characterization measurements are dominated by the bulk
signals.5 The almost complete lack of surface information about
the outermost surface layer of bulk mixed oxide catalysts has

resulted in a catalysis paradigm in which the catalytic
performance is correlated with bulk structural features routinely
accessed by XRD or HR-TEM.1 Furthermore, it was also
typically assumed that the surfaces of bulk mixed oxides are just
terminations of one of the bulk crystalline planes. Such a
catalysis paradigm is problematic, since heterogeneous catalysis
is a surface phenomenon, and the catalytic performance needs
to be related to the surface characteristics (composition,
morphology, coordination, oxidation state(s), and chemical
properties).6−8

The paradigm of correlating the catalytic performance of bulk
mixed oxides with their bulk crystalline structures has resulted
in numerous explanations to account for the catalytic properties
of bulk mixed oxides over the years. The first concept
introduced into the catalysis literature stated that the catalytic
activity of bulk mixed oxides was related to the short MO
bond present in the bulk structure, which implies that the short
MO bond is the catalytic active site.9 This resulted in the
appearance of many catalysis publications that attempted to
correlate the MO bond length or strength with catalytic
activity and has become a cornerstone in the catalysis by bulk
mixed oxides.10−12

A second concept introduced early into the catalysis
literature of bulk mixed metal oxides was that the surfaces
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were bifunctional, with one component responsible for
dissociation of molecular O2 and the second component
responsible for chemisorption of hydrocarbons and redox (C−
H bond breaking and oxygen insertion).13,14 The selective
oxidation of olefins by bismuth molybdate catalysts has been
assumed to take place via a bifunctional mechanism in which
the first site (BiOx) chemisorbs propylene to form a surface
allyl (H2C−CH−CH2*) and the second site (MoOx) oxidizes
the surface allyl intermediate.13 The concept of contact synergy
was introduced to explain the promotion of one phase by the
addition of a second phase by invoking that a contact potential
is created at the junction of two phases that favorably modifies
the electronic density of the first catalytic active phase.15−18

An alternative explanation for the synergistic effect of two
metal oxide phases in contact during selective oxidation
reactions is the remote control theory.19 According to the
remote control theory, the catalyst is composed of two well-
defined oxide phases: an acceptor and a donor phase. The
acceptor phase is the center for hydrocarbon activation and can
have, when alone, a low catalytic activity for the selective
oxidation reaction. The donor phase generally has no selective
oxidation activity, and its role is to produce activated oxygen at
a high rate, which spills over to the acceptor phase and
accelerates the catalytic reaction.
It was also postulated that isolation of the catalytic active

sites from each other on the catalyst surface is required for
selective oxidation reactions to occur.20 According to this
hypothesis, the reactive surface lattice oxygen atoms must be
isolated from each other as an isolated grouping or a domain
for the catalyst surface to be selective toward the desired
product. For example, it was proposed that isolated surface
lattice oxygen domains containing two to five adjacent reactive
surface oxygen atoms selectively oxidize propylene to acrolein,
whereas lattice oxygen domains containing more than five
adjacent reactive surface oxygen atoms would lead to complete
combustion of propylene.20 This hypothesis was ascribed to
assist in the discovery of K2O−V2O5,

21 bismuth molybdates,21

USb3O10,
22,23 and FeSbxOy selective oxidation catalyst

systems.24 The chronological development of the above
concepts is given in Table 1 and reveals that these concepts

were developed in the 1954−1979 time frame, which precedes
the development of modern catalysis science over the past three
decades. Although these concepts have generally been accepted
by the heterogeneous catalysis community researching bulk
mixed oxides over time, there does not appear to be supporting
data for these concepts, nor have the concepts ever been
rigorously examined. Furthermore, none of the earlier studies
provided any direct information about the nature of the
surfaces of bulk mixed oxides, static as well as dynamic, under
reaction conditions, and these early studies just tacitly assumed
that the bulk mixed oxides just terminate with one of their bulk
crystallographic planes.

In recent years, physical and chemical characterization
methods have been developed that are capable of providing
fundamental information about the characteristics of the
outermost surface layer of bulk mixed metal oxide catalytic
materials. Low-energy ion scattering (LEIS) quantitatively
provides the elemental composition of the outermost surface
layer (escape depth of ∼0.3 nm).25 LEIS spectroscopy
functions by analyzing the kinetic energy of scattered low-
energy ions from the outer surface, since the kinetic energy is a
function of the specific elemental masses present on the
outermost surface. Although conventional X-ray photoelectron
spectroscopy possesses an escape depth of ∼1−3 nm that is
dominated by the signal from the layers below the outermost
surface layer, the new energy-resolved XPS methodology (ER-
XPS) method tunes the excitation energy to control the depth
from which the measurement is performed and provides depth
profile elemental composition information.26,27 Depth profile
elemental composition can also be obtained with coupled
sputtering-LEIS studies that systematically peel off the outer
layers. Recent advances in high resolution-transmission electron
microscopy (HR-TEM) that allow for atomic resolution are
making it possible to also examine the elemental composition
of the surface region of some bulk mixed oxide catalysts and are
revealing that amorphous surface oxide layers can also be
present on such well crystallized bulk mixed oxides that
effectively encapsulate the bulk mixed oxide crystals.28−31

In addition to the above physical characterization techniques,
the outermost surface of bulk mixed metal oxides can also be
chemically probed, since molecules cannot diffuse into the bulk
of mixed oxides. Finding the proper molecule for metal oxides
has been a challenge, since chemical methods employed for
quantitatively determining the number of catalytic active sites
on metal catalysts (e.g., chemisorption of CO, H2, and O2) have
not been found to be feasible with metal oxides.32−44 Methanol,
as well as some other small alcohols, has been found to be a
“smart” chemical probe molecule that can quantify the number
of catalytic active sites, nature of the sites (redox, basic or
acidic), oxidation states of the sites, and their chemical
reactivity (kinetics and selectivity).45−51 Methanol-IR spectro-
scopic chemisorption measurements can distinguish among
surface methoxy (M-OCH3) species coordinated to different
surface cation sites and, thereby, provides direct information
about the surface coordination sites and surface composi-
tion.48,49,52 Methanol-temperature programmed surface reac-
tion (TPSR) spectroscopy also quantifies the number of
catalytic active sites as well as provides information about their
chemical and electronic properties (selectivity (redox, basic, or
acidic), kinetics, and oxidation states).53−59

This Perspective will examine our current understanding of
bulk mixed oxide catalysts (molybdates, vanadates, spinels,
perovskites, and several other specific mixed oxide systems)
through the new insights recently made available by the
advances in surface characterization techniques that allow for
direct analysis of the outermost surface layer of bulk mixed
oxide catalysts. Before discussing bulk mixed oxides, it is
necessary to initially review some of the surface chemistry of
one-component oxides.

II. SURFACE DENSITY OF CATALYTIC ACTIVE SITES
(Ns) ON ONE-COMPONENT OXIDES

In contrast to metal catalysis,60 the lack of knowledge of the
catalytic active site density (Ns: number of surface catalytic
active sites per unit surface area of the catalyst) for bulk oxides

Table 1. Chronological Development of Concepts for Bulk
Mixed Oxide Heterogeneous Catalysts

year concept references

1954 short MO bond is catalytic active site 9−12
1963 site isolation 20−23
1973 bifunctional sites 13, 14
1979 contact synergy 15
1987 remote control 19
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has prevented determination of quantitative TOF values for
bulk one-component and mixed oxide catalysts and not allowed
for direct comparison of intrinsic catalytic activities among
different catalysts and catalysis laboratories. Consequently, Ns
and TOF values are rarely reported in the literature for oxide
heterogeneous catalysts. The few catalyst studies that have
attempted to estimate Ns values for bulk oxides have employed
(i) bulk crystallographic structural models that assume the
crystal surface terminates with the same structure as the bulk,61

(ii) oxygen chemisorption,36,62,63 (iii) gravimetric chemisorp-
tion,46−49,52−54,64 (iv) CH3OH-IR chemisorption measure-
ments,48 and (v) CH3OH-TPSR spectroscopy.28,65 The
crystallographic approach assumes that the surface terminates
with one of the bulk crystal planes, which is now known to be
an incorrect assumption, since the surface composition/
structure and bulk composition/structure are generally
dissimilar. The O2 chemisorption approach, which is preceded
by an H2 reduction pretreatment, overestimates the number of
surface sites because oxide reduction and oxidation typically
cannot be limited to only the topmost surface layer of oxides.
The gravimetric, CH3OH-IR, and CH3OH-TPSR studies,
however, do quantitatively yield Ns values, since they
determine the number of probe molecules adsorbed under
standard conditions, and both methods give the same surface
density values of catalytic active sites when cross-checked. In
addition to methanol, other small molecules, such as formic
acid, ethanol, and propanol, can also be employed to provide
quantitative Ns values.66−69

The limited publications that determined Ns values allowed
for quantification of the corresponding catalytic TOF values,
which are critical to fundamentally understand the surface
chemistry of bulk oxide catalysts. Application of thermogravi-
metric methanol chemisorption measurements to bulk MoO3
crystals revealed that methanol selectively chemisorbs at the
edge plane of crystalline MoO3, which contains surface Mo−
OH functionalities, not on the basal plane that is populated by
the surface MoO functionality.28,48,52,54,70,71 The same holds
true for crystalline V2O5

70 that crystallizes with nonisotropic
platelet morphology. Bulk Fe2(MoO4)3, however, is isotropic
and does not possess platelet morphology, resulting in
methanol chemisorption on all exposed sites, and, conse-
quently, gives rise to a much higher Ns values.48,53,54,58,70 For
one-component oxides (CaO, SrO, BaO, Y2O3, TiO2, ZrO2,
HfO2, CeO2, Nb2O5, Ta2O5, Cr2O3, WO3, Mn2O3, Fe2O3,
Co3O4, Rh2O3, NiO, PtO, PdO, CuO, Ag2O, Al2O3, Ga2O3,
In2O3, SnO2, P2O5, Sb2O3, Bi2O3 and TeO2), the average Ns
value was found to be ∼3−4 μmol/m2.70 This simple example
demonstrates the importance of quantitatively determining Ns
values for oxide catalysts.

III. TURNOVER FREQUENCY (TOF) FOR
ONE-COMPONENT OXIDES

With quantitative Ns values now developed for one-component
and mixed oxides, it has finally become possible to determine
quantitative TOF values for oxide catalysts.
For one-component oxide catalysts, TGA-based methanol

chemisorption was employed to determine Ns and TOF values
for methanol oxidation to redox products.70 An added
advantage of using the methanol oxidation chemical probe
reaction is that its reaction products also reflect the nature of
the types of catalytic active sites present on the surface, since
redox sites primarily yield HCHO with some methyl formate
(CH3OOCH) and dimethoxymethane (DMM-(CH3O)2CH2),

acid sites produce dimethyl ether (DMM-CH3OCH3), and
basic sites form COx (CO and CO2) reaction products.45,70

The TOFredox values for the one-component oxides were
found to vary over a rather wide range of reactivity from 104 to
10−3/s (PtO ≫ Ag2O > PdO > Co3O4 ∼ Mn2O3 ∼ Cr2O3 >
CuO ∼ NiO > V2O5 ∼ ZnO ∼ BiO2 ∼ SnO2 ∼ Fe2O3 > HfO2
> MoO3 > ZrO2 ∼ CaO > MgO ∼ Sb2O3 ∼ TeO2 > BaO ∼
La2O3). The TOFacid values for the one-component oxides were
found to vary from 10° to 10−4/s (Ga2O3 ∼ Al2O3 > Fe2O3 >
P2O5 ∼ WO3 ∼ V2O5 > Ta2O5 ∼ MoO3 > Nb2O5 > TiO2 >
SiO2), with all the oxides possessing surface Lewis acid sites and
only P2O5, WO3, V2O5, and MoO3 expected to contain some
surface Bronsted acid sites for the calcined catalysts (∼500 °C).
The corresponding TOFbasic values for the one-component
oxides were found to vary from 102 to 10−4/s (Cr2O3 ∼ Co3O4
> Mn2O3 ∼ Bi2O3 ∼ ZnO > In2O3 ∼ NiO ≫ ZrO2 ∼ MgO ∼
Y2O3 ∼ SrO > BaO ∼ SiO2 > TiO2). Although PtO and Rh2O3
also exhibited high TOFbasic values, they were not included in
the above list of TOFbasic, since the formation of COx from
these oxides is thought to be the result of further oxidation of
the initial redox products. An interesting aspect of this
compilation of methanol oxidation TOF values for one-
component oxides catalysts is that many of the oxides surfaces
are multifunctional surfaces and not only exclusively consisting
of redox, acidic, or basic sites.
The availability of the above quantitative methanol oxidation

TOFredox values allows for examination of correlations between
the reactivity of the one-component oxide catalysts with several
oxide properties.71 A semilog plot of the TOFredox vs the bulk
heat of formation of the one-component oxides, which reflects
the M−O bond strengths, does not show any apparent
relationship between the TOFredox and M−O bond strength
of the oxide catalysts. It has also been claimed that isotopic
18O2−16O2 exchange rates for oxides are related to the ease of
oxygen removal from the metal oxide and its M−O bond
strength.72 However, a log−log plot of TOFredox vs isotopic
oxygen exchange rate constant does not show a correlation
between these rates. A correlation was also not found for the
log−log plot between the TOFredox vs onset reduction
temperature of the oxides from H2-TPR measurements. The
absence of a correlation between TOFredox and onset of
hydrogen reduction temperature is not surprising, given that
there are several possible competing rate-determining steps in
the reduction process (H−H bond breaking, O−H bond
formation, or M−OH and MO−H bond breaking). Thus, it
appears that the ease of oxygen removal from the one-
component oxides is not related to the specific reaction rate for
methanol oxidation to redox products.
A clear inverse correlation, however, does exist for the

semilog plot of TOFredox vs the surface methoxy (CH3O*)
decomposition temperature (Tp), presented in Figure 1, during
CH3OH-TPSR spectroscopy for catalysts exhibiting redox
selectivity of 85−100% (with a regression error of <2%).70

Given that the rate-determining step for methanol oxidation is
breaking of the C−H bond of the surface methoxy
intermediate,73 such a strong correlation is not unexpected.
Furthermore, a similar correlation is also found between
TOFacid and the surface methoxy decomposition temperature
determined by CH3OH-TPSR spectroscopy (with a regression
error of <5%). For acid catalysis resulting in the formation of
CH3OCH3, the reaction mechanism proceeds via the rate-
determining step of C−O bond breaking of the surface
methoxy intermediate.74 These inverse correlations between
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TOF values and surface methoxy decomposition Tp reveal that
the TOF values are directly related to the thermal stability of
the surface methoxide intermediate: a less stable surface
methoxy is more reactive, and a more stable surface methoxy
is less reactive. Note that neither of these rate-determining
steps depend on the catalyst M−O or MO bond strengths or
lengths that are thought to be related to the ease of oxygen
removal from the metal oxides. That is why quantitative TOF
values and metal oxide properties, especially bulk properties, do
not correlate, since the reactivity of surface methoxy
intermediates is primarily related to the surface methoxy C−
H or C−O bond-breaking steps during the rate-determining
steps.
According to literature models, the selectivity in Mars−van

Krevelen oxidation reaction should be associated with oxygen
mobility or the intrinsic activity of individual oxygen species
(ease of oxygen removal).75,76 This hypothesis implies that high
oxygen mobility should result in overoxidation and low
selectivity. A semilog plot of selectivity to redox products
during methanol oxidation over oxides vs the rate of isotopic
16O2−18O2 exchange, however, gives rise to a noncorrelated,
random (“shot gun”) plot.70 A similar noncorrelated, random
plot is obtained for the semilog plot of selectivity to redox
products during methanol oxidation over oxides vs the TOFredox
values. Furthermore, the selectivity to redox products was 100%
for many catalysts over a very wide range of TOFredox values
from 10−3 to 103/s (Ag2O > PdO > CuO > SnO2 > HfO2 >
CeO2 > TeO2 > Sb2O3 > La2O3). The absence of any apparent
correlations between oxygen mobility or ease of oxygen
removal for metal oxides and the reaction rates for oxidative
dehydrogenation of methanol suggests that the redox selectivity
is primarily associated with the chemical properties of the
specific oxide catalytic active sites.

IV. NATURE OF CATALYTIC ACTIVE SITES FOR BULK
MIXED OXIDE CATALYSTS

In heterogeneous catalysts, the properties of the outermost
surface layer are of paramount importance, since the catalytic
active sites and reaction intermediates reside only at the
outermost surface layer of heterogeneous catalysts. Researchers
in the field of bulk mixed metal oxide catalysis, however, have
almost exclusively focused on the bulk crystallographic

structures and thermodynamics, as depicted in the above
correlations, and almost no relevant surface information about
bulk mixed oxide catalysts exist. The few attempts to
characterize the surfaces of bulk mixed oxide catalysts primarily
employed XPS, which dilutes the signal from the outermost
surface layers with the signals from multiple layers below the
surface (∼1−3 nm). Consequently, XPS is not able to
satisfactorily provide chemical information about the outermost
surface layer of bulk mixed oxide catalysts.27 As already
mentioned, in the absence of meaningful surface information
about bulk mixed oxide catalysts, it was tacitly assumed that the
surface is just an extension of the bulk mixed oxide structure,
and an exposed crystallographic plane was arbitrarily
selected.77−83 Surface characterization methods developed in
recent years, however, directly demonstrate that for many
mixed oxide systems, the surface composition of bulk mixed
oxide catalysts is remarkably different from that present in the
bulk structure.

a. Bulk Mixed Molybdates and Vanadates. Recent LEIS
measurements revealed that the outermost surface layer of bulk
mixed molybdates and vanadates tend to be enriched with
amorphous surface MoOx and VOx species.

27 These amorphous
overlayers are also apparent in HR-TEM images, and elemental
compositional analysis of the overlayers confirms that they are
enriched in redox V and Mo components.28,29 In some cases,
the surface enrichments even approach monolayer coverage
that cannot be simply accounted by preferential termination of
bulk crystalline planes.27 This is also consistent with in situ
CH3OH-IR chemisorption experiments that reveal only the
presence of surface Mo−OCH3 and V−OCH3 species on the
bulk mixed molybdate and vanadate catalysts.28,29,48,49

Furthermore, CH3OH-TPSR exhibits the surface chemistry of
only Mo-OCH3 and V-OCH3 rather than that of the non-Mo
or -V, respectively, metal oxide components.
Surface enrichment with MoOx and VOx for bulk mixed

molybdates and vanadates, respectively, appears to be limited to
the first few outer layers of the bulk mixed metal oxides. HR-
TEM images of bulk mixed molybdate and vanadate catalysts
reveal an amorphous layer, ∼1 nm, that is enriched with Mo
and V, respectively.28,32 Depth profile compositional informa-
tion with sputtering LEIS spectroscopy and the very new
method of energy-resolved XPS (ER-XPS) reveals that the
surface enrichment is limited to only the outermost surface
layer or the two topmost layers.26,27

b. Bulk Mixed Oxide Spinels. Bulk mixed oxide normal
spinels possess the general formula

+ +A B O2 (Td)
2

3 (Oh)
4 (1)

In the bulk normal spinels, the A cation has AO4 coordination
and the B cations contain BO6 coordination. The compositions
of the outermost surface layer for several bulk mixed oxide
normal spinels were determined with LEIS, and for all systems,
the surface concentrations of the A2+ were markedly diminished
relative to the bulk B/A = 2 ratio. For CoAl2O4 and ZnAl2O4, it
was surprisingly found that only traces of the Co2+ and Zn2+

cations are present on the spinel surface that almost exclusively
consists of Al3+ cations and O2− anions.84−87 For the ZnCo2O4
normal spinel that consists of tetrahedral-coordinated Zn2+ and
octahedral-coordinated Co3+ sites, however, it was found that
the surface almost exclusively consists of Co sites.88 These
findings suggest that the tetrahedral A cations possess low
stability on the mixed oxide spinel surfaces and, consequently,

Figure 1. Semilog plot of TOFredox vs surface methoxy decomposition
temperature for one-component oxides (regression error < 2%).
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prefer the tetrahedral sites below the surface, which leaves the
octahedral B cations the dominant surface cations. For a series
of Mn-containing spinels, however, it was found that because of
an oxidative transfer, much more Mn was on the surface.85 In
contrast, the much larger sampling depth of XPS measures both
the octahedral and tetrahedral cations in the mixed oxide
spinels. Most importantly, only the compositions of the
outermost surface layer determined with LEIS were found to
track the catalytic activity of mixed oxide spinels.85,89−93

Bulk mixed oxide inverse spinels possess the general formula

+ + +B A B O3 (Td) 2 (Oh) 3 (Oh)
4 (2)

Bulk inverse spinels have the same structure as bulk normal
spinels, but their cations are inversed (one of the two B3+ cation
has BO4 coordination and the A2+ cation contains AO6
coordination). Consequently, the A cation is now present in
octahedral sites in inverse spinels and, thus, should also be
present on the outermost surface layer, whereas the
concentration of the B cation should now decrease because
one of the B cations is located at tetrahedral sites. Indeed, this is
what was found for the MgFe2O4 inverse spinel,
Fe3+(Td)Mg2+(Oh)Fe3+(Oh), which gives a strong Mg LEIS signal,
in contrast to tetrahedral Zn2+ in the ZnFe2O4 normal spinel,
and the Fe LEIS signal is half that for the ZnFe2O4 normal
spinel.94

Thus, the surface compositions of normal and inverse spinels
do not correspond to their bulk stoichiometry and depend on
the local coordination of the A and B sites, since only
octahedral sites are present on the outermost surface layer of
bulk mixed oxide spinels.
c. Bulk Mixed Oxide Perovskites. Normal perovskites

have the general formula

+ +A B O2 (tw) 4 (Oh)
3 (3)

In normal perovskites, the A cation contains AO12 coordina-
tion, and the B cation possesses BO6 coordination. LEIS
analysis of the outermost surface layer of dense sintered
SmCoO3 perovskite revealed that Sm is the dominant surface
cation, with the Co cation present at only 5% of its bulk
composition.95 Preferential surface segregation of Ba for the
BaZrO3 perovskite was also found, but the surface Ba
enrichment was not as pronounced as for Sm for SmCoO3.

96

For the doubly substituted perovskite (La0.6Sr0.4)(Co0.2Fe0.8)O3
composed of two different A cations and B cations, LEIS
analysis reveals that the outermost surface layer primarily
consists of Sr with some La and with no Co and Fe present.97

Thus, bulk mixed oxide perovskites appear to terminate with
preferential exposure of the (100)-AO planes that exclusively
possess the A cations.
d. Bulk CexZr1−xO2 Mixed Oxides. Bulk CexZr1−xO2

mixed oxides are employed as oxygen storage catalysts in
three-way automotive catalysts.98 The oxygen mobility and
thermal stability are enhanced when Zr is introduced into the
CeO2 lattice to form bulk CexZr1−xO2 mixed oxides.99−105 The
surface chemical composition and oxidation states of the
surface Zr and Ce cations were chemically probed with
CH3OH-IR spectroscopy.106 Methanol chemisorbs as surface
CH3O* species, and the IR bands of the surface methoxy C−H
and C−O vibrations for Zr−OCH3 and Ce−OCH3 reflect the
cation surface composition and oxidation states, since the
surface methoxy vibrations are dependent on the specific
coordinated cation. The CH3OH-IR spectroscopic measure-

ments of oxidized surfaces indicate that there is no surface
segregation of either Zr or Ce for the bulk CexZr1−xO2 mixed
oxides over the entire compositional range (0 < x <1). Upon
reduction, the CH3OH-IR spectra demonstrate that surface
Zr4+ does not reduce, and both surface Ce4+ and Ce3+ coexist,
with the ratio of Ce3+/Ce4+ increasing with extent of reduction.
Consequently, it was possible to also monitor reoxidation of the
surface Ce cations with different thermal treatments in different
environments. Thus, CH3OH-IR spectroscopy can be an
excellent chemical probe that can determine the surface
composition and oxidation states for many bulk mixed oxide
catalyst systems.48,52

e. Summary. The newer methods of surface analysis of the
outermost surface layer are showing that the surfaces of bulk
mixed oxide catalysts may be very different from the bulk mixed
oxide phases and are generally present as reconstructed
surfaces. The driving force for surface enrichment and
reconstruction is lowering of the oxide surface energy with
the element and structure possessing the lowest surface energy
becoming the dominant component and structure at the
outermost surface layer. For example, (i) bulk (VO)2P2O7 was
determined with LEIS to have a surface P/V ratio of ∼2,
whereas the bulk P/V stoichiometry is 1,107 and LEIS analysis
of the complex bulk Mo−V−Nb−Te−O catalyst reveals that
the surface is enriched with V and Te, but depleted in Mo.108 In
addition, several in situ IR and Raman studies have revealed
that even one-component metal oxides terminate with surface
structures that are more similar to supported surface metal
oxide species and not present in their bulk structures (e.g.,
V2O5,

109 Nb2O5,
110 Cr2O3,

111 WO3
74). Thus, the surface

structures of even one-component oxide systems restructure
relative to their bulk structures. Consequently, it is critical to
obtain more insights into the surface compositions and
structures of one-component and bulk mixed oxide catalysts
for this field of heterogeneous catalysis to advance.

V. RELATIONSHIP BETWEEN MO BOND LENGTH
AND CATALYTIC ACTIVITY

To quantitatively examine the hypothesis of the relationship
between the short MO bond length in bulk mixed metal
oxides and their catalytic reactivity, the surface reactivity of bulk
mixed molybdate and vanadate catalysts was investigated using
CH3OH-temperature-programmed surface reaction (TPSR)
spectroscopy and steady-state CH3OH oxidation. The
CH3OH-TPSR experiment provides the first-order surface
kinetic rate constants for breaking of the C−H bond of surface
CH3O* intermediates for the formation of HCHO and the
number of catalytic active sites (Ns).112 The corresponding
steady-state methanol studies provide the specific reaction rate
(TOF-number of methanol molecules converted to redox
products per exposed surface active site per second) and the
equilibrium adsorption constant (Kads) that reflects breaking of
the methanol O−H bond upon adsorption.113 The number of
exposed surface sites present for the bulk mixed oxides was
quantitatively determined with CH3OH chemisorption-IR
spectroscopy measurements. Raman spectroscopy gives rise
to sharp MO bands that reflect the short MO bond
length.114,115 The present study rigorously compares, for the
first time, the relationship between the normalized surface
reactivity for CH3OH oxidation to formaldehyde and the short
MO bond lengths of bulk mixed molybdates and vanadates.
The bond lengths of short MO bonds in the bulk lattice of

mixed vanadates and molybdates were obtained from crystallo-
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graphic literature studies.65 These bulk mixed oxides also
possess a sharp MO band in Raman spectroscopy. The
Raman shift of the bulk vanadates and molybdates were also
used to calculate the short MO vibration.114,115 The
CH3OH-TPSR surface kinetic parameters for the rate-
determining step, krds, for HCHO formation over the bulk
mixed vanadates and molybdates are plotted against the short
MO bond length in Figure 2a and b, respectively. No

particular correlation can be seen between the short MO
bond lengths in the bulk lattice of mixed vanadates and
molybdates and the surface catalytic activity, indicating that the
length of the short MO bond is not a controlling factor in
catalytic oxidation reactions by bulk mixed oxides.

VI. RELATIONSHIP BETWEEN BULK HEAT OF
FORMATION OF OXIDES AND CATALYTIC
ACTIVITY

It was proposed in the 1960s that the larger the bulk heat of
formation of oxides, the less active the catalysts.116,117 Morooka
et al. observed that reaction rates of oxides (such as Ag2O,

CuO, CO3O4, NiO, MnO2, CdO, Fe2O3, V2O5, Cr2O3, CeO2,
ThO2) for propylene, isobutene, acetylene, and ethylene
oxidation are inversely related to their bulk heat of oxide
formation.116,117 It was reasoned that the bulk heat of
formation of metal oxides is equivalent to the heat of formation
of one bond, averaged over all the metal−oxygen bonds
present. Therefore, the heat of formation is a representation of
the metal−oxygen bond strength in the bulk mixed oxide.
Similarly, Sachtler and de Boer correlated the qualitative
activity, which was not normalized per surface area or number
of exposed active sites, of bulk oxide catalysts with their
reducibility.118 The degree of reducibility is considered as the
ease with which an oxygen atom could be removed from an
oxygen−metal bond. Therefore, high reducibility corresponds
to low activation energy for reduction and to low metal−
oxygen bond energy. Thus, the ease of removal of oxygen from
an oxide lattice leads to higher conversion and lower selectivity.
Briand et al., however, did not find a correlation between

quantitative redox and basic TOF values for methanol oxidation
to formaldehyde with the strength of the metal−oxygen bond
of the bulk mixed oxides. These more recent results
demonstrate that the rate-determining step of methanol
oxidation over metal oxides does not involve the breaking of
a surface metal−oxygen bond.47 Similarly, Badlani et al. did not
find a correlation between the quantitative TOFredox and bulk
heat of oxide formation for one-component oxides for
methanol oxidation, as shown below in Figure 3.70 Although

qualitatively it appears that the TOFredox decreases as the bulk
heat of metal oxide formation increases, the curve in Figure 3
has a significant associated regression error of 0.28 with respect
to the data points. A closer examination shows that (1) for the
same approximate heat of formation of ∼35 kcal/mol, the
TOFredox varies by approximately a factor of 10

6, and (2) for the
same TOFredox value of ∼1/s, the bulk heat of oxide formation
varies from ∼40 to 140 kcal/mol. These conclusions, based on
rigorous quantitative data, are not surprising, given that the
rate-determining step (rds) for methanol oxidation involves
breaking of the C−H bond, not M−O bonds, of the catalyst.

Figure 2. Plots of first-order rate constant (krds) for surface methoxy
decomposition vs MO bond lengths for (a) bulk mixed vanadates
and (b) bulk mixed molybdates. The MO bond lengths for the bulk
vanadates and molybdates were determined from their crystallographic
studies and shifts of the Raman bands. The metal−oxygen bonds with
less than 1.7 Å and Raman shift greater than 900 cm−1 were taken as
having a double-bond character for the purpose of this plot.

Figure 3. Semilog plot of TOFRedox vs heat of formation of one-
component oxide catalysts (regression error of 0.28).
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VII. CONTACT SYNERGY

The bulk iron molybdate catalyst is widely used in industry for
the selective oxidation of methanol to formaldehyde. It has
been reported in the catalysis literature that the presence of
excess crystalline MoO3 in the bulk Fe2(MoO4)3 catalyst
enhances the resulting catalytic performance during the
selective methanol oxidation reaction.119 Okamoto et al.
proposed that the presence of excess MoO3 in bulk iron
molybdate catalysts is essential to produce stoichiometric
Fe2(MoO4)3 at the catalyst surface, which was thought to be
the active phase for the selective oxidation of methanol to
formaldehyde.120 Soares et al. proposed that the active phase of
the bulk iron molybdate catalyst has a Mo/Fe = 1.5 ratio of
Fe2(MoO4)3 and excess MoO3 is required to replenish the loss
of molybdenum oxide from the hot spot region of the
reactor.119 The increase in catalytic performance of bulk iron
molybdate catalysts containing excess MoO3 has also been
attributed to the contact synergy between the excess MoO3 and
Fe2(MoO4)3 phases.

121,122 The contact synergy explanation has
also been put forth to explain the enhanced catalytic activity of
other bulk metal molybdate (NiMoO4, CoMoO4, and
MnMoO4) phases in contact with excess crystalline
MoO3.

16−18 Recall that the contact synergy theory proposes
that promotion of one phase occurs at the junction of the two
metal oxide phases by creation of a contact potential that
favorably modifies the electronic density of the catalytic active
phase.
To examine if the contact synergy concept for the MoO3/

Fe2(MoO4)3 applies to the iron molybdate catalyst system for
the oxidation of methanol to formaldehyde, a model supported
MoO3/Fe2O3 catalyst was synthesized and examined for
methanol oxidation.28 The model supported MoO3/Fe2O3
catalyst consists of a two-dimensional surface MoOx monolayer
on the Fe2O3 support and does not possess any molybdate
crystalline phases, MoO3 or Fe2(MoO4)3, as demonstrated by
in situ Raman and IR spectroscopy characterization. This
amorphous surface MoOx monolayer phase, however, was
found to exhibit the same catalytic performance as bulk MoO3/
Fe2(MoO4)3 catalysts without the presence of crystalline
molybdate phases. The performance by the supported
MoO3/Fe2O3 catalyst during methanol oxidation demonstrates
that only a surface MoOx phase in contact with an FeOx
substrate, which forms a bridging Mo−O−Fe bond, is required
to have a good performing iron molybdate catalyst and that
contact between the crystalline MoO3 and Fe2(MoO4)3 phases
is not a prerequisite for good catalytic performance.
Furthermore, increasing the ratio of crystalline MoO3 to
Fe2(MoO4)3 phases in the bulk iron molybdate catalyst does
not affect the TOF (number of methanol molecules converted
to HCHO per surface active site per second), but it does
increase the formaldehyde selectivity by decreasing dimethyl
ether (DME: CH3OCH3) production. The formation of DME
takes place on the exposed FeOx acidic sites, and the role of
excess MoO3 is simply to be a molybdenum oxide reservoir that
supplies surface MoOx species to cover the exposed FeOx sites.
The above conclusion is further confirmed by the elemental

composition of the outermost surface layer of the bulk MoO3/
Fe2(MoO4)3 mixed oxide catalysts.28 LEIS spectroscopy, with
an escape depth of ∼0.3 nm, revealed that the MoO3-free,
stoichiometric bulk Fe2(MoO4)3 phase is almost completely
covered with surface MoOx and that no exposed FeOx sites are
present in the absence of excess crystalline MoO3. Correspond-

ing in situ CH3OH-IR spectroscopy measurements exhibit the
presence of only surface Mo−OCH3 intermediates, which is
consistent with the surface of the bulk iron molybdate catalysts
consisting of a surface MoOx monolayer. The corresponding
CH3OH-TPSR spectroscopy study yields only formaldehyde
and does form DME that is characteristic of exposed FeOx
acidic sites. HR-TEM images of the MoO3/Fe2(MoO4)3 mixed
oxide catalysts indicate the presence of an amorphous layer of
∼1−2 nm present on the Fe2(MoO4)3 phase in addition to the
presence of MoO3 crystallites.
The above fundamental studies with the model supported

MoO3/Fe2O3 monolayer and bulk MoO3/Fe2(MoO4)3 cata-
lysts reveal that the contact synergy phenomenon is actually
related to the presence of an amorphous molybdenum oxide
layer between the two oxide phases, and the excess MoO3
phase serves to maintain the surface MoOx layer. The presence
of enriched surface MoOx and VOx layers in many bulk mixed
molybdate and vanadate catalysts has also been confirmed with
LEIS spectroscopy26 and CH3OH chemical probe stud-
ies.29,46−48 Thus, the presence of surface MoOx and VOx
catalytic layers on the surfaces of bulk mixed oxides appears
to be a general phenomenon that was completely not
considered in formulating the contact synergy hypothesis.

VIII. REMOTE CONTROL
A related theory that has also been proposed in the catalysis
literature to account for the synergistic effect of two metal oxide
phases in contact during selective oxidation reactions is the
remote control theory.19 According to the remote control
theory, the catalyst system is composed of two well-defined
metal oxide phases, an acceptor phase and a donor phase. The
acceptor phase is the center for hydrocarbon activation and can
have, when alone, a low catalytic activity for the selective
oxidation reaction. The donor phase generally has no selective
oxidation activity, and its role is to produce activated oxygen at
a high rate, which spills over to the acceptor phase, which
accelerates the catalytic cycle. The remote control theory has
been applied for the bulk Sb2O4−MoO3 catalyst system, for
which it was proposed that Sb2O4 is the donor phase and MoO3
is the acceptor phase,123 and the bulk SnO2−MoO3 catalyst
system, for which it was claimed that SnO2 is the donor phase
and MoO3 is the acceptor phase.124

The bulk Sb2O4−MoO3 catalyst system was carefully
examined with the aid of 18O2 for oxygen spillover from
Sb2O4 to MoO3. No evidence, however, was detected with
Raman spectroscopy for oxygen spillover from SnO2 to
MoO3.

125 The Sb2O4−MoO3 catalyst system was also carefully
investigated with in situ Raman spectroscopy, and it was found
that the bulk MoO3 crystallites transform to surface MoOx
species on the SnO2 support during thermal treatments.126

Thermal dispersion of one metal oxide over another is well
documented in the catalysis literature, and the driving force is
to decrease the overall system surface free energy of the
combined oxides.127−129

A prerequisite for spontaneous thermal dispersion is that the
treatment temperature exceed the Tammann temperature, the
temperature at which surface atoms begin to diffuse for the
more mobile oxide. Given the relatively low Tammann
temperature of ∼260 °C for bulk MoO3, it is very easy to
thermally spread MoO3 over many static oxide supports that
have much higher Tammann temperatures (e.g., SnO2 ∼ 680
°C), which can act as oxide supports for the spreading of MoOx
species. The dispersion of bulk metal oxides with low
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Tammann temperatures over oxide supports can be further
accelerated in the presence of certain reactive environments.126

The enhanced catalytic activity of the thermally treated physical
mixtures is related to the increase in the number of exposed
catalytic sites (e.g., MoO3 crystallites with a low number of
exposed sites being transformed to surface MoOx species that
are highly dispersed) and the greater TOF of the surface MoOx
species compared with the active sites of crystalline MoO3.
Thus, it is not oxygen that is being transported from the SnO2/
Sb2O4 donor phases to the MoO3 acceptor phase, but it is
mobile MoOx that is being transported from the MoO3
crystallites to the surfaces of the SnO2/Sb2O4 phases.
A biphasic, bulk mixed metal oxide system that has received

quite a bit of attention with regard to oxygen transport is the
bulk MoO3−Fe2(MoO4)3 catalyst system, which can further
serve as a good model system for investigating the remote
control hypothesis. According to the remote control model, the
excess MoO3 should play the role of an oxygen donor, which
dissociates the gas phase molecular O2 to atomic oxygen, that is
then supplied to the acceptor Fe2(MoO4)3 phase for methanol
oxidation to formaldehyde. In situ Raman spectroscopic
analysis of the bulk MoO3/Fe2(MoO4)3 catalyst during
methanol oxidation demonstrated that the two catalytic phases
are fully oxidized under reaction conditions, and thus,

Fe2(MoO4)3 would not benefit by the supply of additional
oxygen from the crystalline MoO3 phase if the remote control
mechanism were operative.130 Cyclic CH3OH-TPSR studies
with the Fe2(MoO4)3 catalyst in the absence of gas phase
molecular O2 also revealed that this mixed oxide phase
performs oxidation with oxygen being supplied from the bulk
lattice, not gas phase, molecular O2 (Mars−van Krevelen
reaction mechanism).28

Recent in situ ultrarapid X-ray diffraction of Fe2(MoO4)3
redox measurements have demonstrated that the reoxidation
rate of iron molybdate with gaseous molecular O2 is ∼100
times faster than its reduction rate with gaseous H2, which is
consistent with the presence of a fully oxidized Fe2(MoO4)3
phase under reaction conditions.130 Furthermore, crystalline
MoO3 has been shown to only sluggishly supply bulk lattice
oxygen to its surface and maintain the surface sites in their
oxidized state.59 This observation is further confirmed by
elegant isotopic H2

18O Raman studies of the biphasic bulk
MoO3 and Fe2(MoO4)3 system and found that although the
bulk MoO3 lattice remains unchanged, the bulk Fe2(MoO4)3
lattice readily exchanges its lattice oxygen.57

Last, the presence of excess MoO3 for the Fe2(MoO4)3 phase
does not increase the rate of methanol oxidation, as would be
expected if the remote control mechanism were operating.28

Table 2. Surface Active Sites and Reactivity of One-Component Oxides toward Methanol Selective Oxidation at Low
Conversion

selectivity (%)

oxide (reaction temp in °C) SBET (m2/g) Ns (μmol/m
2) TOFa (s−1) HCHO CO2 CO DME DMM MF

CeO2 (380) 2.4 4.8 1.3 100
MnO (300) 0.8 1.6 31.0 79.5 20.5
Cr2O3 (290) 3.0 12.4 7.1 35.7 59.6 4.7
Al2O3

b (300) 180.0 5.6 0.0 100.0
NiO (300) 1.1 4.4 6.4 82.6 17.4
CoO (270) 0.4 2.2 24.7 61.2 34.2 4.7
CuO (330) 0.3 7.0 15.9 100.0
Fe2O3 (300) 21.4 3.2 3.3 57.9 36.4 1.2 4.5
ZnO (380) 5.3 0.3 18.2 32.7 31.5 22.9 12.8
Bi2O3 (450) 0.2 2.0 24.7 100.0
MoO3 (380) 5.0 0.7 5.3 84.1 15.9

aTurnover frequency based on methanol partial oxidation products (formaldehyde, methyl formate and dimethoxymethane). bNs, reaction rate (for
TOF calculation), and selectivity values from refs 69, 130.

Table 3. Surface Active Sites and Reactivity of Bulk Mixed Molybdates and MoO3 Catalysts toward Methanol Selective
Oxidation

selectivity (%)c

catalyst SBET (m2/g) Ns (μmol/m
2) reaction ratea (μmol/m2 s) TOFb (s−1) HCHO DME DMM

Ce8Mo12O49 4.0 12.0 46.5 3.3 86.5 13.5
MnMoO4 1.9 3.1 20.6 6.6 99.8
Cr2(MoO4)3 1.7 12.6 43.1 3.1 91.0 9.0
Al2(MoO4)3 2.8 5.0 9.4 1.8 26.1 73.9
NiMoO4 9.5 2.8 2.6 0.9 100.0
CoMoO4 5.5 4.1 4.4 0.9 88.2 11.8
CuMoO4 0.8 23.9 24.7 1.1 100.0
Fe2(MoO4)3 9.6 4.2 9.6 1.4 61.0 39.0
ZnMoO4 2.1 15.7 18.2 1.0 87.4 12.6
Bi2Mo3O12 0.2 16.5 23.4 1.4 100.0
MoO3 5.0 0.7 4.4 5.3 84.1 15.9

aActivity based on overall methanol conversion at 380 °C. bTurnover frequency based on methanol partial oxidation products (formaldehyde and
dimethoxymethane); reaction temperature = 380 °C. cSelectivity toward formaldehyde (FA), dimethyl ether (DME), and dimethoxymethane
(DMM) at 380 °C.
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These fundamental studies, both individually and collectively,
clearly demonstrate that there is no scientific basis for the
remote control model of oxygen spillover from the donor phase
to the acceptor phase during oxidation reactions over biphasic
bulk mixed oxide phases.

IX. TURNOVER FREQUENCY (TOF) FOR BULK MIXED
OXIDES

The turnover frequency and selectivity for methanol oxidation
over one-component oxide catalysts are presented in Table 2
and indicate that compared with MoO3, known for its
outstanding redox properties, many of the one-component
oxides are not dominated by redox properties (lower redox
selectivity), but some oxides tend to exhibit quite high TOFredox
values.
The TOF and selectivity for methanol oxidation over the

corresponding bulk mixed molybdates are presented in Table 3
and tend to exhibit much higher selectivity toward form-
aldehyde and much lower TOF values. An examination of the
selectivity indicates that the selectivity toward formaldehyde
markedly increased for most of bulk mixed molybdates relative
to the corresponding one-component oxides. A closer
examination of the TOF values of the bulk mixed molybdates
reveals that they are more similar to that of pure MoO3 rather
than the one-component oxides. For example, the high TOF
values for CoO, CuO, ZnO, and Bi2O3 are reduced by factors of
15−25 for the corresponding bulk mixed oxides, and the
resultant TOF values are similar to those of crystalline MoO3.
The increase in selectivity toward formaldehyde is not
surprising, since redox Mo cations are present on the surfaces
of the bulk mixed molybdates, and redox Mo cations are not
present on the surfaces of the one-component oxides, with the
obvious exception of MoO3.
Methanol-IR spectroscopy measurements reveal that Mo

cations are the primary methanol chemisorption sites for mixed
molybdates.48 In addition, the TOF values for the bulk mixed
molybdates are generally similar to that for the corresponding
supported molybdenum oxide catalysts exclusively consisting of
surface MoOx species.

47 Similar findings were also reported for
bulk vanadates, pure V2O5, and supported vanadium oxide
catalysts.131 The above findings strongly suggest that the
catalytic properties of bulk mixed oxides are determined by the
specific chemistry of the surface catalytic active sites (e.g., Mo
or V cations). Clearly, there is also an influence of the metal
ligand (Co, Ni, Cu, etc.) on the catalytic behavior of the cation
(e.g., Mo or V), but this appears only to be a secondary effect.
Therefore, the catalytic properties of bulk mixed oxides can be
roughly estimated from their elemental outermost surface
composition and characteristics of their individual surface
cations.

X. NUMBER OF CATALYTIC ACTIVE SITES
PARTICIPATING IN OXIDATION REACTIONS

Although many proposals have been made in the literature
about the number of catalytic active sites participating in
reactions by bulk mixed metal oxides (e.g., isolated sites,14

multiple sites,78 bifunctional sites132−135), there have not been
any supporting data to back up these conjectures, since no
surface composition and structural information was provided. It
is, indeed, difficult to quantitatively control the nature of the
surface catalytic active sites for bulk mixed oxides, since the

surface compositions are generally not known and tend to be
different from the bulk composition.26

Supported metal oxide catalysts, however, allow for
quantitative control of the number and nature (redox, acidic
or basic) of the surface catalytic active sites during the catalyst
synthesis stage. Thus, supported metal oxide catalysts are
model mixed oxide catalyst systems for determining the
number of participating catalytic active sites for a targeted
reaction.136 With model supported metal oxide catalysts, it is
straightforward to determine the number of metal oxide
catalytic active sites involved in a specific reaction from the
slope of log−log plot of catalytic activity (mol/g×h) vs MOx
loading (atoms/g). For two-electron redox reactions involving
the consumption of one oxygen atom (CH3OH → HCHO,137

SO2 → SO3,
138 H2CH2CH3 → H2CCHCH3,

139,140 H3CCH3
→ H2CCH2,

141) the slopes have been found to have a value
of ∼1, indicating that only one catalytic active site is involved in
these oxidation reactions. For four-electron redox reactions
involving the consumption of two oxygen atoms (H2C
CHCH3 → H2CCHCHO), the slope was found to have a
value of ∼2, indicating that two catalytic active sites are
involved in this oxidation reaction (one for removal of the two
hydrogen atoms to form H2O and a second for insertion of
oxygen into the C3 surface intermediate).

142 For more complex
eight-electron redox reactions involving the consumption of
four oxygen atoms (n-C4H10 → cyclic C4H2O3), multiple
catalytic active sites involving bifunctional redox and acid sites
are required.143

XI. NATURE OF OXYGEN SPECIES AND THEIR
PARTICIPATION IN REDOX CATALYSIS

Bulk mixed oxides possess several different oxygen sites in their
crystallographic bulk structure (e.g., MO−M, M−O−M and
OM3)

144 as well as capping surface hydroxyls (e.g., M−OH,
M2−OH, and M3OH) and surface oxygen functionalities (e.g.,
MO).145 Most of the bulk mixed oxide catalysts employed in
selective oxidation reaction operate via the Mars−van Krevelen
mechanism that involves the participation of bulk and surface
lattice oxygen (O2−), and the role of gas phase molecular O2 is
primarily to replenish the consumed oxygen from the catalyst
bulk and surface lattice.9 This is nicely demonstrated with
temperature programmed surface reaction (TPSR) spectrosco-
py experiments (presented in Figure 4) that show that the
oxidation reaction kinetics is identical when the experiments are
conducted with and without gas phase molecular O2.

28,29

During the Mars−van Krevelen reaction process, the reactant
consumes oxygen from the redox catalytic active site (surface
lattice), and this oxygen is initially replenished by diffusion of
O2− from the bulk lattice to the surface lattice. The diffusion of
16O2− anions from the bulk lattice to the surface lattice is
directly observed (1) in the absence of gas phase molecular
oxygen and (2) when gas phase isotopic 18O2 is introduced as
the oxidant during oxidation reactions and both the surface
metal oxide catalytic active site and reaction products continue
to contain 16O.122 Gas phase O2 can also be present as
physisorbed O2* and chemisorbed O2

−*, O2
2−*, O−* and O2−*

species on the surface of mixed metal oxides (the notation * is
used to indicate that the oxygen species are coordinated to the
oxide surfaces). The physisorbed O2* and chemisorbed O2

−*,
and O2

2−* molecular oxygen species form on nondefective,
one-electron defect and two-electron defect sites on the oxide
surface, respectively. Although these surface molecular oxygen
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species have been routinely invoked in the catalysis literature
for many decades as catalytic active oxygen species, these
species are not thermally stable at elevated temperatures and
either desorb into the gas phase or readily decompose at
subambient temperatures to form surface O−* and O2−*
atomic species.146 The atomic surface oxygen species may
sometimes also participate in oxidation reactions (e.g., surface
O−* and O2−* species appear to assist in H abstraction during
dissociative chemisorption of propylene on the surfaces of
mixed oxides).147

XII. DIFFUSION OF LATTICE OXYGEN
Information about oxygen diffusion through oxides can be
obtained with isotope-exchange depth profiling (IEDP) after
exposing an oxide to gaseous 18O2 and subsequently analyzing
the exchanged oxide while sputtering during secondary ion
mass spectrometry (SIMS) and LEIS surface measurements.148

SIMS (sampling depth of ∼0.5−2.0 nm) and LEIS (sampling
depth of ∼0.3 nm) are excellent probes, since they can
distinguish between the 18O and 16O isotopes. Such measure-
ments can provide experimental information about the kinetics
of 18O diffusion through the oxide lattice and also surface
oxygen exchange on oxides. Several such studies have been
reported for yittria-stabilized zirconia (YSZ), La1−xSrxMnO3,
and Sm0.5Sr0.5CoO3 high temperature solid oxide fuel cells
(SOFCs) after exposure to different conditions (with and
without an applied bias). It was found from these studies that

the 18O exchange profile of a V-containing mixed oxide is
dramatically altered under an electrical load because of the
reduction of the vanadium oxidation state and the creation of
oxygen vacancies. Furthermore, the presence of specific surface
Ca impurities on YSZ can dramatically reduce the 18O exchange
process by reducing the number of surface sites available for
oxygen exchange. Such new studies are beginning to provide
quantitative kinetic information about exchange of gaseous
molecular O2 with mixed oxide surfaces and the diffusion of
oxygen through the mixed oxide lattice.

■ CONCLUSIONS
A significant paradigm shift is taking place in catalysis by bulk
mixed oxides. Over the past five decades, the focus has been to
correlate the redox catalytic performance of bulk mixed oxide
catalysts with their bulk crystalline structure. More recent
studies, however, are recognizing that the catalytic process is a
surface phenomenon and, consequently, the catalytic perform-
ance needs to be related to the outermost surface composition
and structure. In the new model of bulk mixed oxide catalysts,
the function of the bulk mixed oxide phase is to serve as a
unique support for the surface catalytic active sites and as a
source of bulk lattice oxygen. Fortunately, characterization
techniques have become available to determine the composi-
tion of the outermost surface of bulk mixed oxides (LEIS, ER-
XPS, and CH3OH-IR), and further improvements in new
methods for determining fundamental insights about the
outermost surface layer are expected in the coming years.
There are currently, however, no characterization methods that
can provide the surface structure of bulk mixed oxides in
powder form. Any developments in the determination of the
surface structure of bulk mixed oxides would be extremely
welcome and make a critical advance in the field of
heterogeneous catalysis by bulk mixed oxides.
Some of the hypotheses and concepts in the bulk mixed

metal oxide catalysis literature were quantitatively and system-
atically examined with one-component metal oxides, bulk
mixed oxides, and model supported metal oxide catalysts. The
findings sound a note of caution for the accepted hypotheses
and concepts for catalysis by bulk mixed oxides, and new
catalysis models need to be developed that are based on actual
surface features of the bulk mixed oxide catalysts.
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