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FOREWORD

The ACS SYMPOSIUM SERIES was founded in 1974 to provide a
medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that, in order to save time, the
papers are not typeset but are reproduced as they are submitted
by the authors in camera-ready form. Papers are reviewed under
the supervision of the Editors with the assistance of the Series
Advisory Board and are selected to maintain the integrity of the
symposia; however, verbatim reproductions of previously pub-
lished papers are not accepted. Both reviews and reports of
research are acceptable, because symposia may embrace both
types of presentation.
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PREFACE

HETEROGENEOUS CATALYSIS has been synonymous with industrial
catalysis and the chemical industry since the time of Berzelius, Sabatier,
Ostwald, Haber, Bosch, Mittasch, Fischer, and Hiittig, as well as many
others. To this day, virtually all chemical and- refining processes are based on
the use of solid catalysts that effect selective transformations of hydrocarbon
molecules to desired products in the vapor phase. Nonetheless, correlations
between structural aspects of solid materials and their behavior as catalysts
are relatively recent developments. Probably first to recognize the impor-
tance of structure in catalysis were researchers in the field of catalytic
cracking who investigated the catalytic activity of natural clays and minerals
in the early 1930s. The culmination of that work was the discovery of zeolitic
cracking catalysts in the early 1960s and the subsequent development of the
concept of shape selective catalysis.

With the advent of highly sophisticated instrumentation for precise
structure determination, key catalytic roles are being recognized for many
subtle features of solid state materials, such as point and extended defects,
surface structure and surface composition, atomic coordination, phase
boundaries, and intergrowths. Today, X-ray structure analysis is routine in
heterogeneous catalysis research and has become as common and necessary
as BET surface area analysis for characterizing solid catalysts. In addition,
high resolution electron microscopy; photoelectron, IR, and Raman
spectroscopies; solid state NMR; and even neutron diffraction are assuming
increasingly important roles in both applied and fundamental catalysis
research. Information about solids on the atomic and molecular level, which
these techniques provide when combined with traditional catalytic studies
(e.g., reaction kinetics, tracer studies, and molecular probes), gives a better
fundamental understanding of complex catalytic phenomena. Correlations
between the solid state and catalytic properties assessed through the
application of sophisticated instrumentation and classical mechanistic
approaches are the central theme of this book.

The book comprises 20 chapters that focus on state-of-the-art under-
standing of solid state mechanisms in heterogeneous catalysis and the
relationship between catalytic behavior and solid state structure. The volume
contains expanded and updated versions of papers presented on this subject
at the ACS symposia in Washington, D.C. (1983) and Las Vegas (1982), and
of written contributions from invited participants who could not attend these

X
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meetings. It emphasizes catalysis with oxides, sulfides, and zeolites. Although
by no means an exhaustive treatise, we hope that it provides the reader with
an understanding of the role the solid state plays in heterogeneous catalysis
and gives an appreciation for the contributions solid state chemistry has
made to the advancement of catalytic science and technology.

We should like to thank all the contributors for their excellent
cooperation and patience during the process of editing this book and to the
ACS for making this publication possible.

ROBERT K. GRASSELLI

JAMES F. BRAZDIL

The Standard Oil Company (Ohio)
Cleveland, OH 44128

December 7, 1984
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Catalysis by Transition Metal Oxides

JERZY HABER

Institute of Catalysis and Surface Chemistry, Polish Academy of Sciences, ul.Niezapominajek,
30-239 Krakow, Poland

Catalytic oxidation reactions are divided into two
groups: electrophilic oxidation proceeding through
activation of oxygen and nucleophilic oxidation in which
activation of the hydrocarbon molecule is the first
step, followed by consecutive hydrogen abstraction and
nucleophilic oxygen insertion. Properties of individual
cations and their coordination polyhedra determine their
behaviour as active centers responsible for -activation
of hydrocarbon molecules. A facile route for
nucleophilic insertion of oxygen into such molecules by
group V, VI and VII transition metal oxides is provided
by the crystallographic shear mechanism, catalytic
properties are thus dependent upon the geometry of the
surface. The catalyst surface is in dynamic interaction
with the gas phase, and changes of the latter may thus
result in surface transformations and appearance of
surface phases, which influence the selectivity of
catalytic reactions.

The vast majority of catalysts used in modern chemical industry are
oxides. Because of their ability to take part in the exchange of
electrons, as well as in the exchange of protons or oxide ionms,
oxides are used as catalysts in both redox and acid-base reactions.
They constitute the active phase not only in oxide catalysts but
also in the case of many metal catalysts, which in the conditions
of catalytic reaction are covered by a surface layer of a reactive
oxide. Properties of oxides are also important in the case of
preparation of many metal and sulphide catalysts, which are
obtained from an oxide precursor. Very often, highly dispersed
metals are prepared by reduction of an appropriate oxide phase, and
sulphide catalysts are formed from the oxide precursor in the
course of the hydrodesulphurization by interaction with the

reaction medium. Finally, oxides play an important role in
carriers for active metal or oxide phases, very often modifying
strongly their catalytic properties. The present paper concerns

0097-6156/85/0279-0003$06.00/0
© 1985 American Chemical Society

In Solid State Chemistry in Catalysis, Grasselli, R., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1985.



Publication Date: June 13, 1985 | doi: 10.1021/bk-1985-0279.ch001

SOLID STATE CHEMISTRY IN CATALYSIS

only one aspect of the vast field of chemistry of oxides, namely
the catalysis by transition metal oxides, which is the basis of the
selective oxidation of hydrocarbons.

Catalytic oxidation is one of the most important types of
processes, both from a theoretical and a practical point of view.
As early as 1918, the production of phthalic anhydride by oxidation
of naphthalene over V,0. was introduced. The milestone in the
development of modern “pétrochemical industry was the introduction
of the gas phase oxidation of propylene to acrolein and
ammoxidation to acrylonitrile over bismuth molybdate catalysts,
which provided in the early sixties, an abundant supply of new,
inexpensive, and wuseful chemical intermediates(l). Today,
catalytic oxidation is the basis of the production of almost all
monomers used in the manufacturing of synthetic fibers, plastics,
and many other products. With the increasing cost of energy and
shrinking supply of cheap hydrocarbons, much effort is now being
expended on the development of new oxidation processes of higher
selectivity and lower energy consumption. Substitution of the
dehydrogenation by oxidative processes, as in the production of
styrene from ethylbenzene, may be quoted as an example. Another
increasingly important field of catalytic application is the
selective oxidation of paraffins.

Discussion

Electrophilic and nucleophilic oxidation

In every oxidation reaction two reactants always take part: oxygen
and the molecule to be oxidized. The reaction may thus start
either by the activation of the dioxygen or by the activation of
the hydrocarbon molecule.

At ambient or moderate temperatures, an oxygen molecule may be
activated by bonding into an organometallic complex in the liquid
phase. Depending on the type of the central metal atom and on the
properties of the ligands, superoxo—-, peroxo— or oxo-complexes may
be formed:

+0, +M
M —=2— Mo, —> MoM > 2M0 > MOM
2 2
RN
0 0 0
M<L s u\ g M=0 w” \u
M 0
perox superoxo U-peroxo oxo M-oxo

In the case of the superoxo-complexes, an electrophilic attack
of a terminal oxygen atom on the organic reactant occurs resulting
in the formation of a  U-peroxo-complex, which decomposes into the
oxygenated product (lower left part of Figure 1). In the case of
perox complexes of group IV, V and VI transition metals, a stoichi-
ometric oxidation takes place if a wvacant coordination site exists
adjacent to side bonded oxygen and 1is capable of being occupied by
the organic reactant. Its olefin bond is then inserted into the
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Figure 1. Mechanism of the catalytic oxidation of hydro-
carbons. Reproduced with permission from Ref. 31,
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6 SOLID STATE CHEMISTRY IN CATALYSIS

metal-oxygen bond forming a peroxometallocycle which is then
decomposed into the oxygenated hydrocarbon molecule and oxo metal
complex (2). In order to transform the latter back into the
reduced metal which could again form the peroxocomplexes with a new
oxygen molecule, a coreducing agent is required, which may be a
hydrogen donor or a reactant itself. It should be born in mind
that in 1liquid phase oxidation reactions, the original oxygen
complex may be transformed into other reactive species which play
the role of active intermediates. A superoxo-complex may be
transformed into an alkyl peroxide or peracid complex, which is the
oxygen inserting intermediate (3-5). 2 -

At higher temperatures the peroxide O and superoxide 0
species may appear at the surface of an “oxide. Under these
conditions, the peroxide ion 1is_ unstable and dissociates forming
the ion radical O . Both O, and O species are strongly
electrophilic reactants which at%ack the organic molecule in the
region of its highest electron density. At variance with their
behaviour in the 1liquid phase, the peroxy- and epoxy-complexes
formed as the result of an electrophilic attack of O ,or O species
on the olefin molecule are intermediates which “lead to the
degradation of the carbon skeleton under heterogeneous catalytic
reaction conditions (é). Saturated aldehydes are formed in the
first stage (upper left part of Figure 1). These are usually much
more reactive than unsaturated aldehydes and at higher temperature
undergo rapidly total oxidation. Indeed, experimental data
collected in recent years clearly show that electrophilic oxygen
species in heterogeneous processes are responsible for total
oxidation (7). ,

When hydrocarbon molecules are activated, a variety of
reaction paths may be initiated, consisting of a series of
consecutive oxidative steps, each of them requiring a different
active center to be present at the catalyst surface (8-10). It
should be emphasized at this point that it is the cations of the
catalyst which act as oxidizing agents in some of the consecutive
steps of the reaction sequence, forming the activated hydrocarbon
species. These undergo ,in subsequent steps a nucleophilic attack
by lattice oxygen ions 0° , which are nucleophilic reagents with no
oxidizing properties. They are inserted into the activated
hydrocarbon molecule by nucleophilic addition forming an oxygenated
product, which after desorption leaves an oxygen vacancy at the
surface of the catalyst. Such vacancies are then filled with
oxygen from the gas phase, simultaneously reoxidizing the reduced
cations. It should be noted that incorporation of oxygen from the
gas phase into the oxide surface does not necessarily take place at
the same site from where surface oxygen is inserted into the
hydrocarbon molecule after being transported through the lattice.

In the case of complex hydrocarbon molecules, the nucleophilic
addition of oxygen may take place at different sites of the
molecule. It will take place at a site which is made most
electropositive by appropriate bonding of the molecule at the
active center of the catalyst. When adsorption of the hydrocarbon
molecule results in the formation of a radical, interaction between
adsorbed molecules is favoured and dimerization or polymerization
occurs. When the adsorbed species are negatively charged,
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isomerization may be favoured. This type of product obtained

depends on the type and proportion of different active centers at

the catalyst surface as well as on the ratio of the rate of
desorption of the particular intermediate product to the rate of
its transformation into the intermediate complex next in the series

(upper right part of scheme in Figure 1). These rates may strongly

depend on the degree of surface reduction attained in the course of

the reaction, as is the case with the carboxylate complex, which is
an intermediate in the oxidation of aldehydes to carboxylic acids.

On oxidized surfaces, this complex desorbs in the form of an acid,

whereas on a reduced surface it undergoes decarboxylation,

resulting in the deposition of coke (11).

Reactions of catalytic oxidation may be thus divided into two
groups: electrophilic oxidation, proceeding through the activation
of oxygen, and nucleophilic oxidation, in which activation of the
hydrocarbon molecule is the first step, followed by consecutive
steps of nucleophilic oxygen insertion and hydrogen abstraction.
They may be conveniently systematized according to the number of
elementary structural transformations introduced into the reacting
molecule (Table I).

An active and selective catalyst for oxidation of hydrocarbons
to oxygenated products with retention of double bonds or
aromaticity should thus have the following properties:

- activation of the hydrocarbon molecule by modifying its bonds and
generating at appropriate sites the electron distribution
favouring the nucleophilic attack of oxygen;

- efficient insertion of the nucleophilic 1lattice oxygen into the
activated hydrocarbon molecule;

- rapid interaction with gas phase oxygen to replenish the lattice
oxygen and transport it through the lattice to active sites,
where the insertion takes place;

- should not generate electrophilic oxygen species.

The fundamental question arises as to how these properties are

related to the solid state chemistry of oxides.

Activation of organic molecule

Classical studies of Adams (12, 13), using deuterated pre ylene and
C,-C, olefins, and of Sachtler and de Boer (14), with C '-labelled
propylenes, showed that activation of the olefin molecule consists
of the abstraction of a-hydrogen and the formation of a symmetric
allylic intermediate. Conclusions concerning the role of the
cationic and anionic sublattices of complex oxide catalysts having
an oxysalt character, such as molybdates, tungstates, etc., in the
initial a-hydrogen abstraction and the subsequent steps of the
oxidation process, were drawn by comparing the behaviour of Bi O

and Mo0O, for the reaction of propylene and allyl iodide (15). en
allyl iodide was passed over Mo0,, practically total conversion was
observed already at 310°C with 38% selectivity to acrolein. Under
the same conditions, MoO, was completely inactive with respect to
propylene. On contacting allyl iodide with 3120 , total conversion

at 310°C was also observed. However, in thls case 70% of the
products formed were 1,5-hexadiene with practically no acrolein
being detected. 1,5-hexadiene was also the main product
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1. HABER Catalysis by Transition Metal Oxides 9

in the reaction of propylene over B1,03. These results clearly
indicated that activation of the olefin"modlecule, which consists of
the abstraction of a-hydrogen and the formation of an allylic
specie, takes place on cationic active centers, whereas the MoO, or
molybdate anionic sublattice 1is responsible for the insertion of
oxygen into the hydrocarbon molecule. Indeed, quantum chemical
calculations of the system, composed of cobalt ion in octahedral
coordination of five oxygen atoms and propylene molecule as the
sixth ligand, have shown (16, 17) that on approaching the propylene
molecule to the plane of the active center, the C-H bond is
continuously destabilized with an  interaction appearing
simultaneously between this hydrogen and the oxygen of the active
center and increasing until the total energy attained a minimum and
an intermediate complex 1is formed. When the allyl specie is
removed, the energy required for this process is much smaller than
that needed to remove the whole propylene molecule. The OH bond is
further strengthened, and its energy attains the value
characteristic of a normal the OH group. Thus, it may be concluded
that on contacting propylene with the surface of the transitition
metal oxide, reactive chemisorption takes place, in which the C-H
bond is broken and an absorption complex with allyl species as one
of the ligands is formed. Considerable charge transfer takes place
from the allyl species onto the transition metal orbitals,
rendering the species positive, the charge distribution depending
on the type of metal, its valence state and the ligand field
strength (18). Experiments, with azopropene and allyl alcohol,
carried out by Grasselli et al. (19-22), demonstrated that after
the first hydrogen abstraction, insertion of oxygen takes place,
and only then the second hydrogen is abstracted resulting in the
formation of the acrolein precursor.

An important question may be raised at this point as to what
is the structure of the cationic active center activating the
hydrocarbon molecule. Can every cation situated at the surface of
the given oxide perform the role of the active center, or must this
cation be localized at some special site of the surface, and how
does its activity depends on this 1location? In order to obtain
some relevant information about this question, isolated bismuth
ions were supported at the surface of MoO (23). Taking into
account the very high efficiency of MoO, for inserting oxygen into
activated hydrocarbon molecules, it might be assumed that every
propylene molecule activated at the isolated bismuth ion would pick
up oxygen and be converted to acrolein. _ The number of acrolein
molecules would thus be a measure of the number of propylene
molecules activated by the known number of bismuth ions.
Measurements of the propylene oxidation activity as a function of
the surface concentration of bismuth ions, expressed as their
number per surface molybdenum atom, are shown in Figure 2. When
allyl iodide was introduced, the yield of acrolein was constant and
independent of the bismuth coverage confirming the assumption that
once allyl radicals have been generated they rapidly undergo a
nucleophilic attack by oxide ions from the 1lattice of MoO,. On
introducing a mixture on propylene and oxygen, the activity at low
bismuth surface coverages increased proportionally to the surface
concentration of bismuth, the turnover frequency per bismuth ion
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being thus constant. At higher bismuth coverages, the activity
leveled off because bismuth ions became located too close to each
other to operate simultaneously in the reaction. It is noteworthy
that the yield of acrolein observed at the plateau is similar to
that observed in the case of the Bi (MoO,), phase. This clearly
demonstrates that the ability to activVate the hydrocarbon molecule
is related to the individual bismuth cations and their nearest
neighbors. These active centers function independent of whether
they are distributed randomly as a monolayer at the surface of MoO
or form the surface of the bismuth molybdate phase with long range
order. It should also be noted that the amount of CO, formed
remains constant indicating that the side reaction o% total
oxidation proceeds at some other sites, resulting from the
properties of MoO3 itself.

Insertion of Oxygen

As already mentioned, experiments in which allyl compounds were
reacted with complex oxides, such as molybdatess or tungstates,
showed that it is MoO,, W0,, or the corresponding anionic
sublattices which perform the insertion of oxygen into the
hydrocarbon molecule. The question may thus be raised as to which
properties of these oxides are responsible for the very high
activity and selectivity in the insertion of oxygen. One of the
features common to all group V, VI, and VII transition metal oxide
lattices, known to be good catalysts for selective oxidation of
hydrocarbons, is their ability to form shear structures which
relates to the facile planar rearrangement of coordination
polyhedra and their particular

spacial arrangement. In the octahedral coordination of oxide ioms,
in which dzsp3 hybridized orbitals are wused by the metal to form
o-bonds, the remaining dxy’dxz and dyz orbitals of group V, VI, and
VII metals extend far enough to considerably overlap with wp
orbitals of oxygen, and the position of their redox potential
relative to the anion valence band edge are favourable for the bond
formation (24). As a result, m-bonds with oxygen ions are formed
and the cations become displaced from the centers of octahedra
towards terminal oxygen atoms. Large displacement polarizabilities
give rise to high relaxation energy, which decreases the cation-
cation repulsions opposing the formation of a structure with
shorter metal-metal distance (25). Thus, removal of oxygen ions
from the 1lattice of these oxides results in the formation of
ordered arrays of oxygen vacancies, followed by a very facile
rearrangement of the layers of initially corner-linked metal oxygen
octahedra into an arrangement of edge-linked octahedra, resulting
in the formation of a shear plane (Figure 3). A hypothesis was
advanced (26) that the easy evolution of one oxygen ion on the
transformation from corner-linked to edge-linked arrangement of
metal-oxygen octahedra may be one of the factors creating the
ability of these structures to insert oxygen into the organic
molecule in processes of selective oxidation of hydrocarbons.
Studies of allyl iodide activity on different tungsten oxides seem
to confirm this hypothesis (27). The experiments were carried out
with two groups of tungsten oxides: those in which shear
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Figure 2. Yield of acrolein and CO, in oxidation of propylene
and allyl iodide as function of “the coverage of MoO, with
bismuth ions. (Reproduced with permission from Ref. 23. 13
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Figure 3. Formation of a shear plane 1in Re03-type oxide
structure.
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structures are formed on reduction (W03, W20059) and those which do
not show this phenomenon (W18049,w02), ag Mmay be seen from their
structures illustrated in Figure’4. The selectivity of the allyl
iodide reaction to acrolein as a function of the number of pulses
introduced into the reactor are seen in Figure 5. For comparison,
results obtained with MoO, are also shown. In the case of w2 059
which, similarly to MoO,; 1is able to generate shear planeg on
interaction with the reducing atmosphere, acrolein appears in the
products after the first few pulses. On the other hand, in the
case of samples of W 049 and WO,, which are unable to form shear
structures, practicai?y no acrole%n was present in the products of
the reaction.

Let us now return to thg+surface of a molybdate catalyst. Due
to the displacement of Mo ions towards terminal oxygens the
bridging oxygens become more basic and thus more reactive in the
nucleophilic attack on the activated hydrocarbon molecule. On
raising the temperature, the rearrangement of the corner-linked
metal-oxygen polyhedra into edge 1linked arrays proceeds more and
more readily, and provides a facile and efficient route for the
addition on a nucleophilic 1lattice oxygen to the hydrocarbon
molecule without the generation of point defects, which could be
involved in the formation of electrophilic oxygen species.

Strong evidence supporting this model is provided by the ESR
studies of MoO, in the course of its interaction with different
atmospheres (gg). As an example, Figure 6 shows the ESR spectra of
MoO, after outgassing the 430°C for 5 min. (curve A) and for 35
min. (curve B). Analysis of thg values of the g-tensor reveals the
appearance of two different Mo ™+ centers: type A, formed at an
early stage of reduction, and characterized by rhombically
distorted square pyramidal surrounding of non-axial symmetry along
the -double bonded oxygen, and type B, of distorted octahedral
coordination, and appearing in strongly reduced samples.
Comparison of these results with the situation at the surface of
MoO,, crystallites (Figure 7) leads to the conclusion that the only
sur%ace oxygen ion, which can be removed leaving reduced molydenum
cation in square pyramidal surrounding with double-bonded oxygen in
the opposite apex, 1is the surface oxygen bridging two adjacent
octahedra in the double string of edge-linked Mo-O octahedra. When
concentration of vacancies ing;eases, crystallographic shear takes
place (Figure 7b), and Mo cations assume the octahedral
coordination along the shear planes. It is noteworthy that on
exposing MoO3 to allyl compounds only the ESR spectrum of type B
centers appears. This indicates that insertion of oxygen into the
organic molecule is accompanied by a simultaneous rearrangement of
the coogiination octahedra at the surface of MoO,.

Mo ions registered in the ESR measur@nen% constitute only
small fraction of the reduced species, the majority being Mo
ions, which as non-Kramers ions are not expected to give an ESR
signal. As these ions are located in the shear planes in edge-
linked octahedra, Mo-Mo bonds are formed as revealed by the XPS
studies (26, 29). UV photoelectron spectra shown in Figure 8
indicate that these clusters of tetravalent molybdenum ions
constitute energy levels situated in the forbidden energy gap of
the oxide (30). M003, which has been oxidized at 400°C, shows the
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Figure 4. Structures of different tungsten oxides:
I -wo,, II - W2 0 8’ III - wo,, IV - W BO 9° Reproduced with
permisSion from Re;.. 27. Copyright 19833, icademic Press.

temperature,*C

380
36 : 320 - 340 -
! b |
32+ | : ! |
I ! !
) [ !
281 ) ) ! |
! : : :
I
2bF iMoo, | : |
I I
|

e

[«
T

B3

<

9

[=]

5 20r o N o o0d

o I v‘?-cr——‘

o | ! \

< 16 | ! |

) oo N

£ : \ N

Z 127 ! ' 1\
[} -—— -

8 i [WaoOso '\‘\

(] I

("] 1 \
|

S
T

e

=
&
il

number of pulses

Figure 5. Selectivity to acrolein on interaction of allyl
iodide with MoO and different tungsten oxides (17).
Reproduced with permission from Ref. 27. Copyright 1983,
Academic Press.
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Figure 6. ESR spectra of MoQ, after outgassing at 430RC for 5
min (curve A) and 35 min (curVe B). (Reproduced with permission
from Ref. 28.)
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Figure 7. Generation of oxygen vacancies and shear planes in
MoO3 structure.
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valence band with two maxima at 5.0 and 7.6 eV (curve IA). Its
edge is observable at a binding energy of about 2.8 eV. After
outgassing (curve IB) local energy levels appear at about 0.9 eV
and 2.0 eV. Similar 1levels are also formed on outgassing the
BizMoO , as indicated by curve IIB. These 1levels have a donor
character as the substitution of higher valent ions in the lattice
sites of an oxide by lower valent ions results in the appearance of
n—-type semiconductor.

A general conclusion may thus be formulated that the ability
of group V, VI, and VII transition metal oxides to form different
types of bonding between coordination polyhedra plays an important
role in determining their catalytic properties by providing a
facile route for insertion of oxygen into an organic molecule. The
mechanism of such insertion 1is shown in Figure 9 (31). Here in
contrast to those oxides in which the desorption of an oxygenated
product results in the generation of an oxygen vacancy at
considerable expenditure of energy, the desorption is accompanied
by the simultaneous facile rearrangement of octahedra.

After the given elementary step of the catalytic reaction has
taken place with the participation of the 1lattice oxygen and
formation of a nucleus of the shear plane, the active center at the
surface is left in the reduced state. Before such an elementary
step can be repeated, the active center must be reoxidized. This
reoxidation can be realized either by incorporation of oxygen from
the gas phase or by diffusion of oxygen 1ions from the bulk.
Depending on the rate of such regeneration of the active center,
its "dead time" may be short or 1long. In the case of oxides such
as bismuth molybdate, the mobility of lattice oxygen is high (32,
23), and regeneration by diffusion from the bulk operates very
efficiently because reoxidation of the 1lattice may take place at
centers different from those participating in the reaction. Under
such conditions, the "dead time" of active centers is very short,
the turn-over frequency very large, and the catalyst activity very
high. Thus, it may be concluded that parameters modifying the
mobility of oxide ions of a solid lattice may strongly influence
the catalytic activity.

The Role of Surface Geometry

As already mentioned in transition metal oxides of group V, VI, and
VII, the appearance of a Tm-bond component of the metal-anion
bonding results in the displacement of the cation from the center
of site symmetry which stabilizes the layered arrangement of
coordination polyhedra and extended defects - shear and block
structures. As the charge density and hence the acid-base
character of oxide fons is strongly influenced by the metal-oxygen
separation, the displacement causes the differentiation of oxide
ions in various crystallographic positions in respect to their
acid-base properties. Simul taneously, redox properties are
modified as manifested by the dependence of the work function on
the type of the crystallographic plane. It may be concluded that
in the case of such oxides the catalytic properties will depend on
the geometrical structure of the surface. Indeed, experimental
data collected in the 1last few years clearly indicate that
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Figure 8. UPS spectra of MoO (I) and Bi,MoO, (11):
A - oxidized at 470RC for 1 hr at 1 atm “of “oxygen;
B -outgassed for 10 hr at 470RC; C - contacted with propylene
at 440RC (20). Reproduced with permission from Ref. 30.
Copyright 1976, Academic Press.
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Figure 9. Mechanism of the insertion of oxygen into hydro-
carbon molecule on oxide catalysts with point defects (a) and
shear structures (b).
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different crystal modifications of oxide systems or different
crystal planes of given oxide crystallites may differ considerbly
in their catalytic properties. Tatibouet and Germain (34), using
crystallites of MoO,, prepared by sublimation and appropriate
seiving showed that onh the basal (010) plane of MoO,, methanol, in
presence of oxygen, becomes dehydrogenated to formalaehyde, whereas
on the (001) and (10l1) faces it is dehydrated to dimethylether.
This suggests that the (010) plane shows more pronounced redox
properties, whereas the (00l1) and (10l1) planes behave as acid-base
surfaces. This is in line with the result of extensive studies of
V, 0. and V20 -Ti0, catalysts (35). Namely, Gasior and Grzybowska
(§93 observed a drastic decrease of acidity of V,0. when it was
supported on anatase at small coverages not exceedifnig”a monolayer.
At higher 1loadings, the acidity increased with V,0. content,
finally attaining that of the pure phase. Crystal” structure
analysis of V,0. and anatase reveals a good crystallographic fit
between the (60?) cleavage plane of anatase and the (00l) basal
plane of V,0. containing the V=0 groups sticking out perpendicular
to the surface. This structure may be assumed to prevail in the
monolayer of V,0. on anatase. However, such catalysts show no
acidity. Therefore, it may be concluded that on pure V20 the
acid-base properties are located mainly at the side planes ?110)
and (100). This has a direct bearing on the catalytic properties.
Thus, Gasior and Machej (37) studied the catalytic activity of V,0
samples of different d?;étal habit and found that plate—l%kg
crystallites exposing mainly the basal (001) planes with V=0 groups
show very high selectivity in the oxidation of o-xylene to phthalic
anhydride, whereas in the case of needle-like crystallites with
predominance of (110) and (100) side planes mainly total oxidation
to CO, is observed.

ft is interesting that at variance with these conclusions,
Volta et. al. (38, 39), studying oriented samples of MoO,, obtained
from intercalation compounds of MoCl. - graphite, concluded that
selective oxidation of propylene to acrolein or isobutene to
methacrolein is mainly catalysed by the (100) side faces, whereas
the (010) basal race is responsible for total oxidation. It should
be remembered, however, that selective oxidation 1is a multistep
process, consisting of the consecutive abstractions of hydrogen
atoms and insertion of oxygen atoms. As already described,
experiments with allyl compounds (15) showed that MoO, lattice
efficiently inserts nucleophilic 1lattice oxygen ions “into the
activated hydrocarbon molecule but has only a limited ability to
activate the hydrocarbon, this step being rate determining in
selective oxidation of olefins. Therefore, determination of
catalytic activity in the oxidation of olefins can only yield
limited information about the mechanism of the reaction. Indeed,
experiments on the interaction of MoO, crystallite of different
crystal habit with allyl iodide seems %o indicate (40) that it is
the (010) basal plane which is responsible for the insertion of
oxygen into the organic molecule by the shearing mechanism
described in the preceding section.
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Dynamics of the Catalyst Surface

Transition metal oxides belong to non-stoichiometric compounds,
their composition depending on the equilibrium between the lattice
and its consitutents in the gas phase, i.e. it is a function of
oxygen pressure. Due to the contribution of the surface free
energy, the compostion of the surface of the solid differs from
that of the bulk, and the system in equilibrium is composed of bulk
crystallites, their surface and the gas phase. However,
equilibration of the gas phase with the bulk of crystallites takes
place only after annealing at high temperatures, when diffusion of
lattice constitutents becomes sufficiently rapid. When an oxide,
which has been equilibriated at a high temperature in oxygen at a
given pressure, is then heated under a different pressure at a low
temperature at which the diffusion of defects in the lattice is
slow, the new equilibrium comprises only the surface layer. When
hydrocarbon molecules, which have reducing properties, are also
present in the gas phase, a certain degree of reduction of the
surface is reached corresponding to a steady state in which the
rate of reduction of the surface by hydrocarbon molecules becomes
equal to the rate of its reoxidation by gas phase oxygen. When the
composition of the gas phase is changed, a corresponding change of
the surface compostion occurs which in turn may result in changes
of catalytic activity (40, 4l). However, several other phenomena
may also take place, such as ordering of defects at the surface,
surface transformations, and precipitation of new bidimensional
surface phases. They may result in the appearance of new types of
active centers at the surface of the catalyst, directing the
catalytic reaction along a new pathway and thus profoundly
influencing the selectity (31, 41-44).

The catalyst surface is in a dynamic interaction with the gas
phase. Depending on the properties of the mixture of reactants of
the catalytic reaction, different surface phases may be formed at
the surface of the catalyst, directing the rection along different
reaction paths. Thus, when the steady state conditions of the
reaction are changed, the structure of the catalyst surface also
may change, modifying the activity and selectivity of the catalyst
itself. This means that in the rate equation it is not only the
concentration term which depends on the pressure of reactarts, but
also the rate constant.

Concluding Remark

In the catalytic reaction of organic molecules with gas phase
oxidants (e.g. oxygen, sulphur, chlorine) either the oxidant is
activated and performs an electrophilic attack, or the organic
molecules are activated and the reaction proceeds in consecutive
steps of hydrogen abstraction and nucleophilic oxygen insertion.
Reactions of catalytic oxidation may be thus divided into two
groups: a. electrophilic oxidation, in which epoxides are formed
in case of 1liquid phase reaction and degradation of the carbon
skeleton takes place under conditions of heterogeneous reaction,
resulting in the total oxidation, and b. nucleophilic oxidation,
in which products of the successive nucleophilic 1insertion of
appropriate anionic lattice constituents into the organic molecule
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are formed. This insertion takes place at the site of the
molecule, which by its appropriate bonding at the active center of
the catalyst, is made most positive. The structure of the

intermediate complex composed of the reacting molecule and the
active center thus determines the reaction pathway and consequently
the selectivity.

The ability to activate the hydrocarbon molecule is related to
the properties of individual cations and their nearest neighbours,
constituting active centers.

When discussing the behaviour of an intermediate complex
located at the surface of a solid it is necessary to take into
account the fact that the occupancy of different orbitals is
determined by the chemical potential of electrons in the solid,
given by the position of the Fermi 1level. Shifting of this
position e.g., by introduction of additives changes the orbital
occupancy, may in turn change the reactivity of bonds and modify
the activity and selectivity.

Transition metal oxides are nonstoichiometric compounds. The
nonstoichiometry may be introduced either by the generation of
point defects or by the change of the mode of linkage between the
coordination polyhedra, resulting in the formation of extended
defects/shear structures. This latter way of changing the
stoichiometry is a characteristic feature of group V, VI, and VII
transition metal oxides and is related to the presence of the
m-orbital component of the metal-oxygen bonds, resulting in the
displacement of the cations from the center of site symmetry, which
stabilizes the layered arrangement of coordination polyhedra. As
the charge density on oxide ions 1is strongly influenced by the
metal-oxygen separation, the displacement causes the differentation
of oxide ions in various crystallographic positions with respect to
their redox and acid-base properties. As a result, the catalytic
properties strongly depend on the geometrical structure of the
surface. Different polymorphic modifications or different crystal
planes may differ considerably in their catalytic behaviour. A
general conclusion may be formulated that the ability of group V,
VI and VII transition metal oxides to form different types of
bonding between coordination polyhedra plays an important role in
determining their catalytic properties by providing a facile route
for insertion of oxygen into an organic molecule. No oxygen
vacancies are formed and the generation of electrophilic oxygen,
which could initiate the side reaction of total oxidation, is thus
eliminated.

The catalyst surface is in dynamic interaction with the gas
phase. Depending on the properties of the mixture of reactants of
the catalytic reaction, different surface phases may be formed at
the surface of the catalyst, directing the reaction along different
reaction pathways. A change of the steady state-conditions
influences the catalytic reaction, not only directly through the
concentration term in the rate equation, but also by modifying the
properties of the catalyst itself, i.e. the rate constant k. Thus,
heterogeneous catalytic systems should not be treated as two
phases, but as three phase systems composed of the gas phase, the
solid, and the surface region. The latter is composed of the
surface atoms of the catalyst lattice interacting with the adsorbed
molecules of the catalytic reaction.
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Active Sites on Molybdate Surfaces, Mechanistic
Considerations for Selective Oxidation, and
Ammoxidation of Propene

JANET N. ALLISON and WILLIAM A. GODDARD III

Arthur Amos Noyes Laboratory of Chemical Physics, California Institute of Technology, Pasadena,
CA 91125

Molybdates involving various metal additives play a dominant
role in such industrially important catalytic processes as selec-
tive oxidation (propene to acrolein) and ammoxidation (pro-
pene to acrylonitrile); however, the details of the reaction
mechanism and of the surface sites responsible are yet quite
uncertain. In order to establish the thermochemistry and
detailed mechanistic steps involved with such reactions, we
have performed ab initio quantum chemical calculations [gen-
eralized valence bond (GVB) and configuration interaction
(CI)]. These studies indicate a special importance of multiple
surface dioxo Mo sites (possessing two Mo-O double bonds and
hence spectator oxo groups) arranged together so as to pro-
vide the means for promoting the sequence of transformations.

Various catalysts based on molybdates have been used both for selective
ozidation of propene to acrolein

CH, HC=0
_ V4 (1)
HC=CH + 0, ——> H,C=CH + H,0
Bi,0, * nMoO, n=23
320°C

and ammoztidation of propene to acrylonitrile,

CH, cN
HC=CH + 0, + NH, —> HC=C{_  + KO0 ()
H

Bi,0, * nMoO,
430°C

Numerous experimental studies have provided mechanistic information
about these catalytic reactions; however, there are as yet many uncer-
tainties concerning the character of the active site and its relation to the
details of the mechanism. In this paper we will use the results of ab initio
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quantum chemical calculations [generalized valence bond (GVB) and
configuration interaction (CI)] to help analyze the details of the reaction
mechanisms and the relation of various reaction steps to specific surface
sites.

In the following sections we discuss the principle of spectator oxo
promotion that we find to play a crucial role in promoting particular
reaction steps; we then examine the details of selective oxidation; and,
finally, we outline preliminary results on ammoxidation .

Spectator Oxo Effects

Molybdates lead to bulk structures involving either octahedral or
tetrahedral coordination of oxygens about each Mo. On various surfaces,
the most stable configurations for such molybdates are likely to be

[o]
0 () -0 O~
I 7 0\ 4.0
mo/}‘:c}om :M% T ST T
~di0~ NS 07T
0
I 2 3

where 1 and 3 correspond to bulk octahedral sites and 2 to bulk
tetrahedral sites. Here there are four (1) and (3) or two (2) single bonds
to oxygen aloms that have a single bond to another Mo center, and one
(1) and (3) or two (2) double bonds to oxygens that are not bonded to
other Mo atoms. Typically the M-O single bond lengths are ~1.95 A and
the Mo-O double bond lengths are 1.67 to 1.73 A. In addition, the
octahedral site 1 would have a sixth oxygen neighbor at 2.2 to 2.4 ) w.
All three surface structures are formally Mo'! and all involve Mo-O double
bonds. However, we find that these species lead to extremely different
chemistry. Thus, in selective oxidation of propene, a critical step is trap-
ping of an allyl radical at an Mo=0 bond. However, we find that only for
species 2 is this process strongly exothermic.

AH AG(4OO‘C)
(kcal 1)
ﬁ o~ / mo
.
\O/JMO%\O/ + N — \O/IM%\ - -2 +21 (3)
~& o- O
4
0 0 ~7
\Mo// + A —» AV (4)
%, S MaoZ =35 -12
\o( "-0/ -~ ( "-0’
5

This remarkable difference arises from the spectator oxo effect (2,3), as
discussed below.
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Figure 1 shows the bonding for 2'

0 0
N
\MO//
4=

cl Cl

2'

as a model of 2. Here we see that each Mo=0 bond has the form of a
covalent double bond involving spin pairing of two singly-occupied Mo d
orbitals and two singly-occupied O p orbitals. Denoting the Mo=0 axis as
z and the MoO; plane as yz, the Mo-O sigma bond involves Mo d,z and O p,
orbitals, while the Mo-O pi bond involves Mo d,, and O py orbitals . Two
such double bonds require four electrons in four orthogonal Mo d orbitals.
On the other hand, the two Mo-Cl bonds (modeling single bonds to bridg-
ing oxygens in molybdates) involve a large amount of ionic character with
some 5s-5p character on the Mo. Thus the Mo"! center in 2 should be best
visualized in terms of ionic bonds to the two bridging oxygens, while the
Mo=0 bonds should be considered as covalent double bonds. The require-
ment of two singly-occupied d orbitals for each Mo=0 bond leads to an
0=Mo=0 angle of 106° (the 7 bonds would prefer 90°; the ¢ bonds, 125°)
(). In addition to the two singly-occupied p orbitals involved in the Mo=0
bond, each oxygen has four valence electrons in two nonbonding orbitals
(mixture of O 2s and O 2py).

The bonding is quite different when there is only one double bond, as
indicated in Figure 2 (the orbitals are for 1’

(0]
||

Mo
ER
ad o

'l

where each Cl models the bridging oxygens of 1). Here there are fwo pi
bonds between Mo and O. Thus the Mo has a total of four ionic bonds to
the four Cl, two singly-occupied dm orbitals (dg, and d,, if the Mo=0 axis is
z) used in the two Mo=0 pi bonds and an empty d,e or%ital. The two Mo=0
pi bonds require two singly-occupied pm orbitals on the oxygen (py and
py), leaving four electrons in the O 2s and O 2p, orbitals. With two elec-
trons in O 2p, and none in Mo d,;, we obtain a Lewis base-Lewis acid bond
in the sigma system, leading to a net bond involving six electrons (four
from oxygen and two from Mo). [As indicated in Figure 2, there is some
charge transfer from Mo to O in the 7 bonds and from O to Mo in the o
bond, but the net description remains a siz- electron bond.] The result is
a partial triple bond or a super double bond that is much stronger than
the double bond of 2. Why can't species 2 make two such super double
bonds? The requirement is fwo singly-occupied metal pi orbitals (7, and
ny) for each super double bond so that there are just not enough Mo pi
orbitals to go around (analogous to the difference between 0=C=0 with
'u{vo do)ubte bonds and C=0 with a partial triple bond about twice as
strong).
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a) MoO o bond

ONE ONE
ONE ONE
i
ONE ONE
o .
Ly
[PAR Q%igib
)
ONE ONE
» »*
Z S PAIR B
X
23 % 3

Figure 1. GVB orbitals for the four electron pairs involving the
left Mo=0 double in species 2. Dotted contours indicate negative
amplitude. Increments between contours are 0.050 a.u.3 the zero
contour is not shown.
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Figure 2. GVB orbitals for the four electron pairs involving the
Mo=0 super double bond for species 1. (Same plotting conventions
as in Figure 1.)
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Based on the above arguments, we expect reaction (4) to be much
more favorable than reaction (3) because (3) involves attack on a
stronger bond. However, there is a second equally important factor
involved in the difference in reaction enthalpies for (3) and (4). The extra
Mo=0 bond of 2 would appear to be a spectator to reaction (4), but in fact
it helps promote the reaction. The reason is that in the product, 5, this
spectator group is free to utilize two Mo dm orbitals to form a super dou-
ble bond, whereas in the reactant, 2, the second Mo=0 bond (the one
involved directly in the reaction) requires one of these dm orbitals. Thus
the spectator Mo=0 bond changes from a double bond to a super double
bond when the allyl reacts with the other Mo=0 bond. The net result then
is that reaction (4) is more favored than (3) by 33 kcal.

This spectator oxo promotion is a general effect, so that considering

X !
xR' R
&'o R-R/ ‘Mif
—— [}
ci/g £ ci Y EN (5)
¢ a cr c
versus
X / 0 xR’
N RRONE (6)
4M% -_— o//dR
%, %,
a el g %

the spectator oxo group promotes reaction ot the adjacent double-
bonded group in (6) by ~ 33 kcal with respect to (5).

We find a similar but smaller spectator effect of ~16 kcal for imido
groups, promoting reactions such as

H H
N X N xR/
N\ 7/ R-R N
\Mo/ —_ \‘M<§<R
c cl c! “Cl )

Thus, as shown in Figure 3, 6 has a (bent) Mo=NH double bond involvin,
two singly-occupied N p orbitals (both perpendicular to the NH bond%
paired up to form a sigma bond and a pi bond to the Mo (utilizing an Mo
dm orbital and an Mo do orbital). Here the N 2s lone pair is not involved in
bonding. However, for 7, the Mo=NH bond is linear, leading to two Mo-N pi
bonds. There is also a Lewis base-Lewis acid sigma bond between N and
Mo; however, in this case it involves the N 2s pair (the N 2p, orbital being
involved in the NH bond) rather than the pz pair as for 0. The result is an
Mo-NH super double bond about half as super as the Mo=0 super double
bond.

In the next section we will use this concept of the spectator effect in
examining likely pathways for selective oxidation of propene to acrolein.
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Y Mg
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» »*
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Z '.‘ 3 [PAIR @.
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Figure 3. The GVB orbitals for the four electron pairs in the

right Mo=NH bond of species 5. (Same plotting conventions as in
Figure 1.)
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Mechanistic Studies on Selective Oxidation

For selective oxidation (1) and ammoxidation (2) of propene by bismuth
molybdates,

i) it has been well established that the rate-determining step is allyl
hydrogen abstraction to yield allyl radical (4,5),

ii) it is generally acknowledged that the Bi oxide site is involved in this
initial step since BizO3 will abstract the H but does not do oxidation,
while MoO3; will do oxidation of allyl but is ineffective at allyl H
abstraction) (8=9), and

iii)  Grasselli, Burrington, and co-workers (9) have proposed a detailed
mechanism involving trapping of the allyl radical from (i) at a dioxo

Mo sitle
/J/

(0] (0} 0
N o Ny
4 4 ®

followed by g-hydride elimination to form acrolein

/_//

N N
3 — 4M%= + 0Nz (9)

As additional evidence for the role of the dioxo site, they carried
out experiments using labeled allyl alcohol (rather than propene)
that could be most simply interpreted in terms of reaction at a
dioxo site followed by interchange of allyl between spectator oxo
and alkoxy oxygens (10).

H * H
0 %* . O
A\F 0
o] (o] O * (0] O\ |
\\Mo/ + H/ —_— O\\Mlo/ jrmm— Mol
4=
(10)
HO (0]
\.ﬁo/ + ON
43

In order to explore further the details of these mechanisms, we cal-
culated the energetics for some of the reaction steps.

Concerning trapping of an allyl at a surface molybdate site, we find
that the process for the dioxo unit (4) is quite favorable, whereas the
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process for the monoxo unit (3) is less favorable. This results from the
spectator oxo stabilization present in the dioxo unit and agrees with the
basic tenet (8) of the Grasselli-Burrington mechanism. However, one-
center steps such as (9) for propene and (10) for allyl alcohol involving
reaction with the spectator oxo group are unfavorable. For example, the
step in (9) is endothermic by ~45 kcal and the step in (10) is endothermic
by ~25 kcal. As a result, we were led to the idea that the collections of
adjacent diozo unils are critical to the selective oridation process.* This
idea 1is illustrated in Figure 4 where step b corresponds to (8). Rather
than the one- center process (10), we propose thalt the B- hydride
abstraction is by an adjacent diozo unil as in Figure 4c. The stabiliza-
tion due to the spectator oxo group of the second center is critical in
keeping the free energy charge negative.

The first question to ask concerning the mechanism in Figure 4 is
whether the crystal structure is compatible with adjacent surface dioxo
units. Figure 5 shows the (010) surface of a—Bis(Mo0,)s [corresponding to
the parent Scheelite structure, CaW0,] (11). Here we see that there are
adjacent dioxo centers along the crystal surface.

With these adjacent dioxo units, we would expect allyl transfer steps
such as

‘7~// *\\—\

o_ 0
NSNS LN NZ
%
\( &/’“o/ \ol 4’«,0/ \J /4740/ \ol 4%’@0/ (11)

to be facile. This should lead to equilibration of the C1 and C3 carbons
and hence a fixed ratio of

H

H H
Ne=c” >c=c< (12)
o’ Se=0 H =0
W D
(a) (b)
regardless of whether the starting propene is
H H H
D>c=c< Se=c{ (13)
D CHs H CD5

or whether the starting allyl alcohol is

* This conclusion is buttressed by recent results that were reported after the ori-
ginal theoretical analysis and submission of our paper (10).
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Figure 4.

Figure 5. The (010) surface of o-Bi, (MoO,)
surface of the

(oo1)
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Q,
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% Mo 7% &
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e, urthe
N AH = +9 keal/mol ' °
N2 o N 0!
/M%,‘ %o O:Mo;/o AG4000¢)7 * 32 keal/mol

AH = -7 kcal/mol(b)

AG4000¢) = = 17 keal/mol

P
CH
O\ OH H
Sf N 45\ N & AH = +11 kea/mol ¢!
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The multiple dioxo mechanism for selective oxidation.

Mo =Surface molybdenum

O =Surface oxygen

@ = Surtace bismuth

(C) = Surface bismuth vacancy

[corresponding to the

parent Echeefige structure, CaWOA].
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Ho

D2
AN M /N 7

CD2 14
Ho” ¢ no” 7 (14)
H A

This is consistent with abundant experimental evidence (Grasselli et al.)
(9) that the ratio of products (12a) to (12b) is 70% to 30%, independent
of starting material in (13) or (14).

It is important to note that a—Biy(MoO,)s has this active site with
adjacent Mo dioxo groups. Such sites do not exist in the parent Scheelite
structure (8) (CaW0,), but with Bi, two adjacent Ca sites out of each six
are vacant (indicated by dotted circles in Figure 5), leading to the special
active site.

The availability of several adjacent Mo dioxo units suggests the possi-
bility of step (a) in Figure 4 in activating the propene. It is generally
accepted that this activation occurs on a Bi site since MoOj is not
effective in abstracting the allyl hydrogen. However, Bi is essential to the
existence of the chain of Mo dioxo units in Figure 5, and hence it is possi-
ble that the activation is actually by a Mo diozo unit thal exists because
of the Bi- induced vacancies and not actually on a Bi oxide site. These
ideas are consistent with the fact that allyl iodide is readily converted to
acrolein over bismuth- free MoO;, while the conversion of propene to
acrolein over MoOg is inactive (~2% yield) (2). The C-I bond strength as in
CgHsl is 43.5 kcal/mol, whereas the C-H bond strength as in C3Hg is 87.5
kcal/mol (Z). Therefore it may be postulated that an important
differential factor in the breaking of the C-H bond of propene may be the
extra stabilization needed that is provided by the Bi-induced
configuration of Mo dioxo sites. This is supportive of the idea of nonaddi-
tivity of the active sites of the two separate oxides, Bi;03 and MoOg, and
the requirement for active sites of Bi, Mo, and O to act together (as a
unit) for the conversion of propylene to acrolein (8).

The isotope studies (vide supra) have been used to establish that a
m-allyl species is initially formed and, indeed, scrambling may occur at
this stage (9). This may well be the case, and we cannot address the issue
of o-allyl versus m-allyl directly since we have not yet studied m-allyl com-
plexes. However, the formation of m-allyl is not required in our mechan-
ism. Equilibration via steps as in (12) involving only o-allyls as stable
species are mechanistically equivalent to m-allyl. [The energy estimates
of Figure 4 do not include any special stabilization due to Bi.]

In Figure 4 we quote current estimates of the reaction enthalpies for
the various steps in our mechanism. There are numerous uncertainties
here (12), and with the present uncertainties we certainly cannot say that
the mechanism is confirmed. However, each step is approximately ther-
moneutral and hence the scheme is certainly energetically plausible.
Assuming an energy barrier of 10 kcal for the reverse of step (a), Figure
4, leads to allyl H-abstraction as the rate-determining step, in agreement
with experiment (the estimated E,; = 19 kcal would be close to the
experimental value of Ezoy = 22 keal).

Summarizing, we agree with Grasselli et al. (9) that Mo dioxo units
are essential in selective oxidation; however, we find that single dioxo
units cannot complete the reaction. We propose that selective oxidation
requires a collection of at least three adjacent dioxo units to enter into
three potentially endothermic reaction steps, facilitating the desired
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reaction. Indeed, we find for Big(MoO,)s that the dioxo units should be
ideal for carrying out the sequence of steps involved in selective oxida-
tion. Using this idea that multiple dioxo sites are required, one might be
able to develop strategies for promoter additives and for preparative
techniques based on enhancing the probability of such sites. Perhaps the
role of such sites could be tested using bidentate or multidentate ligands,

eg.,
LiO : OoLi

that would bond only to specific configurations.

Ammoxidation

In mechanistic studies of ammoxidation by Bi-molybdates, Grasselli et al.
(9) have suggested a critical role of bis-imido sites,

HN NH
N\
\Mo//

4*

Indeed, assuming an active site analogous to that in Figure 5 but with oxo
groups replaced by imido groups leads to a scheme analogous to Figure 4,
where spectator imido groups play the role of spectator oxo groups in
steps (af (b), and (c) of Figure 4.

At intermediate NH3 pressures, oxo-imido species

0, NH
N

4=

are probably present on the surface. Because of the difference between
spectator-oxo and spectator-imido effects, reaction at the N is greatly
favored over reaction at the oxygen. Thus, for allyl trapping by N, AH =
-30 kcal, whereas for allyl trapping by O, AH = -20 kcal [see (ii)a, (ii)b].
Thus, in thermodynamic equilibrium, only reaction at the N would be
observed. Kinetic data of Grasselli et al. (10) have been interpreted to
indicate that allylic N insertion is‘apﬁroximately three times faster than
allylic O insertion, 1.c., KESLYOMILE) ~ 3 Comparing the theory with
experiment sugfests kinetic control with an activation energy of AH“t =0
for (ii)a and AH* ~ 2 kcal for (ii)b. We are currently in the process of exa-
mining the energetics for various possible catalytic sequences involved in
ammoxidation.
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Thermodynamic and Structural Aspects of Interfacial
Effects in Mild Oxidation Catalysts

PIERRE COURTINE
Universite de Technologie de Compitgne, B.P. 233, 60206 Compitgne Cedex, France

This paper presents a comprehensive description of
mild oxidation catalysts containing one or more oxides
or oxysalts and analyzes the thermodynamic and
structural influence of interfacial effects between
the constituent solid phases on activity and selec-
tivity (1).

Early attempts to correlate catalytic performance with solid state
properties  (2-11) emphasized the intrinsic  properties of
constituent transition metal ions, such as the presene of double

metal-oxygen bonds, the nature of surface oxygen species, and the
acidity of the active sites, as if activity and selectivity were a
gomplex function of the chemical composition of the catalyst
12-17).

The role of the solid phase was first developed from
electronic theory (10) and then from the concept of valence and
stoichiometry control (18, 19). Recent experimental results have
shown that one thermodynamic phase, and not a simple gathering or
"sea” of ions at the surface of the active solid, can be
responsible for catalytic activity and selectivity.

The first real characterization of active phases has been made
for the high temperature polymorph of CoMoO, (called (a) by us and
later (b) by other authors) in the selective oxidation of butane to
butadiene (20,21), as well as for USBBOI (22) and bismuth
molybdates (23,24) for oxidation, and ammondation of propylene.
Additional examples include solid solutions such as (Mo V._ ), 0
(with 0<x<0.3) for benzene conversion to maleic anhydridé {2§!§6§
and the solid solution up to 15% of Sb20 in the SnOZ-szo5 system
for propylene oxidation to acrolein (1422;).

In cases where the oxidation state of the solid changes during
the reaction, the active solid state phase present at steady state
must be characterized. For example, the reduced vanadium phosphate
phase forms during the oxidation of butene to maleic anhydride
(28,29). And for supported catalysts such as V20 /Ti0, anatase,

reduction to VO2 17 (i.e. V6013) occurs during tge ox%dation of

0097-6156/85/0279-0037$06.00/0
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o-xylene (15,30). Finally, it has been found that the addition of
several other phases to a known active phase such as bismuth
molybdate improves its performance in the ammoxidation of propylene
by producing a multicomponent molybdate (MCM) catalyst (31).

The question arises, why do bi- or multi-phasic catalysts
generally show better activity and selectivity than the active
phase alone? The aim of this paper is to answer this question by
exploring the role of interfacial effects. We shall examine first
how the thermodynamic and structural properties of one phase
influence its interactions, not only with the gaseous reactants,
but also with coexisting solid phases as a result of its bulk,
surface, and defect structure. We will also examine the conditions
necessary for these interactions and set up a structural
classification of the main components of mild oxidation catalysts.
This will lead finally to a discussion of the role of interfacial
effects in catalyst performance using some illustrative examples.

Thermodynamic and Structural Properties of Single Phase Catalysts

Interdependence of Properties

We have already noted (28,29) that a single active phase possesses
a set of interdependent properties, and that any correlation
between one property and catalytic performance cannot adequately
explain catalytic behavior. Scheme I illustrates this using V,0. as
an example. However, the nature of the active site, which can
contain a normal lattice ion, a group of ions, or extended or point
defects, depends on its solid state enviromment. The structure of
the host matrix can greatly influence the chemical and physical
properties of the site.

Thermodynamic Properties

In most studies it has been stated that the hydrocarbon is oxidized
by lattice oxygen of the oxidized form of the catalyst, KO.
Subsequently, the reaction of the reduced form, K, with O
regenerates the initial state according to the well-known Mars an
van Krevelen mechanism (32):

A+ KO —= A0 +K L (1)

K+ 1/2 0, —> KO T« (2)

This mechanism, though not always applicable (33), describes
the importance of oxygen donation by the active phase in selective
oxidation catalyst (34).

Kinetic studies, structural considerations, isotopic oxygen
exchange experiments, and equilibrium adsorption measurements have
allowed some authors to establish correlations between selectivity
and the change of standard enthalpy or free energy of the redox
process. Although these correlations concern the bulk and not the
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surface of the catalyst (12), it was found in certain cases that
the surface structures bear some relations with the bulk structure
(28,29,35-41), particularly in the case of layered solids.
Thermodynamic aspects must be taken into acount, not only
concerning the reaction itself, but also with regard to the solid
state. Most of the mild oxidation catalysts exhibit either a low
melting point (V20 , Mooa...), or first or second order polymorphic
t sitiong, near g e regction ,temperature, as in the case of
533004 (M§+ = Co E, Feig, N12£) (20, 21), or the ¥, ¥',3"
modifications of Bi_ MoO, (42). Their Tammann temperatures are low.
As a consequence, tfiese’ lattices are in a metastable state, near
these temperatures. If two structures are closely related, as we
shall see in the next section, the two solids will be able to form
either coherent interfaces or solid solutions. In these cases,
"hybrid crystals," in which microdomains of both phases coexist,
can be formed according to UBBELOHDE's theory (43), which considers
strain energy € and internal surface energy ng (44). The free
enthalpy of a domain (1) in a matrix of structure (2) is given by:

G, = f(p, V, T, € )

1 12> Mo
and the classical phase rule must be modified such that:

v=c+2-0Q0+Im
where Il represents the “"history of the sample," including the
additional parameters due to coherence (44). In such systems,
hysteresis 1s expected to occur since € (strains due to
microdomains of (1) in structure (2) is aifferent from €91
(microdomains of (2) in structure (1)). This has been effectiveiy
observed by Bordes (28,29) in thermogravimetric measurements of the
equilibrium between VOPO, (o or 8 ) and (VO)2P20 , the oxidized and
reduced forms, respectively, of selective calalysts for butene
oxidation. )

Several conclusions can be drawn up from these observations:

i) On both sides of the coherent boundaries the active ions
are in an excited state as compared to the normal ions in the host
lattice.

ii) Whereas in a reduction process in which strain produced at
such interfaces 1is compensated mainly by mechanical relaxation
(e.g., C.S. planes), the lattice of the catalyst at the steady
state prefers to release a part of its excess energy towards the
reactants and recovers it when reoxidation occurs (29).

iii) In supported, bi- or multi-component catalysts, the
existence of coherent interfaces, even in a very small area,
constitutes a necessary condition for any mass, energy, or electron
transfer due to the redox mechanism to an adjacent phase (45).

Structural Properties of Some Oxide Catalysts

Mild oxidation catalysts are generally composed of phases having
roughly two types of structures: i) oxides with the ReO,-like
structural, and 1ii) oxy-salts having a transition metai ion
coordinated to oxygen atoms in a molecular complex.
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Simple Oxides Having Re0O,-like Structures

These oxides contain d° and d1 transition metal ions with a high
formal valence state which are linked to oxygens by strong covalent
bonds. Their framework 1is depicted as an array of distorted
tetrahedra, pentahedra, or octahedra as in the "Wadsley phases”
belonging to the (V-0), (Mo-0), (V-Mo-0), (W-0) systems (44,46).
In an idealized octahedral arrangement, one of the axial metal-
oxygen bonds is short, and has substantial o—-m bond character, and
is usually adjacent to a relatively 1long, metal oxygen g bond.
This feature is also present in (V-P-0) system (28,29).

These structural features play important roles in several
catalytic systems (Figure 1).

1) Anisotropy in the oxygen enviromnment lowers the symmetry of
crystals with layered structures such as V205, M.oo3 and even the
oxysalts @-, B-,8-VOPO, (28,29,47).

2) Since the morphology of the catalyst depends on structure,
it can be either enhanced or modified by the method of preparation
(28,47). Since in most cases, EPe specific area of mild oxidation
catalysts is small (2-30 m".g "), the external aspects of the
microcrystals (200 to 5,000 A) and main cleavage (hkl) planes are
easily observed by scanning and transmission electron microscopy.
Sheets are frequently encountered for ReO,-like structures, and
(010) Mo0,, (001) @-VOPO,, (010)8—(V0)2P207 (gZ) are the more often
observed Pplanes.

The effect of these structural features on catalysis are two
fold:

a) Specific surface patterns may be selective for different
mild oxidation reaction as in the case of so-called "structure-
sensitive reactions" (47-53). For example, (010) MoO, has been
shown to catalyze the dehydrogenation of alcohols whereas (001) is
selective for dehydration only.

b) The surface patterns can form coherent interfaces in

supported catalysts (V,0./TiO anatase), and at steady state,
between the oxidized and“réduced form of the solid
(VoPO, ~(V0),P,0,, V,04-V,0 ,).
3) Ano%her important ~property is the presence of extended
defects in ReO, structures and the possibility of nucleation of
crystallograph%c shear planes (C.S.) during reduction (44,46,54-
56). By sharing edges of octahedra, C.S. planes facilitate the
transport of oxygen through the 1lattice (57) during catalysis and
influence the rate of reoxidation of the superficial sites as well
as the rate of oxidation of the substrate (28,29,55,57). During
such reactions, coherent intergrowth domains may be formed, as
illustrated by the reduction of H-Nb,O. (54) (Figure 2) and in the
reduction of (aorB) VOPO4 in (V0)2§287 (Figure 3).

Oxysalts

The second important structural series of mild oxidation catalysts
are the oxysalts which contain discrete metal-oxygen molecular
complexes, (MO) . Two types of metal-oxygen bonds are uigally
presegg; strong metal oxygen covalent bonds such as (Mo0 ) or
(Uoz) , and ionic bonds such as Fe-0 or Co-0O. Considerable work
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Figure 1. ReO3 matrices as mild oxidation catalysts.
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has been done on the structural properties, preparation, reactivity
(58) and catalytic properties  (20,23,24,31,58-60) of metal
molybdates.

Metal molybdates can be divided into three general groups:

a) Koechlinite structure. Previous workers have described
both the structure of Bi M°06’ which contains successive layers of
(31202) pyramids and (Mo% ) corner-shared octahedra (61,62) and the
role “of this structure® in the mechanism of reduction and
reoxidation. The structural similarity between the (010) cleavage
planes of Bi MoO6 and MoO, may account for some of their catalytic
properties since both biaimensional patterns are made of corner
sharing octahedra (ReO3 structure). As will be discussed below, the
solid-solid reactions™ occuring between MoO, and Bi,MoO, in
multicomponent catalysts would be facilitated gy the existence of
coherent interfaces.

b) AB O structures such as B-CoMoO,, Te-Mo-O or U-Sb-0

systems. *18 #he case of B-CoMo0O,, which'is isostructural with
MnMoO, , (63), the main cleavage plane is (110). This plane is
stricﬁingly similar to the (010) plane of (V°)2P2°7 (Figure 4).
The structure of (100) a—TezMoo is also related to this latter
compound and to the Bi M.oO6 slructure (64). USb301 contains
layers of U-Sb-0 in w%ich the oxygen atoms are se?ective in
ammoxidation of propylene while the other oxygen between the layers
are inactive (22,31).
c) Scheelite-derived structures. Examples of these structures are
Fe (MoO4) and Bi (M004)3, which are related to CaW0, (59) and
which canbe extended to the molybdates MMoO4 just mentioned as
shown in Figure 5.

All these compounds are thought to possess neither non-
stoichimetric reduced phases, nor extended defects, but rather
point defects, mainly cation and anion vacancies. The latter are
known to produce a considerable mobility in the lattice (58). 1In
these compounds, the defect structures readily account for the
rapid reoxidation of the bulk by rapid diffusion of oxygen and
electron transfer, as well as for the ability of the host matrix to
form coherent interfaces.

Discussion

Various interfacial effects take place whenever two solid phases
(or microdomains in one phase) come in contact and coherent phase
boundaries form as a result of small crystallographic misfits
between the phases. The role of these interfacial effects in
catalytic processes can be understood by examination of the
following specific cases of the initial relative rates of oxidation
Tox and reduction L in the Mars and Van Krevelen mechanism.

Tred > Fox

Under catalytic reaction conditions, the fresh catalyst can be
reduced by the reactants, and a reduced phase of the catalyst can
crystallize. This is the case for the pseudomorphic layered form
‘Y(V0)2P207 obtained by the topotactic decomposition of
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NbagOs2

Figure 2. Example of coherent intergrowth with extended
defects: (A) Lamellae of H-Nb,O. (blocks 5x3 and 4x3) in

Nb25062 (4x3)2,(B) Details of Nb§5862 (circle in a))

(010}, [201] 7 wtlvPos
NS

|
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Figure 3. Coherent interface between slabs of (100) VOPO

and of (010) (V0)2P207 , along 100 and 201, respectively.

4

o

MnMoOy, (A)  (110)

Figure 4. Pattern of the surface lattice plane common to
MnMoO4(a), CoMoO4(a) and close to (010) (VO)2P207.
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VOHPO, ,0.5H,0 (47), which is active and selective in butane
oxidaéion %o maleic anhydride. The cleavage plane (010) of
(VO)ZP 07 (Figure 3) possesses vanadyl groups situated
perpen%icular from the surface as well as four different
crystallographic vanadium sites (65,66). In this case, there is no
need to consider interfacial effects since the active catalyst acts
as a mixed-valence oxysalt (67), due to the neighboring vanadium
ions in the formal mean valence states 3.7 to 4.4.

r r
red ~ ox

The situation becomes different in this instance since the
evolution of the active phase corresponds to a biphasic system at
steady state.

In the catalyst ¢, B-VOPO -(VO)ZP 07 for butene to maleic
anhydride, the reduced form is progress%vely nucleated by a C.S.
mechanism during reduction of B-VOPO, (Figure 6) (28). This
confers various morphologies to the crystals of (V0)2P20 , which
are different than the layered "Y" form. Consequently, al steady
state, microdomains of VOPO, are included in a large matrix of
(VO)ZP O7 and are in coherent contact. Streaks observed in TEM
indica%e disordered C.S. planes, and the hysteresis we obtained in
microgravimetric equilibrium measurements show the existence of
coherent microdomains under steady state conditions (28,29). As
explained above, on both sides of coherent boundaries, the
coordination of the vanadium atoms is more or less distorted and
their electronic state more excited than in the normal matrix.
Consequently, they are assumed to play the role of active and
selective sites by a concerted mechanism (28) similar to that
presented for USb,0 0 (22).

Another rela%eé example is the WO,-based catalyst in oxidation
of propylene to acrolein (57) for whic% the presence of C.S. planes
was correlated with selectivity.

The well-studied catalyst V,0 supported on TiO, anatase is

more selective in the oxidation “of o—-xylene to pthal%c anhydride
(15,30,68-74) than V 0g alone or supported on Y-Al 0, (70). The
maximum selectivity %s generally reached at 7-15 moie % of active
phase although other compositions below this optimum composition
have been shown effective (68). Two sets of results have led us to
assume that the cleavage plane (010) of V,O. can be anchored to the
(001), (100) (53) and (011) planes of “ahatase (75) with a very
small misfit:
a) Under N, at 600°C, Vzo5 is reduced topotactically into
successive suboxides (15b) by" a C.S. mechanism starting from the
coherent interface between V.0, and TiO, lattices (53), whereas no
reduction occurs for unsupported V,O.. Simultaneously anatase
transforms into rutile with a Vefry low activation energy
(15 kcal/mole) (76) whereas in the absence of v,0 this
transformation occurs only above 850°C with a high act?vation
energy (150 kcal/mole) (77).
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Figure 5. Structural relations between Bi FexMOZO ,
Bi (M004)3, Fe (Moo4) and CoMoO, (a): examples of oxysai%s
be%onging to t%le second class of catalysts.
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Figure 6. C.S. mechanism in the transformation of VOPOA-

(V0)2P207.
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This synergetic effect can be explained by the presence of
coherent boundaries whose first consequence is to lower the
potential barrier for electron transfer between the n-semiconductor
Ti0, and V20 .« The resulting elastic strains on both sides of the
boundaries ailow the reduction of V,0. and the transmission of this
cooperative transformation to anatase”™ which becomes rutile. When
this last transformation is -complete, the interface vanishes and
the reaction stops.

b) Under catalytic conditions, the same reduction of V,0
occurs but begins at the surface while TiO, remains anatase since
the temperature does not exceed 450°C. Thé coherent interface is
not destroyed since the successive suboxides formed by C.S.
mechanism have similar cleavage patterns to V 05 (76). When the
steady state is reached under o-xylene and air, %he reduction stops
near V6O 3 (30), corresponding to an optimal value of the misfit
and of the strain factor (45).

A way to verify this interpretation was to expect the same
phenomena if TiO, was replaced by another support having the same
crystallographic”configuration. We have shown indeed that the two
experiments a) and b) could be repeated when V205 is supported on
AINbO, or GaNbO, (78,79) (Figure 7). The “anatase to rutile
trans%ormation aiso occurs for MoO3/TiO2 and CoMoO,/Ti0, (79,80).

Other examples found in the “liteTrature can ée in%erpreted in
the same way. In the ammoxidation of 3-picoline (81) on V,0./TiO
(rutile), the maximum activity and selectivity are obtained in
nearly the same composition range as for oxidation of o—-xylene.
The catalyst was prepared by heating V20 and Ti0, anatase at
1150°C with subsequent reduction by H a% 450°C £or one hour.
Under these conditions, anatase transforms into rutile and V,0
melts. On cooling, epitaxial relationships are formed between
(010) V,0. and (110) of rutile. Since the electronic properties of
rutile are very close to anatase, the same explanations apply.

Similar interfacial effects cannot be expected for V,0_-Al 03

_ catalysts. The number of exposed active V=0 specié€s diffef

depending upon the nature of the support (70), and the development
of the layered (010) cleavage plane of V,0. is not enhanced on
Al,0, as it is by the presence of coherent boundaries with TiO2
anatase (Figure 8).

Recent studies (68-71) have centered on vanadium oxide
monolayers supported on anatase. EXAFS and XANES experiments have
shown that tetrahedral vanadium species are anchored with an
intrinsic disorder on the surface of anatase. Although it seems
that short range matching exists with some crystalline faces of the
support (which are not defined), the structural pattern of this
monolayer was found to be different from the cleavage plane (010)
of crystallized V,0.. This result could be expected by taking into
account the large influence of the surface potential of anatase on
the distortion of the vanadium environment, with the notion of
cleavage plane becoming meaningless since it depends obviously on
the existence of a bulk. The monolayer seems to be a borderline
case as compared to our experiments where higher concentrations of
crystalline V20 were used. In order to define more closely the
configuration’ o% the active sites in the interfacial zone, further

American Chemical
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work is needed on the preparation and morphology of VZOS-TiO2
samples.

Tred « Tox

a) Single Catalytic Active Phases

Except when the rate limiting step is the diffusion of oxygen
through the bulk at lower temperature (58,76,83,84), the catalytic
phase is nearly fully oxidized. Molybdenum oxide catalyst for the
dehydrogenation of alcohols (49,50), cobalt molybdate for
dehydrogenation of butane (20,21) and bismuth molybdates belong to
this category. The proposed mechanisms (§§) are based on anionic
and cationic defects which allow bulk migration of oxygen ions
through the lattice and electronic transfer. Recently,
conductivity measurements have been performed on a series of
ca?alysts MoO,, CoMoO,, Fe2(M004)3 and Biﬁ(M004)3 (85, 86) for
which a compensation effect “is observed. sing a hopping model,
this effect is due to a distribution of the activation energies
corresponding to a distribution of the distances of jumps specific
to each kind of 1lattice. We can, therefore, assume that the
electron transfer proceeds in these phases by an activated bound
small polaron mechanism.

There is no need in these cases to relate the selectivity to
the presence of C.S. planes, which are difficult to conceive in
these kinds of ionocovalent structures. Recent HREM experiments
made on (Te-Mo-0) system, catalyst for ammoxidation of propylene,
have not revealed the presence of crystallographic shear planes
(87).

b) Supported Multicomponent Molybdates

The improvement of the catalytic performances of MCM catalysts
can only be interpreted by means of interfacial effects between
t?fir components. {%D and TEM experiments performed on

Mn—xFexBlMolzoy (M™" =Co, Ni, Mg ; 0 < x < 4) (60) before and after

reaction (58-60,88) have shown the presence of the pure

individual molybdates, which are incorporated by a special
preparation. These phases can undergo various transformations
depending on the gaseous environment. It has been shown that under
reducing conditions, bismuth molybdates can exchange molybdenum
oxide by the reactions (89-92)

Biz(M004)3 = B12M006 +2M002 + O2

312M0209 — 31214006 +Mo0, +1/202

whereas a disproportionation of Bi2M0209 is observed under air
(90,93)

2 Bi Mo,0q — Bi,(MoO,), + Bi,MoO
below 400°C and above 550°C where ¥' is nucleated instead of 8. At
low temperature the disproportionation looks 1like a spinodal
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decomposition yielding modulated structures (94,95). Fe2(MoO4)3
can be reduced also, in two steps (96):
Fe,(Mo0,), === 2 FeMoO, + MoO, + 1/2 o,

Moo3 — Moo, + 1/2 0,

According to the model presented (60), the catalyst particle should
contain an inner core consisting of a B—MMOO4 structure, covered by
Fez(M°°4)3’ with the outer shell of 100 & thickness containing
Bi,MoO, and Bi (M004) . In used catalysts, all the results confirm
the presence o% ﬁ—FeMgO .

Additional facts "lead to the conjecture that coherent
interfaces are formed in such MCM catalysts :

(1) The isostructural B-MMoO, molybdates (M = Fe, Co, Ni, Mg)
can form extended solid solutions (97), or at least coherent
interfaces depending on the temperature (86).

(ii) Microgravimetric experiments performed at 750°C under
nitrogen show that the reduction of Fe2(M00 )., alone leading to
B-FeMoO, is slower than when Fe (Moo4) is supported by B-MgMoO
(85,86). The small crystallographic misfit suggests the probable
existence of coherent boundaries (Fig. 9).

(iii) The same conclusions can be drawn up for the interfaces
between Bi (Mooa)3 and Fe (Mooa) which have very close structures.

.There%ore, coherent boundaries should be present bétween each
shell of the catalyst particle, with the following consequences for
the catalysis namely, setting up of a metastable state of the
catalyst, and a reduction in the energy barrier for electron
transfer by the redox mechanism proposed for MCM catalysts (98-
100).

c) CoMoOA/M003/TiO catalyst

2

Since B-CoMoO4 is a catalyst for butane oxidation to
butadiene, and M003/ TiO0, anatase for butadiene-maleic anhydride
(28,101), and since”we know that (001) MoO, fits well with (110)
B-CoMoO,, we have recently attempted t0 use multicomponent
CoMoOA/ﬁoO ,TiO2 in the direct oxidation of butane to maleic
anhydride ?gg). We have found that ‘10 % by weight of CoMoO

supported by 90 Z of (0.3 MoO, + 0.7 TiO,) is effective in this
reaction, giving substantial yields of maleic anhydride (Figure
10). The butadiene formed does not desorb and reacts at the
surface of the catalyst according to the known mechanism for the
oxidation of butene to maleic anhydride. The notion of interfacial
effects has therefore been applied, with some success, to finding a
new catalyst.

Conclusion
To sum up we have shown that :
1. Mild oxidation catalysts are made up of phases, the selectivity

of which depends directly or indirectly on their thermodynamic and
structural properties.
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Interfacial Effects in Mild Oxidation Catalysts

Figure 8.
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Figure 10. Catalytic results obtained with CoMoO4/M003, Ti09 in the
oxidation of butane to maleic anhydride (2% C,Hjg, = 1 sec.)

2. This allows the classification of these phases into two groups:
ReO.,- like structures and oxysalts such as molybdates. The first
one consists of host matrices having extended defects; the second
one, of point defects such as anionic and cationic vacancies.

3. Depending on the kinetic conditions of the catalytic reaction,
they can act either as a single phase, or as a biphasic or
multiphasic system.

A single phase requires specific conditions to be highly

active and selective. It has to possess a thermodynamically
possible redox with regard to the reactants. It must be a mixed
valence phase at the steady state. It must possess a particular

morphology exhibiting statistically the selective lattice planes at
the surface and must have optimal semiconductivity by "small
polarons”.

The second case, corresponding to the first class, results
from an evolution of the catalyst state to a biphasic system
through nucleation of C.S. planes. Coherent interfaces must exist,
near which active sites are in an excited state and in a metastable
coordination as compared to the normal sites of the host matrices.

4, It is therefore not surprising that supported or multicomponent
catalysts with complex formulae exhibit a better selectivity than
the active phases alone. These phases can undergo solid-solid
transformations near the reaction temperature, which are
facilitated by the coherent interfaces. Despite the 1lack of
quantitative knowledge on the values of interfacial strain factors
for the free energy of the system, comparative studies could be
performed using the present classification.

This general rule about selectivity in mild oxidation
catalysis, based on the very numerous experimental data gathered in
this field, should be of substantial help for the characterization
of selective catalysts and for the improvement of their
preparation.
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Structural and Thermodynamic Basis for Catalytic
Behavior of Bismuth-Cerium Molybdate Selective
Oxidation Catalysts
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The Bi,_ _Ce Mo30 2 two phase system has been examined
for i%sx agtivi£y in the catalytic oxidation of
propylene to acrylonitrile. The two phases have been
characterized as a solid solution of Bi in cerium
molybdate and Ce in bismuth molybdate. Results of
these oxidation studies have been correlated with
structural results on the pure and doped end members.
A plot of catalytic activity versus x shows three
maxima which coincide with the maximum concentration
of Ce in BizMo 012, Bi in CezMo 012 and equal
concentrations o% cerium in bismutg molybdate and
bismuth in cerium molybdate. These results suggest
that selective propylene ammoxidation occurs in a
trifunctional matrix which contains metals that;
activate propylene to form an allyl intermediate (Bi),
insert oxygen into the allylic intermediate, (Mo) and

contain a redox couple (Ce). Aspects of phase
cooperation in a multiphase catalyst are also
discussed.

Much of the wunderstanding of the solid state mechanism of
heterogeneous catalysis stems from fundamental studies of single
phase model compounds (1-5). In many cases, the role of a metal
component in a catalytic process has been discerned through its
incorporation into solid solutions of relatively inert host
matrices (6). In the case of the selective oxidation and
ammoxidation of olefins to unsaturated aldehydes and nitriles,
respectively (e.g. the ammoxidation of propylene to acrylonitrile),
such studies have established several important tenets for the
process. These include the need for the coexistence of key
catalytic elements with the proper electronic structure, redox
chemistry, and metal-oxygen bond strength (7). It is however well
recognized that the most effective catalysts, be they mixed metals
or mixed metal oxides, are usually multiphase in nature (8). Some
progress has been made in understanding the source of the
synergistic effects observed in these multiphase catalysts. For
example, Sinfelt and coworkers (9) have been able to explain the

0097-6156/85/0279-0057%06.00/0
© 1985 American Chemical Society
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catalytic behavior of bimetallic, biphasic systems through the use
of structural characterization tools such as EXAFS. In oxide
catalysts for selective oxidation, rigorous studies of multiphase
catalysts have been limited primarily to vanadium oxides

(10-12). 1In this case, it has been shown that the coexistence of
structurally related oxidized and reduced vanadium oxide phases is
stabilized by the presence of structurally coherent phase
boundaries. Recently, significant efforts have been made to
develop a rational mechanism for the catalytic behavior of
multicomponent bismuth molybdate based selective oxidation
catalysts (13-15). However, the complexity of the catalyst systems
investigated has prevented the development of a rigorous model for
catalytic behavior.

Our recent work on the bismuth-cerium molybdate catalyst
system has shown that it can serve as a tractable model for the
study of the solid state mechanism of selective olefin oxidation by
multicomponent molybdate catalysts. Although compositionally and
structurally quite simple compared to other multiphase molybdate
catalyst systems, bismuth-cerium molybdate catalysts are extremely
effective for the selective  ammoxidation of propylene to
acrylonitrile (16). In particular, we have found that the addition
of cerium to bismuth molybdate significantly enhances its catalytic
activity for the selective ammoxidation of propylene to
acrylonitrile. Maximum catalytic  activity was observed for
specific compositions in the single phase and two phase regions of
the phase diagram (17). These characteristics of this catalyst
system afford the opportunity to understand the physical basis for
synergies in multiphase catalysts. In addition to this previously
published work, we also include some of our most recent results on
the bismuth-cerium molybdate system. As such, the present account
represents a summary of our interpretations of the data on this
system.

Experimental

Bismuth cerium molybdates were prepared by coprecipitation using
aqueous solutions of (NH4)6M070 4 (NH,).,Ce(NO,),, and Bi(NO )5
5H,0. The catalysts were suppor%ed on Si (202 gy weight) using
an” ammonium stabilized silica sol. Samples fo6r diffraction analysis
were unsupported. Samples were calcined in air at 290 and 425°C for
three hours each followed by 16 hours at 500, 550, or 600°C. X-ray
powder patterns were obtained using a Rigaku D/Max-IIA X-ray
diffractometer using Cu K radiation.

Powder neutron diffraction data for Bi1 80e0 2Mo 012 were
collected at Brookhaven National Laboratory's® High Fiux Beam
Reactor. Details of the experimental procedure and Rietveld
refinement have been reported previously (18). Starting parameters
for Ce doped and pure Bi Mo 0l were taken from a single crystal
x-ray diffraction study o% izﬁo 0 by Van den Elzen and Rieck
(19a). 312
T Time-of-flight (TOF) Powder neutron diffraction data for
Bi_Mo,0 o were collected at Argonne National Laboratory's Intense
Pufsea heptron Source (IPN$) utilizing the Special Environment
Powder Diffractometer (SEPD). Details of the instrument, data
collection software, and Rietveld analysis software have been
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previously published(20). TOF data from the backscattering data
banks (20=150°) were used in the analysis and corresponded to
TOF(min) of 7500msec (d(min)=.99 &) and TOF(max) of 23500msec
(d(max)=3.10 A). In addition to background (5), halfwidth (3),
absorbtion, extinction, lattice (4), and scale parameters, all
positional and isotropic thermal parameters were varied in the
least-squaring process, for a total of 84 variables. The least-
squares process converged to R(p)=0.037, R(wp)=0.056, R(exp)=0.044.
Refinements were also carried out for TOF(min) values of 7000 and
8000 sec. There was no significant difference between the results
of those refinements and those presented here. Figure 1 displays
the neutron diffractogram of Bi Mo301 .

Single crystals of Bi dopea cer%um molybdate were prepared in
sealed tube experiments. A quantity of material of composition
BiCeMo,0,, was packed into a welded gold capsule pinched shut at
the_gpen eénd, placed in a .quartz .tube .and sealed under vacuum
(10 * mm Hg). The tube was held in a vertical position and kept at
950°C for one week. Single crystals corresponding to two phases
were isolated from these experiments. Red crystals harvested
possessed cell parameters and composition (via EDX analysis) that
was consistent with Ce doped Bi M030 2° In a similar fashion, the
amber crystals that were also isoiated from this procedure were
identified as having the Ce2M030 2 structure with some Bi present.
EDX analysis of three amber crys%als gave an average composition of
Ce 831 3Mo30 1 (normalized to 3 Mo atoms, oxygen3§toichiometry
catedrafed3on tﬁe'gasis of charge balance assuming Ce” )

Single crystal x-ray diffraction data were collected on one of
the amber crystals with a FACS-I automated Picker diffractometer
with Zr filtered Mo Ko radiation. Lattice parameters (a=<16.886(5),
b=11.839(3), c=15.797(5)&, b=108.64(1) were determined by a least
squares fit of 24 reflections in the angular range 51<20<61°.
Details of the instrument, data collection, data reduction, and
analysis have been published (21). Starting parameters for the
full matrix least squares refinement were taken from La,Mo,0,,(19b)
with 90%Ce and 10%Bi occupation for each La site.” Parameters
varied were: all positional parameters, anisotropic temperature
factors for metal atoms, isotropic temperature factors for the
oxygen atoms, scale and extinction factors and scattering factors
for the Ce/Bi sites. Data in the angular range 20<60° were
investigated. Of the 4601 independent data 3578 were taken to be
observed on the basis of counting statistics. With 144 variables
(data to parameter ratio = 25) the refinement converged to R=0.085,
R =0.083. Refinement of the scattering factors indicated that the
BY/Ce sites were not all equivalent, site 1 was found to be 86%Ce
14%Bi, site 2 92%Ce 8%Bi and site 3 73%Ce 27%Bi. On the basis of
these occupancies a Ce Bi Mo, 0 composition has been assigned

1.7770.373712
to this crystal.

Propylene ammoxidation experiments were conducted using a
single pass, plug flow, tubular (3/8") stainless steel reactor
operated at atmospheric pressure at 420°C. The gaseous feed
mixture consisted of propylene, ammonia, air and water in the
ratios 1/1.2/10.5/4. Liquid products were collected in an aqueous
scubber and analyzed for acylonitrile, acrylic acid and acetoni-
trile via gas chromatography, NH, and HCN via titration. Nonsoluble
gases were collected and analyzea via gas chromatography.
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Figure 1. Powder neutron time-of-flight diffraction data
for Bi,(Mo0,),. Points represent the raw data, the solid
line tﬁe cafcglated profile, and the tick marks Bragg peak
positions. A difference plot is given below.
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Results & Discussion

Scheelite-Type Structures

The scheelite structure-type is commonly adopted by compounds with
the stoichiometry ABO, when the A cation is fairly large (1.0 &)
and the B cation faérly small (on the order of 0.6 A). The
prototype of this structure is the mineral scheelite, CaW0Q,, which
crystallizes(2l) with four formula units per unit celi in t?i
tetragonal space group I4 /a (a = 5.243, c = 11.376 ). Each Ca
ion 1s surrounded by  eight oxygen atoms from different
tetrahedrally coordinated B ions, four at 2.44 A and four at 2.48
k. The nearly regular discrete WO, tetrahedra have four equal W-0
distances (1.78 ). The ideal structure is illustrated in Figure
2.

One characteristic of the scheelite structure-type is the
number and extent of cationic oxidation states and defect (cation-
deficient) structures that have been found. The single guide to
the formation of scheelite-type structure seems to be the ability
of A cations to be eight-coordinated (i.e., rather large) asg
B ionsago attain tetrahedral coordination (note, however, that P04
or Si0 containing scheelites are unknown).

I? we first consider the simpler cases of heterovalent
substitution with this structure-type (22) we find, in addition to
the 2+/6+ (A+/B+) valances typified by CaW0,, the valance
combinations 1+/7+ (KRuO,), 3+/5+ (GdMo0O,), and 4+/4+ (CeGeO,).
Extending this by doubling (or tripling) the chemical formula we
can obtain, by coupled substitution, mixed (or substituted)ions on
the A site: (1+,3+)/6+ [NaLa(MoO4)2],(1+,4+)/6+ [NazTh(M004)3],
and (2+,4+)/5+ [PbTh(VO,),].

Substitution on the “anion" site (the B site) has also been
observed. Several examples are: 3+/(4+,6+) [La,(Si0,) (W0, )],
3+/(3+,6+) [Bi,(Fe0,)(Mo0,),], and 3+/(2+,6+) (Bi,(3n0,)tM00,3,1.
If two or more ions occupy either the A or the ﬁ site, the
possibility of having either an ordered or a disordered (random)
structure will exist. For example, order on the A sites occurs in
KEu(MoO,). The compound Bi, (FeQ,6)(MoO,), exists in both an ordered
and disordered form(23), “the 'ordered” form resulting from the
ordering of the FeO4 and MoO, (B-ion) tetrahedra.

The crystal chemistry oé scheelite-type structures is further
complicated by defect stoichiometries with extensive vacancies at
cation sites. In general, random cation vacancies are examples of
point defects. However, at high concentrations, an ordering of
vacancies can occur at which time the vacancy can no longer be
considered as a point defect and a new periodic lattice (or unit
cell) will have been generated.

As an example of, randomly disordered vacancies, the upled
substitution of two Bi ions and one vacancy for three Pb ions
in PbMo O, gives rise (24) to a series of solid solutions
Pb . B12 P (Mo0,)., where ¢ represents a cation vacancy.
Deﬁenﬁf&g onxtgmperature, a fairly 1large range of random cation
vacancies (up to 15%) has been observed.

At high concentration of cation vacancies (¢ = 0.33), new
ordered compositions are observed with unit cells corresponding to
supercells of the scheelite structure. The general formula for
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Figure 2. A representation of the scheelite (Cawo4) structure.
Reproduced by permission from Ann. N. Y. Acad. Sci., Vol. 272,
p. 23, authors: A. Sleight and W. Linn.
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these cation deficient scheelites is AO 6 ¢b BO,, ( = cation
vacancy). An equivalent notation (multiply;ng'ggrough by 3) would
be A ¢ (304) or, more simply, A (BO )3. Three different schemes
for cation ordering in defect sc eeléte have been observed - the
Eu, (WOA) structure (25) (which is found for several rare earth
moiybdatgs and tungstates), the La,(Mo0,), structure (26) (found
for larger rare earth molybdates ©only), “and Bi, (Mo0,). (18), a
unique structure. The cation ordering schemes “for thése three
structures as derived from the ideal scheelite structure is shown
in Figure 3, which is a projection of each of these structures down
their respective monoclinic b-axes (for the defect compounds) with
reference to the corresponding c-axis projection of CaW0,.

It is evident from this schematic representation that these
structures not only differ in the manner in which the vacancies
order (and therefore in their unit cell metrics) but in distortions
of the BO, polyedra. Diffraction studies have shown that these
distortions, which are most pronounced in the structure of
Biz(M004)3 (vida infra), also affect the B ion coordination.

Catalytic Activity and Phase Composition

All catalysts were tested for propylene ammoxidation activity.

C3H6 + NI-l3 + 1.5 02 - C3H3N + 3H20

The variation in activity for acrylonitrile formation as a
function of composition for the Biz_xCexM.o301 system is shown in
Figure 4., Maxima in activity, as” measured “by first order rate
constant for propylene disappearance, occur at three compositions.
A partial phase diagram for the system, constructed with powder
x-ray diffraction is displayed in Figure 5.

The phase diagram consists of three regions, two of which are
single phase regions. On the Bi-rich side, Ce 1is soluble in
Bi Mo.,0,,. The maximum solubility of Ce in bismuth molybdate is
approximately 10 mole percent. The Ce-rich side consists of a
solid solution of Bi in CezMo 0 29 which has the La2M03O 2
structure. The maximum solubiii%y of Bi in this phase }s
approximately 50 mole percent. The intermediate region consists of
a mixture of both phases. Comparison of the variation in catalytic
activity with composition as presented in Figure 4 with the phase
diagram reveals that maxima in catalytic activity occurs at the
solubility limits of the two single phases. An understanding of
the basis for this behavior requires a better definition of the
solid state structural aspects of the catalyst system.

Analysis of the Single Phase Catalysts

In an attempt to identify any Bi/Ce ordering or site preference,
diffraction data was collected on two end members of the series. A
powder neutron diffraction data set was collected for a sample of

Bi 80e 2Mo 0 2 composition. Additionally, since neutron
di}fracgion aa£a had not been taken on the the end member of the
series, 312M°3012’ and comparisons to this model were deemed
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Figure 3. 1Ideal scheelite structure compared to ordered defect
structures. Projection is down the c axis with only 1/2 the unit
cell shown in this direction. Shaded circles and tetrahedra are
at the top of level, unshaded 1/4 of the way down the unit cell.
(a) CawWo (b) Laz (M004)3. (c) EuZ(WO4)3. (d) Biz(MOO )
Reproducéd by permission from Ann. N. Y. Acad. Scd., Vol. 2;2,

P. 23, authors: A. Sleight and W. Linn.

In Solid State Chemistry in Catalysis, Grasselli, R., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1985.



Publication Date: June 13, 1985 | doi: 10.1021/bk-1985-0279.ch004

4. BRAZDIL ET AL. Bi-Ce Molybdate Selective Oxidation Catalysts 65

.. O+ 600°C
6l --0--550°C
—a— 500°C

k (min"m-2)

0 1 1 1 1 L L 1
] 0.2 04 0.6 08 1.0 1.2 14

Figure 4., Catalytic activity as a function of composition and
reaction temperature for the Bi,_ Cex(Moo4)3 system, Catalytic
activity is expressed as k, the f}rst order rate constant for
propylene disappearance. Reproduced from Ref., 17. Copyright 1983

American Chemical Society.
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Figure 5. Partial phase diagram for the Biz_xCex(M004)3 system.

Reproduced with permission from Ref. 16. Copyright 1983, Academic
Press, Inc.
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significant, powder neutron diffraction data were collected on this
material as well.

The  structure of BizMo30 (perhaps better written
B12/3¢ﬁ{ MoO, ), is based on scheeli%e. As discussed above, there
is“cons aeraﬁle distortion from the ideal scheelite structure, this
is probably due to the Bi lone pair of electrons (vida infra). As
a result of these distortions in the anion packing, the Mo atoms
are penta-coordinate (as opposed to tetrahedrally coordinated in
CaW0,) and Mo, O, "dimers” are observed, with Mo... Mo separations
of 3.4 X and“two bridging O atoms. A listing of Mo-0 distances
derived from the neutron diffraction data for Bi Mo30 2 is given in
Table 1. Note that the O coordination abou% eacﬁ of the three
crystallographically distinct Mo atoms is similar. Each Mo atom
contains one short (double) Mo-0 bond, one singly bound O atom, two
oxygens with intermediate bond orders and one weakly bound oxygen
atom. The result is a very asymmetric oxygen coordination sphere
about each Mo atom.

Table I. A Comparison of Interatomic Mo-O Distances in

BizMo3O12 and Bil.8ce0.2MD3012
Bi,Mo,0,, Bl, gCeg.oM030,
Mo(1)-0(4)2 1.70(1) 1.78(3)
-0(5) 1.78(1) 1.67(2)
-0(2) 1.80(2) 1.92(3)
-0(10) 1.89(1) 1.85(2)
-0(10)' 2.20(1) 2.27(2)
Mo(2)-0(1) 1.65(2) 1.63(3)
-0(9) 1.75(2) 1.68(3)
-0(6) 1.85(2) 1.98(4)
-0(3) 1.97(2) 1.90(3)
-0(8) 2.16(2) 2.23(3)
Mo(3)-0(12) 1.74(2) 1.72(2)
-0(11) 1.63(2) 1.88(3)
-0(8) 1.87(2) 1.93(3)
-0(7) 1.90(1) 1.83(3)
-0(6) 2.48(2) 2.34(3)

a) Bond distances are given in angstroms, with estimated
standard deviation of the last digit given in parenthesis.

Results (Table I) from refinement of the powder neutron diffraction
data for the Ce doped material, Bi Ce0 2Mo 0 29 indicate that
significant structural alterations have ré ul%eé from Ce incor-
poration into the solid. The three Mo atoms are no longer
chemically equivalent. The coordination about Mo(l) is unchanged
from that of the parent compound. A second Mo atom contains two
short (double) bonds to oxygen atoms. These molybdate dioxo
(dimolybdenyl) groups are believed to be an important feature for
selective oxidation catalysis (7). The third Mo coordination
sphere contains no Mo=0 bond. Bond order calculations (27) about
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this latter Mo site indicate the total Mo-0 bond order to be 5.
This apparent reduction of Mo from 6 to 5 is most likely accom-
panied by some Ce oxidation to 4 and/or oxygen removal from the
solid.

The distribution of the Ce dopant is not uniform. Of the
three cation sites in the parent compound, the first two are fully
occupied by Bi atoms, while the third is empty. This results in a
sequence of cation occupation on the [010] face as shown below in A
and B. Site a is 92% Bi, 4% Ce, site b is 88% Bi, 12% Ce, and site
c, normally vacant, is 4% Ce occupied. Examination of the oxide
environment about site c indicates that there is insufficient room
for a Ce cation. Occupation of the site must therefore result in
some local disorder, the most 1likely manifestation thereof being a
vacancy in site a (the distance between sites a and c are too short
to allow simultaneous occupation). Note also that site a is not
100% occupied. Consequently, about 96%Z of the time the
distribution of cations (Bi/Ce) in Bi Ce0 2Mo 012 is as in A
below (normally found in bismuth molybda%é§, 38 3213 the time it
is as in B.

M MO cesene

A) eeeeee M M O O
M O M MO cesens

M M
B) eceeee M Ce O M
M=Bi/Ce

The distribution of cations represented in B is reminiscent of that
of Ce2Mo3012 on the [010] face.

A StTructural study of a Ce rich catalyst was also undertaken.
A single crystal x-ray diffraction analysis of a crystal of
composition Ce Bi0 3Mo 012 was performed, and some results (along
with comparison$’ to 1sosgructural La,Mo,0 2) are presented in Table
II. The results of the experiment indica%e that the Bi substitutes
for Ce in the structure. Unlike BizMo3O 29 the parent compound
Ce Mo,0., has a relatively undistortéd scﬁeelite-based structure
wi%h }/ﬁzcation vacancies. The difference between the bismuth and
cerium molybdate structures lies in the ordering of these vacancies
as indicated above. The comparison between La,Mo,0,,, and the Bi

doped cerium molybdate is quite good. q‘he3 ﬁ% atoms are
approximately tetrahedrally coordinated to four oxygen atoms, and
the Ce/Bi atoms are eight coordinate. Because the gross

distortions in bismuth molybdate are attributed to the Bi lone
pairs, this relative 1lack of scheelite distortion in cerium
molybdate is not unexpected. At significantly lower concentrations
of Bi atoms lone pair - lone pair interactions are minimized.

As in the bismuth rich structure discussed above, the Bi
atoms in Bi doped cerium molybdate are not randomly distributed on
the Ce sites. The compositions of M(1), M(2), and M(3) (see
Table II) are 86%Ce and 147%Bi, 92%Ce and 8%Bi, 73%Ce and 27%Bi,
respectively. This compositional difference 1is reflected in the
M(3)-0 distances as well. Note that the difference between the
maximum and minimum M(3)-0 distances is larger for Bi doped cerium
molybdate than lanthanum molybdate. Evidently, a 27% occupation of
Bi (with the attendent 1lone pair) is sufficient for a small but
noticable distortion in the average 1local O enviromment. Summa-
rizing the structural results on Ce incorporation into bismuth
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molybdate and Bi incorporation into cerium molybdate one finds

nonrandom dopant substitution. Apparently the symmetry of the
different +3 cat&gn sites,3+coup1ed with the different steric
requirements of Ce and Bi ions, plays an important role in

determining the occupations of the various sites. Additionally, in
the case of bismuth molybdate, a radical alteration in the Mo-0
coordination spheres results upon Ce incorporation. Coupled with
this distortion there is an apparent reduction of one Mo atom, and
the creation of a dimolybdenyl group on another Mo site.

In comparing the two structures, one fails to find a struc-
ture type or distortion (such as Mo...Mo interactions or grossly
distorted metal environments) common to both materials in the
structures described here. Yet, some commonality is expected to
exist based on the close correspondence of the catalytic data.
There are several possible explanations for this: a) considerably
more distortion is found in more Bi rich cerium molybdate compounds
(e.g. Bi0 gCe 1Mo30l ) and a structure analysis of this material
is needed; %) locai environments within the two structures
described here are similar, but the average structures that result
from diffraction experiments do not reveal this similarity or
c) incorporation of another metal more greatly effects the surface
of each material not the bulk, and catalytic behavior is a reflec-
tion of surface structure.

Increased propylene ammoxidation activity of each phase upon
alterion doping is due to the juxtaposition of all necessary
elements for oxidation catalysis in a single phase. The require-
ments of a good oxidation catalyst are a) activation of the
substrate molecule, b) oxidation activity (oxygen inserting) and
c) facile redox capabilities to ease electron conduction and site
reconstruction. For reasons discussed extensively in the literature
(7), we assign these roles to Bi, Mo, and Ce ion sites respectively
in the catalysts described here. The solid solution formation
observed in these materials enables all of these functions to be
represented in one phase and on one surface of the catalyst.

Analysis of the Multiphase Catalyst

The maximum in catalytic activity observed for the multiphase
region of the phase diagram necessarily arises from interactions
between the separate phases. The bismuth rich and cerium rich
solid solutions can readily form coherent interfaces at the phase
boundaries due to the structural similarities between the two
phases which can permit epitaxial nucleation and growth. A good
lattice match exists between the [010] faces of the compounds, this
match is displayed in Figure 6. We have also shown that regions of
an [010] face of a Ce doped bismuth molybdate crystal resembles
cerium molybdate compositionally. This means that the interface
between the two compounds need not have sharp composition
gradients. It is structurally possible for the Bi-rich phase to
possess a metal stiochiometry at the surface that matches that of
the Ce-rich phase.

In order to assess the nature of this interfacial region, the
thermodynamic treatment of Cahn and Hilliard (28) was employed (17)
to derive the following free energy function:
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Bi1 gCeg 2(M00y);3 BiCe(M00,)3

(010) CONTACT PLANE

Figure 6. Crystallographic match between the [010] faces of
the Bi1 8Ceo 2(M004)3 and BiCe(MoO4)3 solid solutions.

Reproduced trom Ref. 17. Copyright 1983 American Chemical Soclety.
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_ e e
Af = RT X, 1n [aBi/aBi] + XCeln [aCe/aCe]

where a 1 and a are the activities of bismuth and cerium,
respect?vely, in gﬁe interfacial region and aeB and a®, are the
activities of bismuth and cerium, respectively, in the quilibrium
solid solution. The function can be regarded as the free energy
of an equilibrium mixture of the two solid solution phases.

The free energy function Af was calculated as a function of
composition in the two phase region of the Biz_ Ce_(Mo0O,), system
(Figure 7). Comparison of Figures 5 and 7 reveals*that energy of
an equilibrium mixture of the phases is minimized at the
composition which gives maximum catalytic activity. It is apparent
that at compositions where Af is a minimum, the difference in the
chemical potentials of the components in the interfacial region and
the equilibrium solid solutions is minimized. Thus, an interfacial
region which is chemically similar to the saturated solid solutions
appears optimum for maximum catalytic efficiency.

Physically, the relationship between catalytic activity and
Af can be understood from a study of single phase bismuth cerium
molybdate solid solutions. The results show that maximum activity
is achieved when there exists a maximum number and optimal
distribution of all the key catalytic components; bismuth,
molybdenum and cerium in the solid. Therefore, it reasonably
follows that the low catalytic activity observed for the two phase
compositions where Af ¥ Af(min) results from the presence of
interfacial regions in the catalysts where the compositional
uniformity deviates significantly from the equilibrium distribution
of bismuth and cerium cations present in the solid solutions.
These compositions may contain areas in the interfacial region
which are more bismuth-rich or cerium-rich than the saturated solid
solutions. Conversely, at Af(min), the catalyst is similar to an

ideal mixture of the two  optimal solid solutions. The
compositional homogeneity of the interfacial region approaches that
of the saturated solid solutions. Therefore, the catalytic

behavior of compositions at Af(min) is similar to that of the
saturated solid solutions.

Summary and Conclusions

Several conclusions can be drawn about the solid state mechanism of
selective olefin ammoxidation by both single phase and multiphase
oxide catalyst. Firstly, optimum catalytic performance is achieved
when there is maximum interaction between key catalytic components
in a solid oxide matrix. Maximum interaction occurs in a single
phase saturated solid solutions since these contain the maximum
number and dispersion of the catalytically important co-existing
elements. Secondly, these key catalytic components for selective
olefin ammoxidation are identified as: an oa-H abstracting element
(Bi), an olefin chemisorption and n%&rogen iggertion element (Mo)
and a multivalent redox couple (Ce” == Ce ) The multivalent
redox couple enhances oxygen ion, electron and anion vacancy
transport in the solid which enhances catalytic activity by
increasing the reconstruction/reoxidation rate of the active Bi and
Mo containing sites. This results in an effective increase of the
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Figure 7. Free energy function Af for Bizﬂ(ng(DAo()4)3 as a

function of composition.
Reproduced from Ref. 17.
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number of active sites available at the surface at any given time.
Thirdly, we have found that the chemical and structural nature of
the interfacial region between co—existing phases in
Ce_(Mo0 catalysts has a profound effect on catalytic
beﬁavior. Tﬁermodynamic calculations show that compositions which
give maximum catalytic activity also give minima in the free energy
of mixing of the two phases relative to the saturated solid
solutions. This can be explained on the basis that at the free
energy minimum the chemical and compositional similarity between
the interfacial region and the equilibrium solid solutions is
greatest.

The simultaneous existence of coherent phase boundaries
between the separate phases of multicomponent catalyst is also an
important criteron for maximum catalytic activity. In bismuth-
cerium molybdates, close structural similarity between the two
saturated solid solutions permits mutual epitaxial growth which
produces a “pseudo” single phase catalyst. As a consequence,
oxygen ion, anion vacancy and electron transport between the phases
can readily occur. In addition, oxygen ion and electron transfer
between the individual phases will be facilitated when the
compositional nonuniformity of the region at the interface is
minimized. A compositionally non-uniform region in which the redox
couple (cerium in this case) is not properly distributed will
exhibit diminished oxygen ion mobility across the coherent phase
boundaries and the overall catalytic activity for selective olefin
oxidation will be less than optimum.
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Structure and Activity of Promoted Uranium-Antimony
Oxide Catalysts

R. A. INNES, A.J. PERROTTA, and H. E. SWIFT
Gulf Research & Development Company, Pittsburgh, PA 15230

At one time the preferred catalyst for propylene
ammoxidation was a uranium-antimony oxide
composition whose active phase was USb30yq. We
have found that the partial substitution of certain
tetravalent metals for the pentavalent antimony in
this phase greatly increases catalytic activity.
Catalysts with the empirical formula USb2M09_10,
where M=Ti, Zr, or Sn, were 6, 11, and 13 times as
active as the old catalyst, while exhibiting as
good or better selectivity to acrylonitrile. The
high activity of the modified catalysts is
attributed to the generation of oxygen vacancies in
the USb3010 lattice. The stability of these
catalysts 1s enhanced by the addition of small
amounts of molybdenum or vanadium which prevent
decomposition of the active phase by acting as a
catalyst for reoxidation.

Acrylonitrile 1is manufactured by passing propylene, ammonia, and
alr over a mixed-oxide catalyst at 400-500°C. The process 1s also
a major source of acetonitrile and hydrogen cyanide which are
obtained as the result of side reactions. Catalysts used in this
process are generally mixed oxides of bismuth or antimony with
other multivalent metals such as molybdenum, iron, uranium, and
tin. At one time, the preferred catalyst for propylene
ammoxidation was a uranium-antimony oxide composition (1-4). This
catalyst contained excess Sb,0, and a silica binder in combination
with the catalytically active phase USb301q (3,4). Both uranium
and antimony in the active phase assume the +5 oxidation state.

We have found that the partial substitution of certain
tetravalent metals for pentavalent antimony greatly increases
catalytic activity. For example, catalysts with the empirical
formula USb2M09_10, where M=Ti, Zr, or Sn, were respectively 6, 11,
and 13 times as active as the original uranium-antimony oxide
catalyst, while exhibiting as good or better acrylonitrile
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selectivity. This paper will discuss how the replacement of
antimony by a tetravalent metal affects the crystalline phase
distribution, how the resulting differences in both composition and
structure relate to the catalytic properties, and how catalyst
stability 1is enhanced by the addition of small amounts of
molybdenum or vanadium.

Experimental Methods

Unless otherwise noted, catalysts were prepared by coprecipitating
the hydrous oxides of uranium, antimony, and a tetravalent metal
from a hydrocholoric acid solution of their salts by the addition
of ammonium hydroxide. The precipitates were washed, oven dried,
then calcined at 910°C overnight or at 930°C for two hours to form
crystalline phases. Attrition resistant catalysts, containing 50%
by weight silica binder, were prepared by slurrying the washed
precipitate with silica-sol prior to drying. In some cases, small
amounts of molybdenum or vanadium were added by impregnating the
oven dried material with ammonium paramolybdate or ammonium
metavanadate solution. The details of these preparations may be
found elsewhere (5-8).

The crystalline phases present 1in each catalyst were
determined from X-ray powder diffraction patterns obtained with Cu-
Ka radiation and a nickel filter. The region scanned was 26 = 10°
to 70°. Infrared transmission spectra from 650 to 4000 em!l vere
obtained using a grating infrared spectrophotometer, a demountable
cell with sodium chloride windows, and catalyst samples prepared as
paraffin oil mulls. Magnetic susceptibilty measurements were made
using the Faraday method and an apparatus which has been described
elsewhere (9). This apparatus was designed for low temperature
studies so our experiments were limited to the 4-105°K range. The
magnetic field strength was 20,369 oersted.

A standard microactivity test was used to determine the effect
of substituting tetravalent metals for antimony. A 0.5 cm” sample
of 20-40 mesh catalyst was weighed and charged to a 0.48 cm I.D.
tubular stainless steel reactor. The catalyst was heated to 450°C
in air flowing at 32.5 cm’ (STP) min~l.  The reaction was then
carried out in cyclic fashion. Ammonia and propylene were added to
the air stream at rates of 3.0 and 2.5 cm’ (STP) min™ ",
respectively. The furnace temperature was adjusted so that the
reaction temperature was 475°C, as measured by a sheathed
thermocouple located within the catalyst bed. After 15 minutes on
stream, the product stream was sampled and analyzed by gas
chromatography. After another 15 minutes on stream, the propylene
and ammonia flows were shut off and the catalyst was regenerated by
allowing the air flow to continue. Propylene and ammonia flows
were then resumed to begin the next cycle. This procedure was
repeated for 5 or 6 cycles and the results averaged. Product
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analyses were made with a gas chromatograph equipped with a thermal
conductivity detector, a 6' x 1/4" column packed with 5 A molecular
sieves and a 15' x 1/8" column packed with 6' of Porapak T followed
by 9' of Porapak QS. Oxygen-argon, nitrogen, and carbon monoxide
were analyzed on the molecular sieve column, while carbon dioxide
and heavier products were determined on the Porapak column. A

microreactor holding 5.0 cm3 of catalyst was used to determine the
optiumum acrylonitrile yield and study the effect of silica binder
and molybdenum and vanadium addition.

Altering the Active Phase

Small increases in activity may be obtained by adding a variety of
multivalent metal oxides to the optimum uranium-antimony oxide
catalyst (10,11). Heretofore, antimony and uranium have been
emloyed in at least a four to one atomic ratio to ensure that
USb30;5 is the only uranium-containing phase formed. The presence
of excess antimony prevents the formation of USbOg which is a less
selective catalyst. Our approach was basically different. Instead
of adding small amounts of promoters to the optimum uranium-
antimony oxide composition, we attempted to alter the active phase
(USb30;4) through crystallization in a hypothetical binary system
USb30,g~USb,yT1i0 g« T:I."'4 has an ifonic crystal radius of 0.68 A,
which 1s close to the 0.62 A ionic radius of sp+d (12) making it a
logical candidate to replace Sb in the USbg0;4 structure.

Grasselll and co-workers (3,4) have éetermined the crystal
structure of the USbj0;q phase Dy analogy to the single crystal
work of Chevalier and Gasperin (13) on UNbjO;4. In another paper
(14), Chevalier and Gasperin report that compounds of the type
U(Nbl-x'Tix)m’Zolo have the same structure. Based on this work,
they proposed that the uranium in UNb30,q is hexavalent and that
one atom of niobium is tetravalent. Thus, to compensate for the
replacement of Sb"'5 with Ti+4, it was expected that uranium would
be converted from the +5 to the +6 oxidation state and that this
would have a profound effect on the catalytic properties.

Effect on Crystalline Phase Distribution

A series of catalysts was prepared to study the effect of
substituting titanium, zirconium, or tin for antimony in the
USbg0,g lattice. The crystalline phases present in these materials
were determined by X-ray powder diffraction. To provide a basis
for comparison with the prior art, catalyst 1 listed in Table I was
prepared following the published recipe (2). This catalyst
represents the old uranium-antimony oxide catalyst without any
silica binder. The crystalline phases detected in catalyst 1 were
USb30;9 and Sby0, as expected (3,4).
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Table I. Crystalline Phases Detected By X-Ray Powder Diffraction

Atomic Ratio

Catalyst [i] Sb Ti Crystalline Phases*
1 1.0 4,6 - I, Sby0,
2 1.0 3.0 - I, sm-II, sm-Sby0,
3 1.0 2.4 0.6 I
4 1.0 2.0 1.0 I
5 1.0 1.5 1.5 I, II, sm-TiO,
6 1.0 1.0 2.0 I, II, TiO,
7 1.0 0.5 2.5 I, II, Ti0,, UTiO5
8 1.0 - 3.0 UTiOS, T102
9 1.0 4.0 0.9 I, II, Sby05,sm-Ti0p
sm—Sb204
10 1.0 4.0 0.9 I, Sby05, sm-Ti0y

* I = USby0,q type phase, II = USbO5 type phase
sm = small amount

A series of catalysts was then prepared having the empirical
formula USby_,Ti O,, where x ranged from 0 to 3. Titanium appeared
to substitute for antimony in the USb30;q lattice up to x=1, since
only a single crystalline phase closely resembling USb30,, was
obtained. No peaks were seen corresponding to TiO, or USbOg. The
X-ray diffraction patterns for the x=0.6 and x=1.0 compositions are
compared in Table II with that of USb3010 prepared by our method.
These patterns were almost identical to published patterns for
USb30;9 except that the 004 reflection (3) shifted from 3.83 to
3.90 A as x increased from 0 to l. Attempts to increase titanium
substitution beyond x=1.0 resulted in the formation of TiO, and
USbOg at the x=1.5 level, and eventually UTiOg at higher levels.

Table II. X-Ray Powder Diffraction Patterns

Ref. (2,3) Catalyst 2 Catalyst 3 Catalyst 4 Catalyst 17
USb30pq USb30; ¢ USby,4Tig,0y  USbyTiOy USbyZroy
d(R) I/Io d(RA) 1I/Io d(A) 1I/Io d(R) I/Io d(R) I/Io

3.85 66 3.83 44 3.87 52 3.90 55 3.92 67
3.18 100 3.16 100 3.18 100 3.18 100 3.22 100
2.45 61 2.44 53 2.45 72 2.45 71 2.47 73
1.92 12 1.91 10 1.94 15 1.96 12 1.95 16
1.83 29 1.83 20 1.83 40 1.83 36 1.84 40
1.66 30 1.66 35 1.65 68 1.67 65 1.67 75
1.65 33 1.64 31

1.59 14 1.58 14 1.59 15 1.59 17 1.60 46
1.47 19 1.46 17 1.46 22 1.47 21 1.48 23
1.33 18 1.33 19 1.34 20 1.34 20 1.34 21

Tabulation of peaks exceeding I/Io>10
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To determine whether titanium substitution would occur in the
presence of excess antimony, catalyst 9 (Table I) was prepared as
described in a Distillers patent (10), while catalyst 10 was
prepared by our standard coprecipitation method. Small amounts of
Ti0, could be detected in both catalysts. Catalyst 9, which was
calcined at a lower temperature than catalyst 10, contained USbOg
in addition to TiO,. The shift in d-spacing for the 004 reflection
noted with the titanium-substituted phases was not seen for
catalysts 9 and 10. Thus, the presence of excess antimony appeared
to inhibit titanium substitution. These compositions were well
above (on the excess antimony side) the binary join expected to
facilitate titanium substitution for antimony.

Zirconium, with a larger ionic radius (0.79 A), did not
substitute as easily as titanium in the USb40,y lattice. 1In only
one case, x=1.0, was a pure USb_,Zr O phase obtained. The other
catalysts contained USbOg, Sby0,, Sby0Og, and ZrO, type phases. The
X-ray diffraction pattern of USb,ZrO, is compared in Table II with
the unsubstituted and titanium-substituted phases. As with the
titanium catalyst the d-spacing for the 004 reflection was
increased.

Tin substitution was also attempted, but the x-ray diffraction
patterns gave no indication of substitution. The peaks
corresponding to SnO, increased in direct proportion to the amount
of stannic chloride used in their preparation, and USbO; and
USb3010 were present in amounts consistent with the U/Sb ratio.
Table III shows the X-ray diffraction pattern obtained for the
composition USbZSnoy.

Table III. X-Ray Diffraction Pattern For USb,SnO,

Crystalline Phases
d(A) I/Io USb301 ¢ USbOs Sn0,

48 X
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Effect on Catalytic Properties

Figures 1 and 2 show how the catalytic activity and selectivity for
the production of acrylonitrile varied with titanium level for the
USby_,T1, 0, series. For purposes of comparison we assumed first
order kinetics and computed the relative activity per gram using
the formula:

1n(1-x)"}
(0.4045) (grams of catalyst)

where X 1is the fraction of propylene converted. A relative
activity of 1.0 corresponds to the activity of the old uranium-
antimony oxide catalyst (Catalyst 1). Selectivity was defined on a
carbon weight basis.

Substituting titanium for antimony in the USbj0,q7 phase
dramatically increased catalytic activity. The relative activity
for the USb3_xT1x0y series peaked at x=1.5. The best acrylonitrile
selectivity was obtained at x=0.6 and x=1.0. Reduced activity and
selectivity at higher titanium levels corresponded to USbOg5; and
UT105 formation. The USb2T10y catalyst seemed to offer the best
combination of activity and selectivity. Under optimum conditions
(Table IV) it yielded 83-84 molZ acrylonitrile per pass compared to
78% for the old uranium-antimony oxide catalyst (1,2,4) which
required six times the contact time to obtain comparable
conversions.

Replacing antimony with zirconium increased catalytic activity
11-fold. Figures 3 and 4 show that activity peaked at x=1.0. The
USbZZrO catalyst was less selective than the corresponding
titanium-substituted catalyst but compared favorably to the old
uranium—-antimony oxide catalyst.

Relative Activity =

Table IV. Optimum Acrylonitrile Yield With USb2TiOy Catalyst

Reaction Temperature, °C 475 475
Contact Time, s 0.65 0.72
CqHg/Alr/NH, 1.0/11/1.1 1.0/10/1.1
% CqHg Conversion 97.6 98.9

% 0, Conv 85.9 93.9

% Selectivities

CO + CO, 11.8 13.7
HCN 0.3 0.4
Acetonitrile 1.3 1.4
Acrylonitrile 86.5 84.1
Other 0.1 0.4
% Yield Per Pass 84.4 83.2
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Although the X-ray diffraction patterns indicate that very
little tin was incorporated in the USb30;9 phase, tin had the
greatest effect on catalyst activity. A catalyst consisting of
equimolar amounts of USb05 and USb3010 without any promoters is
less active and less selective for the production of acrylonitrile
than than USb3010 (2). Also, Sn02 by itself is a poor catalyst.
Yet, 1intimate mixing of these phases produced highly active
catalysts. The x=1.0 and x=1.25 compositions had relative
activities of 13.0 and 13.9, while exhibiting good selectivity for
acyrlonitrile production (Figures 5 and 6).

Table V shows the effect of Ti, Zr, and Sn addition when
excess antimony was present. Although each increased catalyst
activity, the effect was much smaller than for the USb3_xMxOy
compositions. Titanium addition about doubled the relative
activity compared to the standard uranium—-antimony oxide catalyst,
while Zr and Sn addition had a smaller effect. The poor
selectivity of the Distillers-type catalyst, No. 9, is attributed
to the presence of USbOs.

Table V. Promoting Effect In Presence Of Excess Antimony

Catalyst Catalyst % CqHg % AN Rel.
No. Composition Conv. Sel. Act.

1 USb,,  ¢0x 16.0 82.1 1.0

10 USb[hoTio.gOy 45.7 84.5 2.3

9 USb4.oT10,90y 33.7 58.4 1.8

17 USb4.6Zr1.ooy 32.2 82.6 1.8
35 USb4.6Sn1.OOy 19.8 80.3 1.2

Oxidation State of Uranium

Figure 7 shows a portion of the infrared transmission spectrum_ for
the USbs_,Ti O, catalysts. Infrared bands at 925 and 865 em™! in
USb30; have geen attributed to the U-Opyp stretch (3), while a
band at 715 cm”! is believed to be an Sb—-0 stretch. As x was
varied from O to 1.5, the infrared adsorption bands at 925 and
865 cm™l ghifted to 950 and 895 cm™l, while the band at 740 cm™!
shifted in the opposite direction to 715 cm'l. As x was increased
above 1.5, these bands disappeared.

The effective molar paramagnetic moment of USb,TiO, was less
than that of the standard uranium—antimony oxide composition (Fig-
ure 8) but still significant. As temperature was increased from 4
to 105°K, the effective magnetic moment of the old uranium-antimony
oxide catalyst increased to a value corresponding to one unpaired
electron which 1s consistent with vt . At low temperatures the
effective magnetic moment of USb2TiO was significantly lower than
for the old uranium-antimony catalyst, but as the temperature was
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increased to 105°K it also approached values corresponding to one
unpaired electron.

While titanium substituted for antimony and this had a
dramatic effect on catalytic activity as expected, there is a
question as to how much of the uranium was converted from the +5 to
the +6 oxidation state. The shifts in the infrared bands indicate
a shortening of the U-OIII bond distance and a lengthening of the
Sb—-0 bond distance which is consistent with an increase in
hexavalent character, but the magnetic measurements show that a
substantial portion of the uranium remained in +5 state. If the
valence of uranium is not changed, then the replacement of sbt by
T:I."'4 must generate oxygen vacancies in the USb30;q lattice. It is
these sites that may be responsible for the high activity of the
promoted catalysts.

Increasing Catalyst Stability

The USb2T109_10 catalyst was made attrition resistant by adding an
equal weight of silica binder prior to calcination. X-ray
diffraction patterns show that the same USbyTiOg_;g phase was
formed as in the unsupported catalyst. Acrylonitrile selectivity
was unaffected by the addition of silica and the activity per gram
of active phase was as good or better than with the unsupported
catalyst.

Like the original uranium—antimony oxide catalyst, the
titanium substituted catalysts were able to operate only a short
time without regeneration. Otherewise, the catalyst became over-
reduced, the USb30;9 type phase decomposed, and selectivity
suffered. The addition of small amounts of molybdenum or vanadium
prevented over-reduction enabling the catalyst to operate without
regeneration.

Replacing 0.10 atom of uranium with molybdenum stabilized the
catalyst with only a small effect on activity and acrylonitrile
selectivity (Table VI). Further replacement of uranium by
molybdenum markedly reduced catalyst activity, so that contact time
had to be increased to maintain a high conversion. The addition of
molybdenum resulted in a greater production of by-product HCN and
correspondingly less carbon oxides (Table VII). A similar effect
was obtained with vanadium. However, the vanadium seemed to
increase activity as well as stabilize the catalyst.

Conclusion

The catalytic activity of the uranium—-antimony oxide catalyst for
propylene ammoxidation has been increased an order of magnitude by
modifying the catalytically active phase rather than by adding
various promoters to the optimum uranium-antimony oxide
composition. This modification was accomplished by substituting
titanium, zirconium, or tin for antimony in compositions with the
empirical formula USb3-xMx0y' Titanium and zirconium replaced
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Table VI. Molybdenum Or Vanadium Addition To Improve Catalyst

87

Stability
Hours Stable

X Value Contact % Cslg Acrylonitrile without
Mo \i Time, s Conversion Selectivity Regeneration
- - 1.7 98 86 0.5
0.025 1.7 98 86 0.5
0.50 1.7 99 81 0.75
0.10 1.7 96 85 >150.
0.15 3.2 92 83 >150.
0.20 6.5 96 84 >150.

- 0.10 1.1 98 84 >150.
0.05 0.05 1.1 99 83 >150.

Catalyst composition 50 wt% Ugy gSbyTi(Mo,V),0g_;q/50 wt% Si0,
Contact-time = 1.7 s

Temperature = 475°C

CoHg/alr/NHy = 1.0/11/1.1

Table VII. Effect Of Molybdenum Addition On Selectivities

Catalyst 50% UszTiOg_lo 50% UO. QSbZTiMOO, 109_10
Composition 50% 810, 50% 510,
% C H Conversion 98.2 96.3
Selectivities:
Co + co, 12.0 7.1
HCN 0.4 6.7
Acetonitrile 1.6 1.7
Acrylonitrile 86.0 84.5

Contact-time = 1.7 s
Temperature = 475°C
C3H6/air/NH3 = 1.0/11/1.1
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antimony in the USb30,5 lattice with only small changes in the
X-ray diffraction pattern. Tin was not incorporated into the
USb30;9 lattice but still had a strong effect on catalytic
activity. Since a significant amount of uranium remains in the +5
oxidation state, we believe that the replacement of Sb+5 with Ti+4
and Zr generates oxygen vacancies in the crystal lattice which
enhance catalytic activity. The stability of these catalysts is
increased by the addition of small amounts of molybdenum or
vanadium which may catalyze reoxidation of the catalyst preventing
over-reduction.
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The complex solid state relations of the cerium-
molybdenum-tellurium oxide system were studied to
determine the boundaries of single phase regions and
phase distributions of a typical multicomponent
ammoxidation catalyst. Between 400° and 600°C in air
the (Ce,Mo,Te)0 system contains the following phases:
Ce02, MoO3, Teoz, a-Te, MoO and B-TeZMoo

2 7 7’
B-Ce2M03013 »  Ce,Mol0,, 45, @-Ce,Mo,0, ¢ and
B—Ce2M04015 , CeTe206 , Cez(Te04)3 , a solid solution
(Ce,Te)Oz, Ce6M°10Te4047 , Ce2M02Te2013,
Ce, Mo, . Te Ce Mo, Te fields

4Mo11Te 00595 CegMoyTe 0,7, CejgMoy,Te,079s
of primary crystallization of each of these compounds

in the (Ce,Mo,Te)0 system are indicated. A typical

active (Ce,Mo,Te)0 ammoxidation catalyst is composed

of the  binary phase [5’-Ce2Mo301 3 and/or
cv-Ce21404015 and the ternary oxide Ce4M°11Te10059
(eventually together with Ce6MomTe4047 and MoO3).

The structure of a highly active cerium—-molybdenum—-tellurium
acrylonitrile catalyst(l) has previously been described in terms of
binary (Ce,Mo)0 and ternary (Ce,Mo,Te)O phases(2). It was

concluded that none of the constituent oxides (Ce0 MoO3 and TeOz)

2’

0097-6156/85/0279-0089$06.00/0
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or compounds of the binary (Te,Mo)O or (Te,Ce)O systems are present
as the active phases in the ammoxidation catalyst.

We have recently identified and characterized several new
ternary oxides (Ce,Mo,Te)0(3), after studying over 100 different
compositions calcined in air at temperatures between 400° and
600°C. Combined with the knowledge of the (Te,Mo)0, (Ce,Mo)O, and
(Ce,Te)0 chemistry, which was developed in the last decade, it is
now possible to describe the complex solid-state relations of the
ternary (Ce,Mo,Te)0 system. The results culminated in the
identification of the active phase composition of a typical
(Ce,Mo,Te)0 acrylonitrile catalyst.

Experimental

Preparative methods and samples used for this study were those of
previous work(3). Samples were subjected to x-ray diffraction
(CuKAa radiation) and spectra were interpreted with reference to
the following support materials (taken from the binary oxide
systems): Te Moo7(é), a-Ce,Mo,0,. and B-CezMo 0,,(5), a-Ce2M04015

2 2773713 3713
and ﬁ—Ce2M04015(2)0e2M03012.25(2), Cez(M004)3(§), CeTe206(Z),
Ce,(Te0,)4(7), (Ce,Te)0,(7) together with Te0, (ASTM 11-693), CeO,
(ASTM 4-593) and MoO3 (ASTM 9-209). Ternary oxides (Ce,Mo,Te)0 were
identified on the basis of previous work(3). The-relative amounts
of the phases formed were estimated by comparison of the heights of
the characteristic peaks in non-overlapping positions. As
- and MoO,-rich samples are often non-crystalline

2 3
after heating above 550°C, such preparations were calcined

especially TeO

additionally at 500°C for 8 hours followed by slow cooling in order
to enhance crystallinity.

Results and Discussion

Figure 1 shows the distribution of the three constituent oxides
(Ce02, M.oO3 and Te02) in the various ternary phase compositions at
temperatures from 400° to 600°C. It 1is clearly seen that CeO2
exhibits the 1lowest overall reactivity. Noteworthy is the

In Solid State Chemistry in Catalysis, Grasselli, R., € al.;
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Figure 1. Single-phase boundaries for the component oxides of
the (Ce,Mo,Te)0 system between 400° and 600° C and regions of
formation of non-crystalline reaction products.
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considerable extension of the compatibility range for TeO2 between
400° and 450°C, which correlates with the decomposition process of
H6Te06. Also of interest 1is the affinity of TeO2 for the other
components (in particular Ceoz) above 500°C.

The presence of -Te2M007 (Figure 2) in the Ce02-poor area of
the phase triangle is expected based on the known behavior of the
Te02-M003 system(4,8). Noteworthy is the presence of considerable
non-crystalline material in this part of the diagram, especially at
550° and 600°C, which relates partly to the formation of the
B-Te2M007 glass (Figure 1). The glass—forming tendency of Te2M007
(4,9) leads to an underestimate of the extension of the
compatibility range of the compound.

Among the products of the (Ce,Mo)0 system, only yellow-green
3-Ce2Mo3013 is found below 450°C; the compound occupies an
extensive phase field up to 500°C. Above 500°C the phase
distribution is more complex with formation of a-Ce2M04015 and
Ce2M03012.25 at increasingly higher temperatures. Ce2M°3012.25 is

abundant especially at 550° and 600°C (Figure 2). At 600°C, a-

Ce2M04015 shows a more restricted phase field in comparison to
- - o

Ce2M03012.25. Brown-red B Ce2M04015 is formed at about 600°C as a

minor product wunder our reaction conditions. The observed

formation sequence of the cerium-molybdenum oxide phases agrees
with the phase relations found in the (Ce,Mo)O system(2), even
though the binary compounds are formed at lower temperatures in the
ternary system. In fact, whereas B-Ce2M03013 is detected at 500°-
550°C in (Ce,M0)0, this compound forms already at 400°C in the
(Ce,M0,Te)0 system. Similarly, in the binary system in air
a-Ce2M04015 and Ce2Mo3012.25 are formed at 550° and 650°C,
respectively, as opposed to 450°C in the ternary system.
3'CezM°4015 forms by polymorphic transformation of OI-CeZMo4O15 at
about 650°C in air in the binary system and at a slightly lower
temperature in this study. The absences of ‘Y-Ce2M03013 and the
scheelite Cez(Moo4)3 are not surprising and are in accordance with
previous data(2).

With regard to the ©phases of the (Te,Ce)O subsystem

(Figure 3), we notice that the solid solutions &— and ﬁ-(Ce,Te)O2
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o -Cey Mo, Oy

. Ce Ce
£-Ceg Mo, Org Cey(MoO, )y

=)

Ce

3 -CeaMo30y3 CeMo3 012,25

Mo Te Mo Te

Figure 2. Single-phase boundaries for (Te,Mo)0 and (Ce,Mo)O
phases in the (Ce,Mo0,Te)0 system between 400° and 600°C.

In Solid State Chemistry in Catalysis, Grasselli, R., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1985.

93



Publication Date: June 13, 1985 | doi: 10.1021/bk-1985-0279.ch006

94

SOLID STATE CHEMISTRY IN CATALYSIS

a-(Ce,Te)O, B-(Ce.Te)Oy

]
¥

Te

CeTe, Og Cep(Te0, )y

Mo Te Mo Te

Figure 3. Single-phase boundaries for (Ce,Te)0 phases in the
(Ce,Mo0,Te)0 system between 400° and 600°C.
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are both formed in rather restricted compositional ranges between
450° and 500°C. These solid solutions are not stable at higher
temperatures(7,10). The Te(VI)- containing scheelite Cez(Te04)3 is
formed at a temperature where I-l6Te06 decomposes to TeO2 (above
400°C). The stability range (up to 550°C) of this widely
distributed phase is slightly more restricted than in the binary
(Te,Ce)0 system. Formation of CeTeZO6 at 550°C conforms with our
knowledge of the (Te,Ce)0 system(7). This phase also occupies a
broad compatibility range. The sequence of phase formation with
increasing temperature, namely from (Ce,Te)O2 to Ce2(Te04)3 and
CeTe206, is in good agreement with the binary system(7).

As may be seen from Figure 4, the molybdenum~ and/or

tellurium-rich ternary compounds Ce4MollTe10059, CezMozTe4017, and

Ce6M°10Te4047 occupy 1important and extensive composition ranges
within the (Ce,Mo,Te)0O phase triangle. The central portion of this
diagram is taken up by Ce6M°8Te6045’ CeZMOZTe2013’ and

CelOMolzTel4079’ the latter two with broad compatibility ranges.
Also, some minor components are formed in the solid state
equilibria of the (Ce,Mo,Te)0 system, namely Ce2M°3Te2016 and
(Ce4M°13Te3051)‘

Under our experimental conditions, four of the aforementioned
ternary compounds are formed already at 400°C. Amongst these is
(Ce4Mo Te,0.,), which occupies a small compatibility area and is

13773751
not observed at higher temperatures. The molybdenum-rich compound

Ce6M°10Te4047 is stable over a broad temperature range
(400°-550° C), and is extensively present in the 400°-450°C range.
Also, CezMozTezo13 is stable in the 400°-550°C range.
Ce4MouTeloO59 is the only ternary compound which is stable over

the full temperature range investigated; its phase field is most
extensive in the 450°-500°C temperature interval.

Compounds Ce2M02Te4017, Ce10M°12Te14°79 and Ce6M°8Te6045 are
all formed at about 450°C and are stable up to at least 600°C.
CezMozTe4017

ternary compounds (in particular above 500°C); Ce10M°12Te14°79

finds its major extension at 600°C. Finally, the minor phase

Ce2Mo3Te2016 is formed at 500°C and is stable up to over 600°C.

exhibits the most extensive compatibility range of all
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Ce

Ce,MoyTe, Oy

CegMorgPey Org

Ceg MogTe, 07 [c.‘ “°n"3°sn]

Figure 4. Single-phase boundaries for (Ce,Mo,Te)O phases in
the temperature range between 400° and 600°C.
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As may be seen from Figure 1, x-ray amorphous or micro-
crystalline material was detected in fairly extensive areas in the
phase triangle at various temperatures. In particular, many
cerium—-poor samples calcined at 600°C show a vitreous or highly
sintered aspect and are dark in colour. However, only in a few
cases completely amorphous samples were observed but the regions of
glass formation obviously strongly depend on the cooling rate; this
aspect was not further investigated. It appears that considerable
amounts of (Te,Mo)O glass-like material (of the B-Te2M007 type) are
formed at 550° and 600°C. We have noticed that the x-ray
scattering maximumllmax of the amorphous fraction in the samples
calcined at 600°C varies from d=3.34 X at the molybdenum-rich side
to 3.19 A at the tellurium-rich side (cfr. 3.33 & in B—Te2M007 and
3.29 X in Ce4MollTe10059). At 550°C the tellurium- and
molybdenum-rich amorphous materials exhibit maxima in correspon-
dence to d=3.34 A but with increasing cerium concentration this
value drops to ca. 3.24 A. Also, the non-crystalline molybdenum-
rich fraction at 500°C conforms to glassy (Te,Mo)O (dmax=3.33 b,
but the molybdenum-poor microcrystalline part at the same
temperature (Figure 1) is different (dmax=3’15 . At lower
temperatures the presence of non-crystalline material is probably
partly due to incomplete decomposition and interaction of the
starting products. The extensive amorphous phase formation in the

central portion of the phase diagram at 450°C may be due to CeO, or

Ce6M°10Te4047 (dmax-3'15 Z); in the:cerium-poor amorphous fraciion
dmax varies from ca. 3.36 to 3.27 A at the Mo- and Te-rich sides,
respectively. At 400°C these values are 3.30 and 3.19 £§,
respectively. At this temperature, some completely amorphous
samples were found at the Ce:Mo:Te=(15-20):45:(35-40) ratios.
Despite the great complexity of the system (with 20 different
phases) all x-ray powder spectra were interpreted. As may easily
be ascertained from the figures, the proposed phase distributions
properly account for the presence of each of the cations over the
full compositional range with the exception of the phase ranges
with less than about 5 at%Z of one of the components. This is

reasonable and corresponds to the sensitivity 1limit of the x-ray
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method. Only in the 400°C series, extensive areas in the cerium-
and tellurium-rich ranges of the phase triangle do not account for
the presence of Te or Mo. This is, however, a consequence of less
complete data at this temperature. Based on the reported thermo—
analytic data for the new ternary phases(3), it appears that below
the Te0,-Ce,(Mo0,),

steeply; compositions rich in M.oo3 and TeO2 melt at considerably

binary juncture the 1liquid surface descends

lower temperatures.

In some reactant mixtures as many as six crystalline phases
were detected, e.g. as in the <case of the composition
Ce:Mo:Te=7:8:5 after calcination at 550°C for 8 hours. The
presence of more phases than those permitted under thermodynamic
equilibrium is a consequence of the incompleteness of the reactions
between the components under our experimental conditions. It is
also noticed that various areas of the phase diagram are highly
sensitive to the preparative conditions; e.g. the composition
Ce:Mo:Te=5:8:7 1is composed of CezMo Te Ce,Mo,.Te, 0., and

2Te4017>  CeyMo e 4059

ﬁ-Ce2M03013 after calcination at 550°C for 8 hours but consists of

Ce6M°8Te6O45’ Ce2Mo3Te2016 and an  amorphous fraction after
calcination at 500°C and 550°C each for 8 hours. Another typical
example is given in Table I, but various other such cases were also
encountered. Without variations in the reaction param-eters, the
results are normally perfectly reproducible. No reduced phases
(such as reduced molybdenum oxides and TeM05016) were ever
observed, as indeed expected.

Conclusions

On the basis of the solid-state relationships of the (Ce,Mo,Te)0O
system, it is now possible to derive the phase distribution of a
typical unsupported (Ce,Mo,Te)0 acrylonitrile catalyst with the
composition of Ref.(l1), as indicated in Table I. The results
agree with previous conclusions with regard to the role of (Te,Mo)O
and (Te,Ce)0 oxides in this system and the most likely composition
of the active (Ce,Mo)0 phases ( B-Ce,Mo,0,, and @-Ce,Mo,0..) (2).

2773713 2774715
XPS results (Ce(III) rather than Ce(IV) in the catalyst) favour the
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presence of a-Ce and lead to a revision of the proposed

2M°4015
oxygen content of the catalyst(l). The absence of Cez(Moo4)3 as a
component in the phase diagram is of significance with respect to
the catalyst composition and activity. In fact, it is well known
that this phase is essentially inactive in selective ammoxidation
of propylene(12). The compatibility range of Mo0, in the
(Ce,Mo,Te)0 system casts doubt on the presence of this compound as
a significant component of the catalyst. This conclusion agrees
with previously presented results(g) and our current study
(Table I).

The new feature, derived from this work, is the identification
of the active ternary phase(s), namely CeAMOIITeIOOSQ and/or
Ce6M°10Te4047 with the latter not being stable much above 500°C.
It is noticed that according to the phase distribution of samples
with the stoichiometry of the active catalyst, no tellurium-
containing phase is detected by x-ray diffraction above 500°C
(Table 1I). However, the maximum of the amorphous fraction
(dmax-3.33 k) points to Ce4MouTe10059 (dmax=3'29 A), a compound
which is easily obtained in non-crystalline form above 500°C(3).
The previously reported unknown ternary oxide(2) has now been
identified as CekMollTe10059' Therefore, it 1is likely that the
active phase of the (Ce,Mo,Te)0 ammoxidation catalyst consists of
an a—Ce2M04O15

In evaluating our results and conclusions in relation to the

-rich mixture containing CeAMollTeIOOSQ'

industrial catalyst(l), an account should also be taken of the
effect of the silica support, which has not been considered here
and yet is 1likely to play a role. In fact, as shown
previously(7,10), the phase distribution of the (Te,Ce)0 system
differs from that of the (Te,Ce)O/SiO2 system at the same
activation temperature due to the dilution and interaction effect
which affects the respective formation rates and stability ranges
of the various phases. In fact, from x-ray diffraction data of a
fresh SiO2
Ce0, is inferred, contrary to the results of the unsupported

2
system. For these reasons, additional spectroscopic and catalytic

-supported active ternary phase, the formation of some
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activity studies are necessary to confirm our suggestions with
regard to the nature of the active phases contained in the

industrial (Ce,Mo,Te)O/SiO2 catalyst.
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e ferric, chromium and aluminum molybdates as well
as complete series of solid solutions of iron-chromium
and iron-aluminum molybdates were synthesized using a
solution technique to ensure obtaining pure, single
phase, homogeneous powders. The surface area of these
molybdates varied from 5 to 15 m /g and homogeneity
was confirmed using scanning transmission electron
microscopy. The selective oxidation of methanol to
formaldehyde was studied over these pure and mixed
molybdates. No significant differences were observed
between the phases in specific activity, selectivity,
and kinetic parameters.

The most selective catalysts for the oxidation of methanol to
formaldehyde are molybdates. In many commercial processes, a
mixture of ferric molybdate and molybdenum trioxide is used.
Ferric molybdate has often been reported to be the major
catalytically active phase with the excess molybdenum trioxide
added to improve the physical properties of the catalyst and to
maintain an adequate molybdenum concentration under reactor
conditions(}zg). In some cases, a synergistic effect is claimed,
with maximum catalytic activity for a mixture with an Fe/Mo ratio
of 1.7(3). A defect solid solution was also proposed(55). Aging
of a commercial catalyst has been studied using a variety of
analytical techniques(4) and it was concluded that deactivation
can largely be accounted for by loss of molybdenum from the
catalyst surface.

In this laboratory, the mechanism of methanol oxidation
over molybdate and tungstate catalysts has been studied using a
variety of techniques. Steady state and pulse reactor studies
using labeled reactants have established that methanol conversion
to formaldehyde is a redox reaction with lattice oxygen being
involved(6). A kinetic isotope effect has recently been
reportedcz}, and it shows that the rate limiting step in the
reaction sequence is removal of a hydrogen from the methyl group.
Fourier transform infrared studies have shown that a methoxy,
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CH30, group is a surface intermediate during the reaction(53),
and temperature programmed reaction studies have elucidated the
nature of surface reactions and have allowed estimation of the
number of catalytically active sites on powder surfaces&@).

In this paper, we will discuss results of the oxidation of
methanol over a series of molybdates including solid solutions of
ferric, chromium and aluminum molybdates and also over a new
ferric tungstate phase. The mixed molybdates of iron/chromium,
iron/aluminum and chromium/aluminum were made for the first time in
pure well-characterized forms. Results are compared with our
earlier work over commercial mixtures of ferric molybdate and
molybdenum trioxide and a number of pure molybdates(6).

There is a voluminous body of literature in patents(9-19),
papers(20-27) and reports(28-34) on the preparation and catalytic
properties of the methanol oxidation catalyst, often without
detailed reference to the chemical composition of the products.
Indeed, early investigations(35-37) suggested that no compound
was formed in the reaction between FepO3 and MoO3. However,
Kozmanov et al.(38-44) have since prepared the pure iron (III)
molybdate, Feg(MoOh53, by solid state reaction of a stoichiometric
mixture of iron and molybdenum oxides at T00°C. Jager(L0)
reported the formation of a bright green compound, while Nassau
et al.(&;), in their detailed study of trivalent molybdates,
reported a tan compound prepared with careful annealing of the
oxides at 600°C. X-ray powder measurements by Nassau(ll) and
Trunov and Kovba(43) suggested that Fep(MoO))3 crystallized in an
orthohombic space group, while an early single crystal study by
Klevtsov and co-workers(L45-47) reported the crystal symmetry to be
monoclinic. Despite contradictory reports(L48), centric monoclinic
is now the accepted structure of the room temperature phase of
Fep(MoO), )3 as confirmed by Chen(49) in this labgratory. The space
group is P2;/a with a=15.707, b=9.231, c=18.204A, and B=125.25°.
The structure consists of a rather open 3-dimensional network of
corner sharing FeOg octahedra and MoO) tetrahedra, with four
crystallographically different iron sites which lead to some novel
low temperature magnetic properties(50-51).

Sleight and Brixner(52) have shown the presence of a
ferroelastic phase-transition at 499°C between a low-temperature
monoclinic and high-temperature orthohombic phase on the basis of
DSC measurements.

Many studies have been made of solution phase preparations of
the ferric molybdate system. Aruanno and Wanke(54) used a
preparation from ferric chloride and ammonium heptamolybdate
solutions, following the work of Shelton et al.QlL). This has been
developed by Italian workers under Perniconegzi) into the
Montedison process(56-60); they made an interesting statistical
study of the precipitation stage(6l). Pernicone suggests that
excess MoO3 may be incorporated into the Fep(MoO))3 lattice(55)
modifying the catalytic properties; however, not all workers are in
agreement with this proposal(6,62).

Boreskov et al.(63,6k4) used Fe(NO3)3 and (NH))gMo702) solutions
to prepare a precipitate and a number of other workers have
followed this procedure in detail. 1In particular, Trifiro and
co-workers(65) have explored this route. Their method involves
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a novel aging procedure of recovering the solid in the mother
liquor at 100°C for a few hours(66,67) to control the Fe:Mo ratio
in the final product. -

Another solution method prepares an amorphous hydrated
molybdate from NapMoO) and Fe(NO3)3 solutions(55), following the
method of Kerr et al.(68) to produce a product with a precisely
defined iron to molybdenum ratio. Ferric molybdate has been
prepared from gels involving ferric nitrate and ammonium
heptamolybdate/hydrogen peroxide solutions by Tsigdinos and
Swanson(69). All of these solution methods involve stages of
drying and calcining the initial precipitate to achieve the final
product; full details are given in the respective references.
Single crystals of Feg(MoOh)3 may be prepared hydrothermally
following the work of Klevtsov(T70) and Marshall(71).

Aluminum molybdate, Alo(Mo0O))3 was first prepared by Doyle
and Forbes(72) quickly followed by other workers (41,73). DSC
measurements by Sleight(52) indicate the structure To be
monoclinic below 200°C; the structure is isomorphous with chromium
molybdate(ll).

There have been few studies on mixed compounds of ironm,
chromium and aluminum molybdates. Abidova and co-workers(74-T5)
made a somewhat inconclusive study on the mixed Fe/Al/Mo oxide
system. Based on DSC and reflectance measurements on the ’
2-component systems, they concluded that the 3-component mixture
would be a complex multiphase system. Another study(76) used
co-precipitation of iron and chromium nitrates and ammonium
heptamolybdate. However, their Mossbauer effect data suggested
inhomogeneity in the final product.

One other notable method has been used in the preparation of
mixed transition metal molybdates, amongst many other oxide systems.
This novel method(77) involves preparation of the mixed metal
oxides via an amorphous precursor such as a citrate salt of the
appropriate metals, and then thermal decomposition of the complex
to yield the resulting mixed oxides. The experimental procedures
are described in four French patents(78-81), giving details of many
different preparations including a proposed MoO3 rich, chromium
doped iron molybdate, prepared as a possible selective oxidation
catalyst.

Catalyst Preparation

For the iron/aluminum series, preparations from mixtures of the
oxides FepO3, Alp0O3 and MoO3 or from the nitrates Fe(NO3)3,
A1(NO3)3 and the ammonium molybdate failed as did preparations
from mixtures of the end-member molybdates, Feg(MoOh)3 and
Alp(MoO))3. All the products had very poor homogeneity as
determined by semi-quantitative analytical electron microscopys;
similar results were experienced over the entire range of
composition for x=0-2 in Fep_yAly(MoO))3. Pelleted preparations
fired at T00°C for several weeks showed no improvement in
homogeneity with time. Samples fired at up to 1000°C lost MoO3
as indicated by the presence of Fep0O3 x-ray lines in Guinier
photographs, but still without noticeable improvement in product
homogeneity. A composition range no better than + 20 percent in x
was the best obtained.
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Precipitation methods from solution of the trivalent metal
nitrates and ammonium heptamolybdate were also attempted. The
method was successful for ferric molybdate following the aging
method of Trifiro et al.(66) to produce a precipitate of the
correct stoichiometry. It was notable that after this aging
process, but before annealing, the dried precipitate showed some
crystallinity, but atomic absorption measurements showed an excess
of oxygen, presumably indicating most of the precipitate was
hydrated. Annealing in air at 400°C just above the temperature at
which the last water of hydration is lost for 24 hours was found
to produce a good Feg(MoOh)3 x-ray pattern without any observable
contamination by MoO3 or Fep0O3. Similar results were experienced
for mixed molybdates doped with small amounts of chromium and
aluminum but those preparations containing more than 25% of dopant
showed MoO3 contamination when examined by x-ray diffraction and
the method failed to produce the desired result for chromium or
aluminum. It appears that the iron molybdate is preferentially
formed at low pH values (typically 1.5 in these cases) while the
chromium or aluminum ion remains in solution. Attempts to modify
the pH of the solution by the addition of NH),OH had little effect
on the resulting products which were still heavily contaminated
with MoO3. Even for those samples doped with small amounts of Al
or Cr, x-ray microanalysis showed poor product homogeneity as with
the solid state preparations.

By far the most successful method of preparation was via an
amorphous organic precursor to the required mixed molybdates,
following the method of Delmon et al.(77). The method has proved
successful for the pure iron, chromium and aluminum molybdates,
and also for the mixed phases. A detailed outline of the method
taking the example of FeCr(MoO))3 is as follows:

i) 11.khg (2.83x1072 mol) of ferric nitrate hydrate,
Fe(NO3)3-9Hp0 was dissolved in 100cc of distilled water at room
temperature resulting in a yellow solution.

ii) 11.3k4g (2.83x1072 mol) of chromium nitrate hydrate,
Cr(N03)3°9Ho0 was dissolved in 100cc of distilled water at room
temperature resulting in a dark blue solution.

iii) The iron and chromium solutions were mixed resulting in a
blue solution, pH ca. 1.5 to which 20g (9.5x1072 mol) of citric
acid monohydrate C6HBOZ°H20 was added, and stirred to dissolve.

iv) 15g (1.21x1072 mol) of ammonium heptamolybdate hydrate,
(NH), )gMo702), * bHpo0 was dissolved in 200ce of pure water resulting
in a clear solution.

v) The molybdate solution was added to the nitrate solution;
no precipitate formation was observed and the result was a blue
solution.

vi) This solution was dried on a steambath overnight, to a
blue-green glass and this was transferred to a vacuum oven at T0°C
for 1 hour to complete the drying of the precursor. The resulting
glass is very hygroscopic gaining a sticky appearance in only a
few minutes.

vii) The precursor was ground to a green powder. X-ray
diffraction indicated that it was totally amorphous.

viii) The precursor was calcined at 400°C for 24 hours in air.
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X-ray diffraction indicated a crystalline molybdate pattern without
contamination; the product was a yellowish powder.

The procedure is discussed in detail by Delmon et al.(82-84).
The crucial step appears to be the rapid dehydration of the
starting solution before any of the components can crystallize out
of solution separately. Delmon(85) suggests that a rotary vacuum
evaporation would be an effective method of drying the precursor.
The actual structure of the precursor is not well defined, but
appears to require at least one equivalent of citrate ion per mol
of metal ion(83), as presumably the citrate complexes all the metal
species in solution. The resulting powder patterns, after
annealing, indicated no contamination. Delmonggg) suggests that
any multifunctional acid containing at least one carboxyl and one
hydroxyl function may be effective. Experiments with tartaric acid
on the iron/chromium system produced results similar to citric
acid; a calcination temperature of 500°C was necessary before
crystallization occurred.

The preparation of the new ferric tungstate phase has been
described previously(7). It is schematically shown in Figure 1.

Catalyst Characterization

A continuous range of solid solution, such as the series
Feg_xCrx(MoOh)3 provides a good opportunity for the quantitative,
comparison of two analytical techniques - "classical" atomic
absorption analysis and x-ray microanalysis. X-ray microanalysis
of thin samples using scanning transmission electron microscopy has
become an effective quantitative technique in the last few
years(86), as opposed to the well-known electron microprobe
analyses of bulk specimens(87).

All the work described below was carried out on a Vacuum
Generators HB501 instrument with an accelerating voltage of 100kV,
and at a typical magnification of 1 million. Powdered samples
were dispersed onto carbon coated 3mm copper grids from a
suspension in water, which led to a satisfactory dispersjon over
the grid. Particles analyzed measured no more than 1000A in size
whenever possible, to minimize absorption effects, and those
particles lying near the center of grid-squares were selected to
minimize the intensity of the background CuK, emission peaks due
to the grid. The chromium, iron and molybdenum K, lines were
used in the analysis, their average energies being 5.43, 6.43 and
17.50 KeV respectively. The MoL, line was not selected for the
quantitative analysis due to the high Bremsstrahlung background at
low energy, and hence the difficulty in estimating an accurate
background subtraction. At low energy, there are also absorption
effects due to the beryllium detector window, and for this reason,
the relatively feeble AlK, peak may give unreliable quantitative
results when only a small quantity of Al is present. Thus, in this
study, the Fe/Al and Cr/Al molybdates were not examined by x-ray
microanalysis. For each sample investigated, at least 30
crystallites were examined, and the resulting x-ray emission
spectra were analyzed using standard Kevex software; background
subtractions were made automatically, and peak intensity ratios
were calculated. For each sample, a histogram of the Fe:Mo and
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Cr:Mo ratios was plotted to ensure that the material was
homogeneous and of single phasngé). There was a remarkable lack
of impurity phases; in particular, MoO3 was notable by its absence.
Finally, Cliff-Lorimer ny values were determined for the pure iron
and chromium molybdates, and the Fe:Mo and Cr:Mo ratios across the
series were obtained. The x-ray microanalysis results are plotted
in Figure 2.

Atomic absorption measurements were carried out by Galbraith
Laboratories, Inc. These are plotted in Figure 3. 1In general,
both methods are in excellent agreement with the predicted results.
The x-ray results show that a solid solution exists across the
whole range of composition of x in Fep_4Cry(MoO))3, rather than any
mixture of phases. Independent comparison of both sets of results
with the theoretical values for each compound shows the x-ray
results to be the closest to the predicted values, with a typical
accuracy of + 1 per cent compared to an estimated + 3 per cent for
the atomic absorption measurements.

The particle size of some of the mixed molybdates produced by
the citric acid technique were determined using a Micromeritics
"Sedigraph" instrument. The average particle size is quite large -
in each case, the median particle size is about 20um. Scanning
electron micrographs of gold-coated samples suggest that this is a
good approximation, many of these larger particles being
agglomerates.

Surface areas were recorded for the whole series of each solid
solution by the standard No B.E.T. method. The results are listed
in Table I. Especially notable are the relatively high surface
area of those compounds rich in aluminum and Alg(MoOh)3 itself.
Such values are considerably higher than by previously attempted
methods.

Table I
— Surface Areas of Molybdates

n/g
Fep(MoO), )3 T
A15(MoOy )3 1k
Crp(MoOy )3 T
Fep-yxAly (MoO) )3 2-17
FepxCry(MoO) )3 4-13
Cro-yxAly(MoO) )3 8-16

x=0.0 - 0.2 - 0.L4.....2.0

All these molybdates are isostructural with ferric molybdate
with an open 3-dimensional network of MOg octahedra and MoOy
tetrahedra. A ferroelastic transition exists from the low
temperature monoclinic form to the high temperature orthorhombic
form. The transition temperature varies from 200 C for pure
aluminum molybdate to 385 C for pure chromium molybdate and 500 C
for pure ferric molybdate. For the mixed molybdates, the transition
temperature was found to be a linear function of composition as is
illustrated in Figure 4 for the mixed iron-aluminum molybdates.

In Solid State Chemistry in Catalysis, Grasselli, R., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1985.



Publication Date: June 13, 1985 | doi: 10.1021/bk-1985-0279.ch007

7. MACHIELS ET AL. Molybdate and Tungstate Catalysts 109

NaWO, * 2H,0 Fez (NOg)3 » 9 H0
AQUEOUS SOLUTION AQUEOUS SOLUTION
| | |
[ ]

YELLOW PRECIPITATE

DRY

AMORPHOUS POWDER
I Calcination

CRYSTALLINE Fe, (WO,)3

Figure 1. Preparation Steps of Ferric Tungstate Phase,

0.7 - T T T T T T T T T
0.6 | p
M
o 05 | Fe/Mo E
=
© o4l .
)
=
& o3} -
2
®
c 02 4
Cr/Mo
0.1 | J
oo 'l 1 1 L 1 L 1 i 1
0 20 40 60 80 100

Mol Percent Cr

Figure 2. X-ray Microanalysis for Fe/Cr Molybdate
Samples.

In Solid State Chemistry in Catalysis, Grasselli, R., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1985.



Publication Date: June 13, 1985 | doi: 10.1021/bk-1985-0279.ch007

110 SOLID STATE CHEMISTRY IN CATALYSIS

20 L) T L] ) L] L 1 T 1
3
» 15 Fe J
S
o
w
%10 B * -
&
'3 Cr
£ 5 L ]
o 1 L 1 L 'l 1 A 1 1
0 20 40 60 80 100

Mol Percent Cr

Figure 3. Atomic Absorption for Fe/Cr Molybdate
Samples.

DSC TRANSITION TEMPERATURES
Monoclinic —= Orthorhombic

m A A A
25 50 76
FOz(MOO‘)s Alz(MOO‘)3

Figure 4. Phase Transition Temperature for Fe/Al
Molybdate Samples.

In Solid State Chemistry in Catalysis, Grasselli, R., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1985.



Publication Date: June 13, 1985 | doi: 10.1021/bk-1985-0279.ch007

7. MACHIELS ET AL. Molybdate and Tungstate Catalysts 111

Methanol Oxidation

The three pure molybdates, the ferric tungstate, and the mixed
molybdates with a 1/1 cation ratio were tested as catalysts for
methanol oxidation in a continuous flow reactor with external
recycle. The equipment and technique were described previously(6);
differential rate and selectivity data were obtained. The mixed
chromium-aluminum sample had very poor mechanical propertiess no
recycle could be used as a result of excessive pressure drop over
the catalyst bed. The ferric tungstate sample showed behavior
quite different from that of the molybdate, results are shown in
detail elsewhere(7). The rate of reaction of methanol to
dimethylether was the same over both the tungstate and the
molybdate phases, but the reaction rate to formaldehyde was twenty
times larger over the molybdate than over the tungstate. As a
result, the product distribution was different for the tungstate
with dimethylether being the main product. Product distributions
for the three pure molybdates and the mixed molybdates were all
similar to those obtained previously for the commercial methanol
oxidation catalyst and various other molybdate phases(6). Figures
5 and 6 illustrate this product distribution for the mixed iron-
aluminum phase, selectivities are plotted over a range of methanol
conversion of 20-90%. Selectivity to formaldehyde can be increased
to over 90% by running at higher temperature, in a single pass
configuration and by adding water to the feed.

Kinetics of the reaction were determined by varying the
partial pressures of oxygen, water, and methanol as well as the
temperature. Other partial pressures were kept nearly constant;
nitrogen was the diluent. Kinetic observations also were similar
as previously reported(é) as is illustrated in Figures 7, 8 and 9
for different phases. The methanol reaction rate was nearly
independent of the oxygen partial pressure, except at very low
oxygen pressures in the reactor in which case the catalyst begins
to be reduced. It was shown previously(6) that a reduced catalyst
is much less active. The reaction rate has a positive
dependence on methanol partial pressure, but the reaction is
inhibited by the addition of water. Water does however increase
selectivity to formaldehyde at the expense of dimethoxymethane,
methylformate and dimethylether.

The kinetic data are fitted well by a power rate expression,
parameters are shown in Table II, They are in the expected ranges
with apparent activation energies ranging from 18 to 20 kcal/mol.
In order to compare the activity of the various phases, turnover
numbers were calculated at the following conditions: 250 C,

150 torr oxygen and 40 torr methanol partial pressure. These
turnover numbers are expressed as molecules of methanol reacting
per surface molybdenum atom and per secondj they are listed in
Table III. Clearly there is little difference in activity between
the pure and mixed phases studied here and their activity is about
equal to that of a commercial mixture of ferric molybdate and
molybdenum trioxide. Pure molybdenum trioxide is less active by
about a factor 3, but we have shown by TPD studies that the
predominant (010) phase of molybdenum trioxide does not chemisorb
methanol(8). In comparison, various bismuth molybdate phases that
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are well known selective oxidation catalysts for other reactions
are much less active for methanol oxidation.

Table II. Power Rate Law Parameters

E, Apparent Reaction Orders
kcal/mol [0o] [MeOH] [Hp0]
FeggMoOh) 19.3 o.1g 0.38
A15(Mo0y,) 18. 0.2 0.k0
Crg(MoOh) 17.9 0.20 0.L7
FeAl( Mooh§3 20.3 0.16 0.49 -0.58
FeCr(MoO) )3 19.2 0.15 0.L7 -0.55

Table III. Turnover Numbers

Molecules of MeOH Reacted Per Second, Per Surface

Molybdenum Atom at: 250°C
150 torr Op
40 torr MeOH
Fep(MoO), )3 0.05
Alg(MoOh)3 0.03
Cro(MoO),) 0.08
FeAl( MoOh} 0.06
FeCr(MoOh) 0.06
MoO3 0.02
Mo03/Fep(MoO) )3 0.06
BioMoOg 0.003
BipMop0Og 0.009
Bin(MoOL)3 0.007
Bi=(MoO), )2(FeO),) 0.01

Figure 10 shows a schematic representation of the reaction
mechanism over molybdenum trioxide. There is competitive
dissociative adsorption of methanol and water on molybdenum sites.
The slow step in the sequence is the breaking of a carbon-hydrogen
bond in the methyl group of the surface methoxygg). Dimethylether
when fed over the catalyst with water does not react either to
methanol or other products up to 300 C. This implies that the
ether does not adsorb dissociatively as methoxy groups.
Dimethoxymethane and methyl formate when fed over the catalyst with
water react quantitatively at temperatures as low as 150 C.
Dimethoxymethane gives methanol and formaldehyde in a 2/1 ratio
with this ratio decreasing at higher temperature. Methylformate
gives methanol and CO in a 1/1 ratio with the methanol reacting
further at temperatures above 200 C.
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Characterization of Vanadium Oxide Catalysts
in Relation to Activities and Selectivities for Oxidation
and Ammoxidation of Alkylpyridines
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Department of Chemical Technology, Chemical Center, Lund Institute of Technology,
P.O. Box 124, S-221 00 Lund, Sweden

ESCA, XRD, IR, SEM and ESR were used to characterize
the composition and structure of V-Ti-O catalysts, in
both precursors and activated forms. Precursors
consist at low Vl?%k ratioi+_of non-stoieh}ometric
rutile containing Ti and V and with VO on the
surface. With incg asing V/T1i ratios V is dissolved up
to 6 atom %Z and V' ' clusters are formed in the rutile.
Excess vanadium forms non-stoichiometric V,O_ crystals
on the surface of the 25 um rutile particles, which at
higher concentrations are completely embedded. Cata-
lysts activated by reduction additionally contain
non-stoichiometric V_O and V,0, in amount2+increas-
ing with decreasing %/&% ratios. Isolated V' ions in
the vanadium oxides also increase in concentration.
The catalytic performance of these catalysts in
oxidation and ammoxidation of some alkylpyridines is
discussed.

The V-Ti-O system has been extensively studied in connection with
catalytic oxidation and ammoxidation reactions of aromatic hydrocar-
bons. Two principally different types of catalysts can be dis-
tinguished. One type of catalyst is prepared by impregnationm,
precipitation or mixing of the vanadium and titanium phases followed
by calcination in air below the melting point of V, 0. (1-4). The
simultaneous reduction of V,0. and transformation of 2I‘:I.SO (anatase)
into rutile when heating %eiow the V,0. melting poin% has been
demonstrated to be due to topotactic redctions (5). The formation of
lower vanadium oxides can be of importance, because it has been
found that reduced phases determine the activity and selectivity of
catalysts (6,7).

Another type of V-Ti-O catalyst is prepared by mixing V,0. and
TiO, (anatase) phases, followed by heating the mixture abové the
mel%ing point of V,0. (8,9). Clauws and Vennik (10) have found a
defect, associated ‘with oxygen vacancies, by studying the optical
absorption of V,O. crystals. The same defect was found in TiO,-pro-

moted Vzo5 crystdls (11), but the intensity was greatly enhanced.

0097-6156/85/0279-0121$06.25/0
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This shows the importance of the incorporation of Ti4+ in creating
oxygen vacancies.

The catalysts dealt with in this presentation belong to the
second type of catalysts described above. They have been character-
ized by means of XRD, ESCA, ESR, SEM and IR methods.

It has been described in patents that ammoxidation catalysts
can be activated by treatment with ammonia and/or hydrogen (12) or
with carbon monoxide (13). Therefore, both precursors and H, reduced
catalysts will be considered in this presentation. It will“be shown
that the performance of the catalysts are related to their charac-
teristics. The adsorbed state of reactants will also be discussed.

Methods

Activity measurements. The measurements were performed at atmos-
pheric pressure in a glass reactor. A thermocouple was positioned in
the center of the reactor. In the ammoxidation of 3-picoline, the
inlet reaction mixture was admitted at a rate of 32 liters/hr and
contained 232-254 moles of air, 13-14 moles of ammonia, and 56-62
moles of water vapor for each mole of 3-picoline. The reaction was
usually performed in the temperature interval 300-400°C. In the
oxidation of MEP (2-methyl-5-ethylpyridine) the molar ratios of
0,,/MEP and steam/ME_P were 75 and 175 respectively, and the space
veélocity was 7000 h ~. In ammoxidation studies prereduced catalysts
were used and the measurements extrapolated in time to give data at
the start of the reaction. In oxidation studies unreduced catalysts
were used and the data were obtained at the steady state.

XRD. X-Ray diffraction analyses were carried out on catalysts by a
Philips X-ray diffraction instrument using a PW 1310/01/01 generator
and Cu Ko radiation.

IR. The infrared spectra were recorded on a Perkin-Elmer 580B
spectrophotometer connected to a data station from the same manufac-
turer. The KBr disc method was used. The spectra were stored on
disks and transferred to a Tektronix 4051 computer for evaluation.

ESCA. ESCA measurements were performed on an AEI ES 200B electron
spectrometer equipped with an Al-anode (1486.6 eV). The full width
at half maximum (FWHM) of the Au 4f7 line was 1.8 eV. Sample
charging was corrected for with the O IJaine at 529.6 eV, which has
been shown to be a suitable method in this system (14).

For the quantitative analysis calibrated sensitivity factors,
obtained from pure oxides, were used. These were O ls = 1, Ti

2p3/2 =1.37 and V 2p3/2 = 2.17.

ESR. A Varian E-3 spectrometer was used for the ESR studies. In the
quantitative measurements a calibrated V,0_/TiO, sample was run
between each catalyst., The error in these relative measurements was
less than 10 %Z. For the calibrated V20 /T:LO2 sample the spin concen-
tration was determined to within 3% % ‘accuracy by calibration
against a Cu804°5H 0 single crystal. This measurement, and measure-
ments for some o? the samples, were performed on a Varian E9
equipped with a dual cavity. The g-values were measured within
+0.002.
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SEM. Scanning electron microscopic investigations were performed
with a Jeol JSM-U3 or an ISI-100A instrument.

Catalyst preparation. The catalysts were prepared by heating V,0
and TiO, (anatase) powders in a quartz crucible in a high tempefa=
ture ovén for 3 hrs at 1150-1250°C. The fused catalysts were divided
into small particles, and the 0.71-1.41 mm fraction was used in the
activity measurements. Activated catalysts were prepared bar re-
duction of the precursors in 1 atm of hydrogen for 1 hr at 450°C.

Results and Discussion

Catalyst Precursor

XRD. X-Ray diffraction patterns of the precursors were composed of
the patterns of V20 and Ti0, (rutile), except for the 0.5 and 1.0
mole %Z V, 0 catalysés for wh:gch only Ti0, lines were observed (15).
Precursors”with more than 50 mole 7% V20 also contained very small
amounts of TiO, (anatase). Scanning of tée lines in the back-reflec-
tion region, Ze = 115-142 degrees, showed that there was a small
shift of the TiO, lines. The lattice constants of the rutile phase
of TiO, were calculated. Cohen's least-squares method of eliminating
errors” was used (16). The results are given in Table I. The unit
cell dimensions of the catalyst rutile phase has changed mainly in
the a direction. The length of the unit cell in the c direction was
practically the same as that of pure rutile. Bond and coworkers have
obtained the same result (4),. The contraction of the unit cell can
be due to incorporation of V in the TiO, phase. No changes of the
lattice parameters of the vanadium pentoxidg_'_ phase could be de-
tected, although it has been reported that T1i' can be dissolved in
V,0. (11). This might be due to detectability problems. V, 0. does
not” have any lines in the back-reflection region, where shg.f?:s are
most easily seen.

Table I. Lattice constants of TiO2 (rutile)

Cell dimensions

Phase a (&) c (&) Ref.
Ti0,, pure 4.594 2.959 Qa7n
VO, pure 4,530 2.869 (18)
116, , catalyst 4.583 2.958 this work

ESCA. In the ESCA measurements on the fused V2°5/Ti° catalysts the
01ls, V 2p/ and Ti 2p3/ core lines were observe%. The binding
energies (‘E.%.) indicate 2i:he presence of V,0. and Ti0, for all
samples and the values were 529.6, 516.6 and %5%.9 eV, respectively
(See Table II). For the powder mixtures (un-fused) the values were
529.6, 516.6 and 458.5 eV, respectively. Thus there is a difference
in the Ti 2p3/2 B.E. which can be explained by the formation of
rutile during heating 2§_ the samples in addition to the doping of
the rutile phase with V',
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Table II. Binding energies and half widths (eV) of the V 2p and
3/2
Ti 2p3/2 core lines

Sample \' 2p3/2 Ti 2p3/2
TiOZ, anatase 458.5
(1.7)
TiOz, rutile 458.2
(1.9)
v,0 516.6
25 (1.6)
V205/T102, catalyst 516.6 457.9
(1.6) (1.7)
Same after H,SO,+NH, treatment 516.1 458.1
27473 (2.8) (1.9)
V205/T10 (70/30), after 1100°C in 516.2 457.9
vacuum for 15 hr. (3.2) (2.2)

In an attempt to study this effect a VO, /Ti0, (70/30) sample which
appears to be a solid solution from XﬁD data (only rutile lines
appear in spectra) was measured. The sangTi 2p3 2 B.E. as for the
catalysts was obtained. To measure the V' in thé “rutile phase some
samples were treated with sulphuric acid followed by ammonia to
dissolve the vanadium oxide phase. The ESCA analysis of the 10
mole % V,O_. catalyst treated in this manner showed the presence of 6
atom 7% Vzwath a B.E. of 516.1 eV, obtained after subtraction of the
0 ls(Ka3 ) line from spectra. No vanadium oxides are detectable by
XRD on tﬁis sample. Thus, approximately 6 atom % V seems to be
dissolved in the rutile phase of the catalysts. The composition
0 4Tio 9602 has bee2+suggested in the literature (4). That it is
prégab1y°present as V is indicated by the lower V 2p3/2 B.E. and
in correspondence with the V02/T10 sample.

It is interesting to note thé% sample charging phenomena occur
for samples with low vanadium loading. For powder mixtures these are
observed at less than 50 atom % V and for fused samples at less than
6 atom % V. Pure V,O_ gives almost no charging whereas pure TiO
gives a charging of %- V. With enough V,0. so that there is contac
between V,0. particles there should be a"low charging effect. At low
V,0. loadings, however, there is a considerably worsened contact
bétween the V,0. particles throughout the bulk of the sample, and as
for pure TiO,"a”large charging effect arises. What is very interest-
ing is that™ for the fused samples this occurs at a much lower
vanadium content. This indicates the excellent coverage of the V,O0
on the TiO, particles. It is further noteworthy that the 50 atom % 9
powder mixture and the 6 atom % V fused sample contain approximately
the same atom % V as analysed by ESCA, keeping in mind the high
surface sensitivity.

In Figure 1 the V content of the various V,0_./Ti0, samples as
revealed by ESCA is plotted against the nominaf a-con%ent. Points
for V_O /SnO2 catalysts are also included and it is evident that
these 2be%‘xave similarly. The line for the powder mixtures falls close
to the theoretical line (dashed line). An almost perfect match could
be obtained by changing the sensitivity factors. However, since this
deviation might be due to particle size effects, sensitivity factors
from pure oxides were used instead. For the fused samples a much
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higher atom % of V is obtained by ESCA than was expected. Evidently
the V,0_ phase completely covers the rutile particles. This was also
indicated by the charging phenomena discussed above.

In conclusion fro%'_ the ESCA results, the fused V,0 /Ti.O2
catalysts consist of a V' doped TiO2 (rutile) phase embeddec?l ;n the
Vzo5 phase.

ESR. In Figure 2 the ESR spectra at R.T. for some freshly prepargd
V205/T10 catalysts are shown. Even after reduction in H §£ 450°C
for" 1 hour pure TiO, showed only very weak bands from %1 which
taﬁrefore does not interfere with the quantitative measurements of
V' discussed below. For 0.05 mole % V,0. a weak band showig& some
hyperfine splitting was observed. This was interpreted as VO~ ions
on the rutile surface in accord with the assignments of some
slightly different spectra (19,20). These seem to broaden and
disazRgar on increasing the V,0_ content and a broad single band due
to V' in V 05 appears. Thus, almost no fine structure is seen for
10 mole % V%), and is completely absent for the samples 30-100 mole
Z V20 . The “g-value for the broad resonance was 1.972. The line
width ;ncreases from 100 to 150 Gauss with increasing V O5 content
from 10 to 100 %. The 10 % sample showed no signal after %he removgl
of the vanadium oxides. This fact strongly indicates that the V
ions in the rutile phase are not seen at R.T., due to strong spin-
lattice coupling%+§nd thus do not contribute to the quantitative
measurements of V',

In Figure 3 the ESR spectra at 7%§_are shown. The reduced TiO
saggle shows a spectra assigned to Ti (21). The intensity of the
Ti signal is completely negligible compared to the intemnsity of
the other samples at 77K. The increase in intensity with the de-
crease in temperature (relative intensity 77K/R.T.) is very large
for all samples except for V20 . Here a 3.6 fold increase is ob-
served, which corresponds to tge normal change in spin population
with decreased temperature. Est}matgs from instrument gain settings
point to an approximately 10°-10" fold increase for the fused
V20 /Ti0, samples. The intensity at 77K for the pure V,O. sample is
negiigibie - a few per cent at the most - compared witﬁ %hat of the
TiO2 containing samples. The most significant effect is observed for
the™ H SO4 and NH, treated samples which show no signal at all at
R.T. gut one of similar magnitude as for all V20 /Ti0, samples at
77K. Evidently the low temperature signal is almoé% entirely due to
the rutile phase. It is possible that the temperature effect may 23
due to a spin-lattice relaxation effect whereby substitutiomal V
would not be observable at R.T. (gg). It is known that V-V bonds are
formed in th%+Y02-TiO system, apparently by pairing of randomly
distributed V ions é& low concentrations of V (23). These would
undoubtedly give temperature dependent spin-spin relaxation effects.
The calculations of spin concentrations from measurements at 77K do,
however, give absurdly high values. It is therefore suggested that a
large part of the increase in signal intensity is due to a ferromag-
netic phase transition. ,At higher concentrations it seems very
likely that clusters of V or VO, islands are formed in the rutile
phase. Anatase doped with up to 2" atom % V was suggested to contain
a large proportion of VO, islands (24). Pure VO, does not give any
signals in the ESR spectra. It is well known that temperature

dependent phase transitions do occur in VO2 and that these are
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Figure 1. Atom % vanadium by ESCA versus nominal data for mixed
Vzo5 and T:lO2 or Sn0O, powders, fused and unfused.
V,0./Ti0,: @ unfused, o fused, x 10 mole % V,0. treated with

conc. H2§04 and conc. NI-l3 (aq.). V205/Sn02: ® unfased, O fused.
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Figure 2. ESR spectra at room temperature (R.T.) for some

V205/T:l02 fused powder mixtures.
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Figure 3. ESR spectra at 77K for some V205/T102 fused powder
mixtures.

Reproduced with permission from Ref. 32. Copyright 1982 Academic
Press, Inc.
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affected by contaminants. For example, V0 96Ti0 0 02 gives a large
increase in magnetic susceptibility at low'tempeiﬁ%ures (25). It &i
tentatively suggested that in our catalysts in the rutile phase Ti
doped VO, clusters give ferromagnetic species at lower temperatures.

Concerning the curve forms it is seen that for the 0.05 mole %
\'f 05 sample there is4§_hyperfine splitting indicative of a substitu-
tional solution of V in rutile (22,26). It is quite clear that on
increasing the V,O. content from 0.05 to 0.5 mole %, the ESR spec-
trum is strongly bggédened, probably due to large spin-spin relax-
ation effects for V' ' in the rutile phase. Any traces of hyperfine
splitting have almost disappeared at 1 mole % V,O.. All samples from
10 to 90 mole % V,0. showed identical signals, which was also the
case for the 10 % ﬁ §O4 and NH3 treated sample. The g-value for the
broad resonance was 1,934 for™ the 30 mole % V,_O. sample and in-
creased continuously to 1.957 for the 90 mole f é 0. sample which
differs from the values at R.T. Simultaneously, “the linewidth
increased from 180 to 210 Gauss.

SEM. The precursors with 50 to 10 mole % V 05 treated H SO4 and NH
were studied. Figures 4(a) and 4(b) show é%e Ti0 partfile size in
these samples, which is about 25um in both cases.” Figure 4(c) shows
sintered T10,. By comparing this with Figures 4(a) and 4(b), it can
be concluded”that the Ti0, particles become larger when4gintered in
the presence of V20 . The"reason for this can be that V is incor-
porated into the Tio2 lattice, which leads to a decrease of the
melting point of TiO,. This decrease is then reflected in a greater
lattice movability. fhe fact that the TiO, particle size is the s 13
in precursors with both 50 and 10 mole % 620 indicates that the V
content in the TiO, phase is the same in boéh cases, A rutile phase
V0 06Tio 40 was ‘suggested from the ESCA data. V ions are well
knéwn to'ge %ncorporated in TiO, (22,26). Figure 4(b) shows that the
Ti0, particles are agglomerate& when the vanadium oxide content is
low. The agglomeration can be caused by a vanadium oxide monolayer
on the TiO Qﬁ;ticles. According to the ESR study this monolayer can
expose (v46) units. When the vanadium oxide content is low, the
monolayer binds the TiO, particles together. It has been reported
that a monolayer catalyst can be obtained by treatment with an
ammoniacal solution (27). During this treatment, V,0. is dissolved
and the monolayer of vanadium oxide remains on the carrier.

Figure 5 shows the fused 10 mole % V_O_ precursor both freshly
prepared, after reduction with H, at 45003 gnd after treatment with
H, SO, and NH,, respectively. From the fact that needle-like crystals
appear on the TiO, surface after reduction, it can be concluded that
the vanadium oxiae phase in the precursors covers the TiO, par-
ticles. This was also the conclusion drawn from quantitative ESCA
data.

Activated Catalysts

ESCA. Activation of the catalyst occurs in the initial period at
the start up of the reactor. Alternatively, the catalyst may be
pre-reduced to the same state as is present in the steady state of
the reaction. ESCA studies of activated catalysts reveal changes in
the 0 1s and V 2p , core lines, although the effects apparently are
not great. In nghre 6 spectra of fresh, reduced and once used
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Figure 4. SEM micrographs of V,0_./TiO, fused powder mixtures.

a) 50 mole % V,0,, 200x, b) 10’ mo1 % V,0,, 200x, c) TiO
3000x.

2’

Figure 5. SEM micrographs of 10 mole % V, O catalgst. 1000x.
a) Freshly prepared. b) After H,-reduction at 450 C for 1 hour.

c) After treatment with conc. H2§o4 and conc. NH3 (aq.).
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catalyst are shown. The significant differences in the spectra are
the increased intensity of the high B.E. side of the O ls core line
and the asymmetric broadening and shift towards lower B.E. of the
V 2p 2 core line for both used and reduced catalysts. Evidently the
cataiésts are reduced and adsorbed oxygen species are formed. One
interesting feature is the significantly larger amount of adsorbed
oxygen species on the used catalysts than on the H, reduced cata-
lysts. The latter may contain various adsorbed oxygen species, such
as -OH and H,0, which are formed in the reduction. For the used
catalysts, however, one has to consider adsorbed oxygen containing
intermediates or accumulated products.

It is relatively difficult to resolve such spectra as presented
in Figure 6. This is mainly due to not knowing which components
should be present, the slope of the baseline and the presence of the
0 1s Ka 4 satellite lines. However, such an attempt is shown in
Figure éf This is an unoptimised simulation of the spectra with 8
Gaussian components and a base line due to inelastic scattering. The
position of f e two V 2p3/2 components corresponds to V 05 and V204
(14). The V' '/V ratio 'Calculated from these is 0.55. The first
step in the reffggment of the curve resolution would perhaps be to
include a third V 2p3 2 peak for V_O and possibly a fourth O 1s
peak for some adsorbeJ species. This Very tedious procedure is not
applicable in larger scale quantitative evaluations. A much simpler
method of measuring the degree of reduction is to measure the
decrease in peak B.E. and increase in FWHM. In Figure 7 the V 2p3 2
B.E. and FWHM are shown for a 50 mole 7% V,O. catalyst reduced {n
hydrogen at 450°C for various periods of time. It can be seen that
after 1 hour the B.E. has decreased at around 516.3 eV and the half
width has increased to around 2.7 eV, both values in good agreement
with data for V 013 (14).

In Figure % a similar plot is shown for catalysts with differ-

ing mole % V 05, all reduced for 1 hour in hydrogen at 450°C. Here
there is quige a clear trend of increasing degree of reduction with
decreasing V, 0. content of the original sample. It appears that from
roughly 100--%0lS mole % V,O. the surface contains non-stoichiometric
V20 and V O1 » while from™ 70-40 mole % V205 it seems as if V 013 is
preaominang. %inally, from 40 to 10 mole” %" V,O_. the data ingicates
the additional presence of V,0,. In conclusion, original samples
with compositions around 50 ‘mole % V 05 contain after reduction
predominantly V6013 and V205 in the surgace layer.
XRD. 1In ground catalyst samples, with a composition between 30 and
100 mole % V 05, lines corresponding to V205, \ 013, \ 04 and TiO
(rutile) cou%d be identified. The number” ¢f d scernié&e lines o%
vanadium oxides diminshed with increasing amount of Ti0,. In the
catalyst with 10 mole % V205 only TiO, (rutile) and V20 wére found.
For the identification o0f~ V_ O the data given by %lilhelmi and
coworkers (28) was used. The presence of the other oxides was
ascertained by comparison with ASTM data (15).

To obtain relatively more information on the composition of the
outer parts of the catalyst particles, the analysis was carried out
on undivided particles in a rotating sample holder. The composition
of the vanadium oxide phase as a function of the TiO, content is
given in Figure 9. The composition is expressed as relative inten-
sities of the strongest X-ray reflection of the phases, I(i)/IZI(i) x
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Figure 6. O 1ls and V 2p electron spectra for some V205 cata-
lysts.
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100. The lines with the d-values 4.38, 3.32 and 3.20 were used for
vV,0_, V6013 and V,0,, respectively. It was found that this compo-
s%tion approximatély corresponds to the composition in mole %. It
can be seen that V601 is the major vanadium oxide phase at the
outer parts of the cataiyst particles.

IR. The infrared spectra of the pre-reduced catalysts in the range
950-1050 cm = are shown in Figure 10. A shoulder can be seen on the
low wavenumber side of the V,0 peTk. No significant change in
position of the V,0. peak at 1&2; cm ~ can be observed, in contrast
to the case in thé V,b0 -Moo3 (29) and the V20 -Sn02 (30,31) systems.
In Figure 10(a) the 6 35 peak has been normalized. After subtraction
of this peak, the dif2ference spectra presented in Figure 10(b) were
obtained. This figure c;&arly illustrates the existence_ff a band
between 960 and 1020 cm with a maximum around 995 cm ~. The 10
mole % V20 catalyst also exhibits the same band, but no V,0. peak.
The only p?lases in the catalysts which could be identifiezd 5by Rl
were V,O_, V6013’ \ O4 and TiO,. However, the band around 995 cm
has no\z. %een found %:o be due to any of these phases (32). Neither
has it appeared in the spectra for VOZ(A), VOZ(B), V['O9 or vanadium
oxide hydrates (33). -1

The band at 995 cm has also been found in an intimate
V,0./V_ 0 . mixture (32) as well as in an intimate V6013/V 0, mixture
(@3, ?:o]t?l obtained by decomposition of NH4VO . From "thése results
it seems most probable that the band observed %.s connected with the
presence of V 013. Pure V6O1 crystals, however, do not absorb _1_.13
this region (362). Therefore, 1?1: has been suggested that the 995 cm

band can be due to a defect structure of V_0 3 (34). In contrast to
pure V601 this defect structure must have @-l) bonds in its lattice.
This con :iusion is based on the fact that peaks in the range 900-
1100 cm = have been ascribed to stretching vibrations of Me=0 bonds
(35). The defect structures of non-stoichiometric transition metal
oxides can be divided into four basic types (36). These are crystals
with an excess of metal, resulting from the presence of either
anionic vacancies or interstitial cations, crystals with a de-
ficiency of metal due to the presence of either excess anions in
interstitial positions or cationic vacancies. When considering the
V601 structure, the last mentioned type of defect would most easily
resuit in the formation of V=0 units if the cationic vacancies were
localized to the positions of vanadium ions surrounded by 2-coordi-
nated anions. Such cation positions exist between the shear planes
in V 0,4 (37). Extended defects of this type would result in an
"amorphous" like V6Ol structure. Amorphous V 0., has been imaged
by HRTEM and has been 3found to be very selective in the ammoxidation
of 3-picoline (38).

ESR. These measurements were performed on the reduced catalysts
with 10-100 mole % V 05 in the original sample. All samples showed
the same single broac? fesonance as for the unreduced catalysts. The
spin concentration was calculated from the spectra at R.T. and is
presented in Figure 4l_"l as the mole % of the total vanadium content
that is P_fesent as V' ', It is necessary to add that this is paramag-
netic V in the vanadium oxide phase as shown above. The XRD
results showed that V_O and V,0, were formed upon reduction. It

has been mentioned ea?rllj?er that™ pure V204 does not give any ESR
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Figure 10. A: Infrared spectra of V,0_. and pre-reduced cata-
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subtraction of the V,0. absorbance. (Reproduced with permission
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spectra. Furthermore, we have found that the signal for ppre v6013
is much weaker than expected. Evidently, at higher V concen~-
trations the signals disappear from the spectra, probably due to
spin-spin re&_‘gxation effects. Consequently, the observed spectra
arise from V in the vanadium pentoxide}'phase and to some extent
from the V_ 0., phase. Any formation of V to account for the loss
in intensity "for reduced V 05 (3_9_) seems to be an unreasonable and
unnecessary assumptig_p. By Z.I.ooking in Figure 11 it can be seen that
the % paramagnetic V' increases with decreasing V O5 content of the
initial mixture. This is the same, ,trend as obta%ned by ESCA, al-
though in that case the total V concentration in the surface
layers is obtained.

Adsorption. To study the adsorption of 3-picoline with ESCA, the N
ls core line is the most useful core line from the 3-picoline to
observe since both the C 1ls and O 1ls lines are obscured by core
lines from the substrate and pump oil contamination. One would
expect the 3-picoline molecule to adsorb in at least two different
modes: one mT-bonded planar adsorption, and one nitrogen lone pair
bonded either perpendicular or at an angle to the surface. The
former has been shown to be the more strongly retained species in
pyridine adsorption on the Ag (111) surface at least (40). A third
possibility is that an abstraction of hydrogen from the methyl group
results in the formation of a o-bonded species, which could be
preceded by a weaker adsorption as mentioned above. In observing the
N 1s B.E. it is possible to determine whether the nitrogen atom is
involved in any bonding of the adsorbed species.

In Figure 12 N 1ls core line spectra are shown for adsorbed
3-picoline on Pt and on a V,60_ catalyst. A N 1s B.E. of 399 eV is
obtained for pure 3-picoliné Condensed in a thick layer on Pt at
140K. At 673K all 3-picoline has desorbed from the Pt surface. To
investigate the effect of hydrogen bonding of the N atom on the N 1s
B.E., H,O and 3-picoline were condensed at 190K on the catalyst,
forming “a thick layer. No substrate core lines could then be ob-
served. From the spectra it is evident that a second species with a
N 1s B.E. of 401 eV has appeared which most likely is 3-picoline
with water hydrogen bonded to the N atom. Heating this sample to
298K results in a decreased intensity for both peaks and a simul-
taneous appearance of the substrate core lines in the spectra. At
higher temperatures the 401 eV species almost disappear.

For 3-picoline adsorbed on the V20 catalyst at 250K without
HZO addition a smaller peak at 401 eV an% a stronger one at 399 eV
are observed. The higher B.E. species may be caused by adsorption on
a vanadium cation or -OH groups through the N lone pair. This
species disappear upon heating whereas the lower B.E. species is
retained to a significant extent even at 673K in vacuum. The strong-
ly retained species with a N 1ls B.,E. of 399 eV is either the w-
bonded or dissociatively bonded 3-picoline. From measurements on the
adsorption of pyridine it was observed that only a few per cent was
retained compared to the amounts found for 3-picoline at high tem-
peratures. Thus it is concluded that it is the dissociatively bonded
species that are observed at 673K. On the Pt surface all 3-picoline
was desorbed at 673K, but not on the catalyst, which points to some
specific interaction forming the dissociation on the vanadium oxide
surface. It is tentatively suggested that through a H abstraction
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from the methyl group a o-bond between the carbon atom and a ter-
minal oxygen of the vanadium oxide may be formed. It is possible
that it is a homolytic processa¥hereby a hydroxide group is formed
simultaneously as well as two V' ions. This species would be bonded
rather strongly to the surface and would be retained at high tem-
peratures., By repeating the same H abstraction mechanism, pyridine-
carbaldehyde will be formed and3+simultaneously desorb from the
surface. The 1initially formed V cation would probably have a
strong tendency to adsorb an oxygen in a dissociative process
reforming the original structure. Measv.g_fments of the V 2p and O
1s core lines reveal the formation of V' and the appearance of high
0 1s B.E. oxygen species on these catalysts, which supports the
above mentioned model.

Pulse chromatographic studies of the adsorption of benzene,
pyridine and 3-picoline at 250°C on a V,0 catalyst showed that the
amount adsorbed decreaed in the order 3-picoline>pyridine>>benzene
(34). Thus it is obvious that the principal modes of adsorption of
3-picoline are either an adsorption to the nitrogen atom or a
chemisorption of the methyl group after abstraction of hydrogen.
These results are in line with those obtained from the ESCA studies.

Catalytic Performance

Ammoxidation of 3-picoline. ESCA results indicated that the sur-
faces of the catalysts were composed mainly of V20 and V O ., at low
Ti0, contents. The X-ray diffraction patterns o? these catalysts
alsGo revealed the presence of V,0, which may be present as separate
small crystallites on the V205 60 surface, since no coherent
interface can exist between V,_O, and 05 or V60 because of their
different structures. Thus a relative}y small VIZ%A area will con-
tribute to the ESCA analysis.

Figure 13 shows the activity, the binding energy of the V 2p 2
line, and the FWHM as a function of the composition. The follow%g
statements can be made: i) at a high vanadium oxide content the
activity is relatively low and the surface composition is close to
V20 ii) around 30-50 mole % V205 the activity is high and the
sur?ace composition is close to V.0 iii) at low vanadium oxide
contents the activity is very 1low "and the V20 content on the
surface 1increases. These conclusions agree wiéh the published
results that V 013 is more active than V,0_. in the ammoxidation of
3-picoline. V (?4 was found to have a relatively low activity (7).

Figure ?4 i1llustrates the variation of the selectivity for
formation of nicotinonitrile with catalyst composition. The selec-
tivity increases with decreasing vanadium oxide content, but also
has a local maximum at 90 mole % V 05. Dat&_ obtained from ESR
measurements are also given in Figure 1%0. The V' ' /V ratio plotted
is a bulk property,, but it seems that in generaf an increasing
amount of isolated V' ions can be correlated to increasing selec-
tzxity. It is reasonable to suggest that a great amount of isolated
V" species in the bulk also implies a relatively high concentration
of oxygen vacancies on the catalyst surface. It has been found (32)
that a correlation exists between selectivity and the surface
concentration of oxygen vacancies on these catalysts. Oxygen vacan-
cies on the surface are thought to be beneficial for the selectivity
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Figure 12, N 1ls electron spectra from 3-picoline adsorbed on
Pt-foil and V,0_. catalyst at various temperatures.
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because the possibility of complete oxidation to carbon oxides
diminishes.

Oxidation of 3-methyl-5-ethylpyridine. As was shown in Figure 6,
the used catalysts show significant increase in the high B.E. side
of the O ls line. This is interpreted as being due mainly to an
accumulation of adsorbed intermediates or products on the surface of
the catalyst. Measurements on the increase in the C ls and N ls core
lines after use of the catalyst give atom ratios of C:N:0 of ap-
proximately 7:1:1., The B.E. of the N ls line for the used catalyst
is 399.3 eV equal to that obtained in the adsorption measurements
after heating as shown above. It was then suggested that 3-picoline
is adsorbed through the substituent.

In Figure 15 the relative increase of the C 1ls and O ls of
adsorbed species on used catalysts are shown as a function of the
composition of the catalysts in mole % V 05. A maximum is obtained
around 70 mole % V,0. of the initial cata&yst formulation. The half
width of the V 2p core line also appears to have a maximum at
roughly the same poSition. Apparently, the more adsorbed species,
the more reduced catalyst and vice versa. The increase in the half
width is cauﬁﬁﬁ by the presence of V in increased amounts in
addition to V and these lines are too close in B.E. for separate
peaks to appear in the spectra. Finally, a comparison with the
selectivity and conversion reveals that maxima in these are also
obtained at the same catalyst composition. Yield data on the oxi-
dation of MEP was also given earlier (ﬁl). Evidently, under similar
process conditions, the higher conversion and selectivity obtained
around 70 mole % V,O. leads to a more reduced catalyst with larger
amounts of adsorbe&zf%termediates. The FWHM at the maximum is about
2.5 eV in correspondence with measurements on V60 3°

In Figure 16 the selectivity in the oxidation of MEP (calcu-
lated from yield data presented earlier (14)) over a 67 mole % V,0
catalyst (which corresponds to the maximum in Figure 15) is shown®as
a function of the reaction temperature at otherwise identical
process conditions. The degree of conversion would then naturally
increase with the temperature. Also shown are the V 2p core line
B.E. and FWHM measured on the used catalysts. There is &“minimum in
the B.E. and a maximum in the half width, both in combination
corresponding to V6O s at the same position as the maximum in the
selectivity. Apparen%iy, this phase gives the highest selectivity.
At lower and higher temperatures with a low selectivity the compo-
sition corresponds to V20 . There seems to be a dynamic relation
between the selectivity and the oxidation state of the catalyst. As
was discussed elsewhere (l4) a catalyst may be cycled between, for
example, intermediate and high temperatures repeatedly, giving the
same steady state selectivity and composition changes.

Conclusions

Catalyst precursors prepared by heating V,0. and TiO, powder mix-
tures at 1150-125000, intermediate between the melting point of both
components, were found to contain two phases at higher concen-
trations of Vadpne is E}O (rutile), slightly non—stoich%gpetric and
containing Ti and V ons. At low V concentrations V ions are
found mainly in substitutional positions, but also occur as VO
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ions on the surface of the TiO, particles. The size of these are
approximately 25 um for V containing catalysts, whereas the4pure
TiO, particles are much smaller indicating the effect of V on
sin%ering. At 10 mole % V,0. an agglomeration of the rutile par-
ticles is observed, a phenomenon which is absent at higher V/Ti
ratios. At increasing V,0_. concentrations of the initial mixtures V
is dissolved bp to 6 atéom % in the rutile lattice after fusion.
Clusters of V or VO, islands are then formed in the rutile lat-
tice. Excess vanadium %orms V,0. crystals on the surface. At higher
v 05 concentrations the rutilé particles are completely embedded %g
tﬁe V,0. phase, which is non-stoichiometric with a maximum in V
concentfation when the initial mixture contains 50 mole % V,O.. At
high V/Ti ratios a small quantity of anatase is also present.
Activated catalysts are obtained by H, or upon stream reduction of
the V20 phase, whereby V_ 0., and V204 appear in the catalysts. The
degree of reduction increasés with“decreasing V/Ti ratios, giving
more VZO at low V/Ti ratios and predominant%gkv 013 at intermediate
values, ﬁlso the concentration of isolated V ons in the vanadium
oxides increases with decreasing V/Ti ratios. The V601 formed 1is
non-stoichiometric, probably containing cation vacancges between
shear planes giving rise to adjacent V=0 bonds in the V 01 lattice.
The activity at the initial state of the reduced catéiyéis in the
ammoxidation of 3-picoline has a maximum at intermediate V/Ti
ratios, where a maximal amount of defective V60 is obtained in the
H2 reduced4£atalysts. The selectivity seems to]€L more dependent on
isolated V' centers, reflecting oxygen vacancies. In the oxidation
of MEP at steady state, both conversion and selectivity are maximal
with intermediate V/Ti ratios giving dominantly defective V O ..
Adsorption studies reveal strongly bound species which are proga%iy
bonded through the methyl group after an initial H-abstraction.
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The Synthesis and Electrocatalytic Properties
of Nonstoichiometric Ruthenate Pyrochlores

H. S. HOROWITZ!, J. M. LONGO?, H. H. HOROWITZ3, and J. T. LEWANDOWSKI

Corporate Research Science Laboratories, Exxon Research & Engineering Company, Annandale,
NJ 08801

A new series of conductive, mixed metal oxides with the
pyrochlore structure has been discovered and tested as
electrocatalysts. They can be described by the general
formula Ap[Rup_xAx]07.y where A = Pb or Bi, 0 < x < 1 and
0<y<0.5. These oxides are prepared by precipitation/
crystallization in an aqueous alkaline
reaction medium, and a detailed discussion of the
pertinent synthesis parameters is given. In aqueous
alkaline electrolyte, near ambient temperature, these
materials display significantly lower polarizations than
any other catalyst for 02 evolution and are among the best
for 02 reduction. These same materials are found to
catalyze the selective electro-oxidative cleavage of
olefinic and secondary oxygenated organic compounds. It is
suggested that the reaction path for both oxygen electro-
catalysis and electro-oxidative cleavage of organics
involves a cyclic oxygen-ruthenium intermediate on the
surface similar to those formed with osmium tetroxide.

While metal oxides and mixed metal oxides have often been considered
for various electrocatalytic applications, they are often limited by
low electronic conductivity and/or low surface area. One series of
mixed metal oxides with the pyrochlore structure has been discovered
(1) that has demonstrated high catalytic activity for electro-
reduction and electroevolution of oxygen (2) and the selective
electrooxidation of certain organics (3). These materials, which are
characterized by high electronic conductivity and can be prepared in
high surface area form, are described by the general formula:
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A2[Ruz_xAx107-y (1)

where A = Pb or Bi, 0 < x <1 and 0 <y <0.5. The face-centered
cubic oxide pyrochlore structure can crystallographically best be
described by the general formula:

A2[B2]040' (2)

where A and B represent the two cation sites in the structure. The
B-cations are located at the center of oxygen (0) octahedra which
share only corners so as to form interconnected cage-like holes. The
A-cations are located at the intersection of the cages, and the 0'
oxygen sites are located at the center of these cages. These
“special" oxygens (0') may be partially or totally absent and are the
basis for the anion nonstoichiometry observed in pyrochlores.
Excellent descriptions of this structure have been given by Sleight
(4) and McCauley (5).

Experimental

The synthesis method (6,7) involves reacting the appropriate cations
to yield a pyrochlore oxide by precipitation, and subsequent crystal-
lization of the precipitate in a liquid alkaline medium in the
presence of oxygen. The alkaline solution serves both as a pre-
cipitating agent and as a reaction medium for crystallizing the
amorphous precipitate to pyrochlore, thus obviating the need for
subsequent heat treatment.

The reactants used were the more soluble cation sources, generally
the nitrates. The aqueous solutions of these cation sources were
combined in a post transition metal to noble metal ratio appropriate
for the ultimately desired pyrochlore stoichiometry. For lead
ruthenate syntheses the reactant Pb:Ru ratio was required to be
slightly higher than the intended final Pb:Ru ratio because of the
high solubility of lead relative to ruthenium. For bismuth ruthenate
syntheses the Bi:Ru ratio was required to be slightly lower than the
intended final Bi:Ru ratio because of the higher solubility of
ruthenium.

The combined cation solutions were stirred for 10 minutes and then
added to the alkaline reaction medium (usually KOH or NaOH) where
precipitation occurred. The pH of the reaction mixture was adjusted
to be between 10.0 and 14.0. Crystallization of the precipitate to
the pyrochlore structure was achieved in a period ranging from 8
hours to 5 days by maintaining the stirred, oxygen sparged reaction
medium at a temperature of 50-80°C. The reactions were carried out
in polymethylpentene beakers to avoid corrosion by the alkaline
synthesis medium.

In some cases the precipitate was recovered by conventional fil-
tration. Separation of the solid from the alkaline precipitate
medium by this method was followed by repeated washings with hot
distilled water. In other instances, the precipitated solid was
freeze dried. When this method was employed, the precipitated solid
was allowed to settle overnight, and the alkaline precipitation
medium was removed by vacuum pipette, leaving behind only enough
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liquid to keep the solid totally submerged. The removed liquid was
then replaced with fresh distilled water, and the precipitate was
again allowed to settle. This procedure was repeated three or four
times with the precipitate kept completely submerged throughout the
entire procedure. The resultant aqueous slurry was then sprayed into
a vessel of liquid nitrogen by means of a pneumatic atomization
nozzle. The extremely fine droplets constituting the atomized
solution were immediately frozen into fine particles as they
contacted the liquid nitrogen. The ice was subsequently sublimed
from this finely divided frozen powder using a freeze dryer.
Characterization procedures for determining physical and chemical
properties of these materials have been described in reference (1).

Oxygen electrocatalysés properties were measured on Teflon-bonded
porous electrodes (5 cm“ in area). The electrodes always contained
20 weight percent Tef1?n and the catalyst loading employed was
approximately 60 mg/cm”. The Teflon-bonded material was hot pressed
onto a gold screen which served as the current collector. The Teflon
content provided sufficient hydrophobicity so that the electrode,
when placed in the electrochemical cell for testing, was able to
maintain an interface between the liquid and gas phases. Further
details of the experimental methods for evaluating the electro-
catalytic oxidation and reduction of oxygen in aqueous alkaline
electrolytes are given in reference (2).

Electroorganic oxidation reactions were monitored on electrodes
that were fully immersed in the electrolyte. The organic reactants
were directly added to the electrolyte. In some of these
experiments, the electrodes described above were used. In other
experiments, non-Teflon-bonded catalyts were used by employing a
specially constructed Teflon cell. The sample was placed in this
cell between a piece of gold foil and a piece of gold screen. The
gold screen served as the current collector. An outer layer of
Celgard microporous film, placed over the screen, was used to prevent
loss of sample into the solution. Additional experimental details may
be found in reference (3).

Results

General Chemical and Physical Characterization. The x-ray
diffraction data, chemical analyses by x-ray fluorescence and the
effects of various synthesis parameters explored in this study lead
to the conclusion that a new series of pyrochlores represented by
formula 1 has been synthesized. The substitution of the larger post
transition element cation for the noble metal cation on the
octahedrally coordinated B-site leads to a considerable enlargement
of the pyrochlore's cubic unit cell dimension. The relationship
between lattice parameter (a,) and extent of substitution of
ruthenium by either lead or bismuth is linear as shown in Figure 1.
X-ray diffraction patterns of the lead-substituted lead ruthenates
support the conclusion that they are pyrochlores of cubic symmetry.
It must be noted, however, that since these materials were prepared
at relatively low temperatures, the peaks in their x-ray spectra were
broadened. X-ray line broadening was significant [half-height peak
width at 50-60° (20) was equal to 0.5-0.8°(20)]; thus any subtle
evidence of distortion to lower symmetries would be difficult to
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observe. The x-ray diffraction intensity data is also consistent
with substitution of the B site ruthenium cations by PbA+. As the
degree of lattice expansion increases the all-odd hkl reflections
decrease markedly in intensity since their intensities are pro-
portional to the difference in scattering between the A and B site
cations.

Anion stoichiometry measurements made by thermogravimetric
reduction in hydrogen show half occupancy of the 0' (or seventh
anion) site independent of the extent of lead substitution on the B
site. Thus, the appropriate general formu]a for these lead ruthenate
phases may be expressed as Pbp[Rup_xPb%*]0g 5tg.1 where 0< x < 1.
Recent neutron diffraction results E%) confirm the half-occupancy of
the seventh anion site for the phase, PbpRuy0g.5. This oxygen
stoichiometry suggests that half of the ruthenium can be formally
considered as 5+ and the other half as 4+. This is consistent with
the inability to substitute more than half cf the ruthenium by Pod+
and obtain a single phase pyrochlore.

In the case of the Bip[Rup_4Biyx]07_y series, it is possible to
explain the bismuth subst1tuted pyrochlore either as resulting from
the substitution of ruthenium by Bi3*, with subsequent vacancy
formation on_the anion lattice, or by substitution of ruthenium by
pairs of Bi3* and Bi5*+, with no anion vacancy formation necessary.
Any of the above valence distributions for the bismuth ruthenates
could account for the expanded lattice parameter since they all
involve average B-site ionic radii larger than Rud+,

The thermal stability of all of these nonsto1chiometric pyro-
chlores is limited and is inversely dependent upon the extent of
substitution of noble metal cations on the B-site by post transition
element cations (1). For example, Pbp[Rup]Og .5 is stable to 850°C in
air while Pbo[RuPb]Og 5 is only stable to about 400°C.

The Alkaline Solution Synthesis Route. The precipitation/reaction to
form pyrochlores within the alkaline reaction medium appears to
involve the gradual evolution of a crystalline pyrochlore from a
largely amorphous precipitate. The x-ray diffraction pattern of this
"incipient pyrochlore," immediately following precipitation, shows
on1y one discernible feature: a very broad, diffuse peak centered at
~30° (20). With increased time in the reaction medium, the major
peaks of the pyrochlore begin to become evident in the x-ray pattern
of the precipitate, with the original diffuse peak at 30° (20)
gradually evolving into the (222) reflection of the pyrochlore. An
alternative, low temperature solid state approach to synthesizing the
substituted, crystalline pyrochlore is to recover the precipitate
while still in the amorphous state and subject it to a mild heat
treatment. Figure 2 shows the evolution of x-ray diffraction patterns
for such a heat treatment carried out at 300°C. Figure 3 is a DTA
trace, run in air, on an amorphous or "incipient pyrochlore"
precipitate. The very distinctive exotherm accompanying crystal-
lization reinforces the concept that the incipient pyrochlore is a
very effective precursor which, with sufficient thermal activation,
can undergo a rapid, cooperative transformation to a structurally
well-resolved pyrochlore.

Since our interest was in maximizing surface area, attention was
directed primarily at the evolution of crystalline pyrochlore
directly from the alkaline solution media.
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One of the important parameters controlling the alkaline solution
synthesis is solubility. The pyrochlores of the present study are
found to have a finite solubility in alkali. Experimental
observations suggest that the lead-substituted lead ruthenate will
always remain in equilibrium with a certain concentration of lead in
alkaline solution. If the concentration of lead in solution is
increased, thereby exceeding the equilibrium concentration, the
system responds by incorporating more lead into the solid, resulting
in an increased lattice parameter for the pyrochlore. If the
concentration of lead in solution drops below the equilibrium level,
the system responds by giving up more lead to the solution resulting
in a pyrochlore with a smaller lattice parameter. Thus, there is
observed to be a facile transfer of lead between the solid and the
solution aiding the synthesis.

The [OH-] must be maintained at a certain minimum value (pH 10) in
order to synthesize crystalline pyrochlore from solution. This
implies that a minimum solubility is required for crystallization and
that this crystallization of the pyrochlore directly out of alkaline
solution may involve a solution-reprecipitation mechanism. Once the
restriction of minimum pH has been satisfied, [OH-] does not seem to
have a significant effect on crystallinity as long as oxidizing
conditions are maintained. The solubility of lead rapidly increases
with hydroxide concentration; therefore, when all else is held
constant, the lattice parameter of the product pyrochlore decreases
as the pH of the synthesis medium increases.

Increasing the temperature of synthesis results in enhanced
crystallinity as would be anticipated because of improved reaction
kinetics. However, this observation is also consistent with a
crystallization mechanism involving solubility. Furthermore, as the
temperature increases so does the equilibrium concentration of lead
in solution; thus with all else held constant, increased temperature
of reaction results in a smaller lattice parameter for the product
lead ruthenate pyrochlore.

One additional parameter that affects the solubility of lead
ruthenate pyrochlores in alkali is the extent of lead substitution on
the B-site. The greater the substitution (i.e. the larger x is in
formula 1), the higher the solubility of the pyrochlores is in alkali
(2). If it is assumed that a solution-reprecipitation mechanism of
synthesis is operative, the stoichiometry-dependent solubility could
explain why it becomes significantly more difficult to crystallize
lead ruthenate directly out of alkaline solution when x <0.3.

Perhaps the most important synthesis parameter affecting the
crystallization of pyrochlore from alkaline solution is the oxidizing
potential within the reaction medium. It is observed that this
parameter has dramatic effects on both crystallinity and extent of
ruthenium substitution by Pb4*. For example, a synthesis in which 02
is bubbled into the reaction medium will yield a well crystallized
pyrochlore 2-3 times faster than a synthesis where 02 sparging is not
provided. Crystalline pyrochlores cannot be obtained under any
synthesis conditions (except those that are electrochemically
assisted) when N2 sparging is used. The necessity for relatively
oxidizing conditions in order to yield crystalline expanded pyro-
chlores is consistent with the hypothesis that these pyrochlores do

In Solid State Chemistry in Catalysis, Grasselli, R., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1985.



Publication Date: June 13, 1985 | doi: 10.1021/bk-1985-0279.ch009

9. HOROWITZ ET AL. Nonstoichiometric Ruthenate Pyrochlores 149

contain Pb4t, as well as Ru#t and Rud* cations on the B-site. Thus,
oxidation of the divalent lead and trivalent ruthenium starting
species is required.

Highly oxidizing potentials can also be achieved by employing an
anodic electrode within the reaction vessel. For example, the
solution synthesis of crystalline expanded pyrochlore can be done
under conditions (16 hours, 50°C, 0.72M KOH, N> sparging) that would
not yield crystalline pyrochlore if there were no anodic electrode
present. Employing a Pb4* source (such as PbOp or Pb(Ac)gq) rather
than a Pb2* source has much the same effect, the kinetics of pyroch-
lore formation being measurably quicker even though the lead source
may have been added as a solid powder. It appears that a minimum
electrochemical potential of 1.0V vs. a reversible hydrogen electrode
in the same electrolyte (RHE) is required for the synthesis of
crystalline pyrochlore. If the potential of the system is
appreciably lower than 1.0V RHE an amorphous product results. If the
potential is higher than 1.1V RHE, significant amounts of Pb0Op are
produced along with pyrochlore. The sparging of 02 through an
alkaline reaction medium (pH = 13) at 75°C develops a natural open
circuit potential (OCV) of 1.0V RHE, thus allowing for the formation
of crystalline pyrochlore. Nitrogen sparging of the same solution
develops an OCV of less than 0.9 V RHE which explains the amorphous
product obtained under these conditions. Air sparging at pH 13 gives
an OCV well below 1.0V RHE and an amorphous product. However air
sparging at greater than pH 14 increases the oxidizing potential of
the reaction medium high enough to give crystalline pyrochlore.

The above observations are consistent with the Pourbaix (pH vs.
potential) phase diagram for the system lead-water (9). This phase
diagram, shown in Figure 4, indicates that in an aqueous alkaline
environment of pH 13-14 (the optimum ranges for pyrochlore syn-
thesis), Pb304 is stabilized in the potential range of 0.9 - 1.0V
RHE. Thus, this fairly narrow electrochemical potential range, which
coincides with the potential range required to obtain crystalline
pyrochlore directly out of solution, is where Pb2* and Pb4t are
predicted to coexist in the solid state as is the case in lead-
substituted lead ruthenate. Consistent with experimental evidence
cited earlier, potentials >=1.1V RHE stabilize only Pb4+, thereby
resulting in the formation of Pb05.

While the discussion of oxidizing potential has centered on its
effect in terms of lead, it is important to note that a relatively
oxidizing potential is also required to convert the trivalent
ruthenium of the starting solution to a higher (4*/5%) oxidation
state. The Pourbaix diagram (9) for the ruthenium-water system, shown
in Figure 5, indicates that at potentials lower than 0.9V RHE, Rud+
is the only stable solid state ruthenium species. At higher
potentials Rud* is stable in the solid state and is in equilibrium
with the ruthenate (Rubt) solution species. Although it is recognized
that Pourbaix diagrams are not designed to describe mixed metal
systems, in this particular case they help provide a rational
explanation for the required solution synthesis conditions of the
nonstoichiometric pyroclores.

Synthesis of the bismuth-substituted bismuth ruthenates is, in
most respects, similar to that of the lead ruthenate series.
Precipitation/crystallization is effected in a relatively oxidizing,
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alkaline medium. As with the lead ruthenates, low levels of electro-
chemical potential, pH and temperature all lead to an amorphous
product. The synthesis of these materials is further complicated by
the existence of a competitive phase, BigRu207, 633, which has the
KSb03 structure (10). Figure 6 shows that single phase bismuth-
substituted bismuth ruthenate pyrochlores can be synthesized using
the alkaline solution route; however, single phase pyrochlores are
restricted to a fairly narrow pH/temperature window. The bismuth
ruthenate system also differs from the lead ruthenate system in one
other respect. In the lead ruthenate series a mild heat treatment
(e.g. 400°C) in air will convert any of the amorphous, "incipient
pyrochlore" precipitates to pure crystalline pyrochlore. In the
bismuth ruthenate system on the other hand, only those amorphous pre-
cipitates which have been subjected to a digestion period, within the
alkaline medium, of adequate duration will yield pure pyrochlore
upon heat treatment. Furthermore, unless the heat treatment is
carried out in a low p02 atmosphere (e.g. flowing Ar or He) the
product will contain substantial amounts of the KSbOj3 phase.

The low temperature of synthesis afforded by the alkaline solution
route has resulted in the pyrochlore oxides of this study having
surface areas ranging from 50-200 m2/g. Thus, one of the primary
requirements for materials being investigated for catalytic
applications has been achieved. However, even with these relatively
high surface area materials, we have observed that the state of
agglomeration can critically affect the electrocatalytic activity.
Figure 7 illustrates how a simple variation in the synthesis
procedure can drastically affect the state of agglomeration of
powders produced via the alkaline solution route. The bulk volume of
the powder is seen to increase approximately tenfold when it is
recovered from the alkaline synthesis medium by the spray-freeze/
freeze dry technique relative to the case where conventional vacuum
filtration is employed. Electrodes fabricated from the high bulk
volume powder showed a clear improvement in catalytic activity for
both reduction and evolution of oxygen.

Oxygen Electrocatalytic Properties: Oxygen Reduction. Figure 8
compares steady-state poTarization curves for the electroreduction of
02 on a typical pyrochlore catalyst, Pbp(Ruj, 42Pbg,58)06.5, and 15
w/o platinum on carbon. The latter was considered representative of
conventional supported noble metal electrocatalysts. The activities
of both catalysts are quite comparable. While the electrodes were not
further optimized, their performance was E]ose to the state of the
art, considering that currents of 1000 ma/cm® could be recorded, at a
relatively moderate temperature (75°C) and alkali concentration (3M
KOH). Also, the voltages were not corrected for electrolyte
resistance. The particle size of the platinum on the carbon support
was of the order of 2 nanometers, as measured by transmission
electron microscopy.

Figure 9 illustrates the 0y electroreduction activity of a number
of lead ruthenate pyrochlores, Pbp(Rug_yPby)0g 5, where 0 < x < 1.0.
These data demonstrate that catalysts of roughly equivalent activity
can be synthesized over the entire compositional range. In two
examples where the activity was noticeably lower (x = 0.04 and x =
0.98), the synthesis conditions were such that the surface areas of
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Figure 7. Equal weights of Pby [Ru1.62Pbt_‘§3] 0g.5.- :
Left - Recovered by conventional vacuum filtration and drying.
Right - Produced by the spray-freeze/freeze dry technique. Both
have surface areas of 78 ml/g.

In Solid State Chemistry in Catalysis, Grasselli, R., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1985.


http://Ru1.52Pb.33

Publication Date: June 13, 1985 | doi: 10.1021/bk-1985-0279.ch009

154

SOLID STATE CHEMISTRY IN CATALYSIS

£ ] ] L) LI BB
\
g 1.0 '\8§8\ a
o \N
@ = 9\9 -
2 0.9 —
n Q\@
= oPb,[Ru; ,,Pb%tT0 No,
208 [ 2lRuy 42Pb 58106 5 %%
0.7 015% Pt on Carbon \_
¢ )| 1 1 1111
1 10 100 400 1000
mA/cm2
Figure 8. Steady-state polarization curves for 02 redyction in
3M KOH, 75°C on Pho[Ruj 42Pbp 84+306.5, and 45"/o Pt on
carbon. Catalyst 1%ad1a\gs are 65 and 50 mg/cmé, respectively.

The surface areas

of the pyrochlore and carbon-supported Pt are

67 mz/g and 25 m¢/g, respectively. Reproduced with permission
from Ref. 1,Copyright 1983, The Electrochemical Soc. Inc.

------

Volts vs. RHE
o
N

. X=0.82 (60 mz/g)

.
.....
cee

X=0.11 (28 ma/s) e
X=0.33 (85 mz/g)
X=0.58 (67 mz/g) -

X=0.9.4 (81 m“/9)

[} 1 1
1 10 100 300

mA/c:m2

Figure 9. 07 reduction in 3M KOH, 75°C on Pba[Ruz_xPb%%10, 5 as

a function of x. Scans at 0.2 mV/sec. Catalyst loading is 60
mg/cmé. Reproduced with permission from Ref. 1. Copyright
1983, The Electrochemical Soc. Inc.
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the catalysts were quite low (<15 m2/g). Thus, the qualitative
conclusion drawn from these activity curves is that the catalyst
activity does not appear to be significantly dependent upon
composition; surface area does appear to be the dominant factor. The
constant polarization at low current densities observed for the pyro-
chlores run under dynamic scan conditions is a consequence of
pseudo-capacitance charging currents (lead ruthenate with surface
areas of 60-80 mZ/g has a pseudocapacitance in the range of hundreds
of farads per gram; thus, voltammograms under Ny at 0.2 mV/sec showed
capacitance currents of 3-8 mA/cm?).

Oxygen Electrocatalytic Properties: Oxygen Evolution. Figure 10
shows polarization curves for oxygen evolution on a number of
pyrochlores, Pbo(Rua_4Pby)0g 5, where 0 < x < 1. It can be seen from
these curves that catalysts of roughly equivalent activity can be
synthesized over very nearly the entire compositional range; surface
area again appears to be the primary factor affecting activity. Note
again the dominant effect of pseudocapacitance at low current
densities.

The data in Figure 10 illustrate the fact that Pbp(Rup_x Pby)0g.5
pyrochlores are even more effective catalysts for oxygen evolution
than they are for oxygen reduction. A typical good Pbp(Rup_xPby)0g 5
catalyst evolves oxygen at 100 mA/cm at a polarization of
approximately 120 mV from the theoretical potential (1.18V vs. RHE,
3M KOH, 75°C) as compared to a polarization of approximately 260 mV
from theory for oxygen reduction at the same current density. This
extraordinarily low anodic polarization is further demonstrated by
the oxygen evolution activity comparisons, shown in Fig. 11 between
Pbg(Ru1.67Pb0.33)0 .5 and some competitor electrocatalysts. Data for
Pt black, RuOp, 1% Mg-doped NiCo204 supported on Ni sheet, and Ni
sheet are included along with the pyrochlore. It should be noted
that RuOp, while included in the comparison, is found not to be
stable in alkali under anodic polarization.

The performance of Ni could probably have been substantially
improved by using a higher surface area form of the metal, but there
are no reports in the literature of achieving oxygen evolution
activities with nickel that are any better than can be obtained with
NiCo204.

It has been established that reasonable activity maintenance is
achievable over relatively long testing periods (500-1800 hours). The
details of this life testing are given in reference (g). The
principal difficulties associated with activity maintenance appear to
be related to electrode structure. As noted earlier, evidence of
finite catalyst solubility was obtained; however, no indications of
gross chemical/electrochemical instability were noted. Interest-
ingly, the observed corrosion appeared to have no significant effect
on catalytic activity.

In the case of oxygen electro-reduction, the irreversibility (or
polarization from the theoretical voltage) that one almost always
encounters can be considered to arise primarily from the extremely
high activation energy involved in breaking the very stable 0=0
bond. As a result, the electro-reduction of oxygen is typically
rate limited by the reduction of an intermediate hydrogen peroxide
species. The potential of this two electron reduction to the
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peroxide decreases with the peroxide concentration; unless this
concentration is reduced to the extremely low equilibrium level (i.e.
10-15 M HO2 in 1 M caustic), a potential is obtained which is
significantly lower than the theoretical potential for the direct
four electron reduction of oxygen to hydroxide.

Rotating ring disk experiments on the lead-substituted lead
ruthenates (g), at potentials where significant oxygen reduction
current is evident, failed to detect any soluble H202 as an
intermediate. The disk electrode used was a well compacted mass of
Teflon and lead ruthenate powders which was run under diffusion
limited conditions to minimize any penetration of H,0, into the
possibly porous interior. Under similar conditions gagbon paste
electrodes show significant hydrogen peroxide production in alkaline
solutions. The addition of hydrogen peroxide to an open-circuited
lead ruthenate electrode, in alkaline electrolyte, caused the
formation of 02 bubbles and a small but definite reduction in
potential. This suggests that lead ruthenate catalyzes the rapid
disproportionation of peroxide to oxygen and OH- thereby preventing
the formation of soluble peroxide and consequently reducing the mixed
potential effect.

While the oxygen electrocatalysis results reported here have been
those obtained specifically on the lead ruthenate series, essentially
equivalent results were obtained on the bismuth ruthenate series.

Electro-Organic Oxidation Properties. Table I 1ists some results for
the electro-oxidation of primary alcohols and propylene on lead-
substituted lead ruthenate. Propylene was cleaved with nearly 100%
selectivity to acetic acid and COp. In borate buffer at pH 9 the
oxidation of propylene also occurred, and the selectivity to acetate
and C0p, based on the amount of carbonate isolated, was also close to
100%. Dissolved ethanol and propanol were both converted with high
selectivity to the corresponding carboxylic acid salts in alkaline
electrolyte. In contrast, Pt black (also shown in Table I) oxidized
ethanol to CO2 and then rapidly deactivated.

Table 1
LEAD RUTHENATES OXIDIZE ALCOHOLS AND CLEAVE PROPYLENE*

Coulombic Yield % Electrons
Feed Product Product C03= Per Molec.
H3CCH=CH» CH3C00- 100 94 10
“at pH 9 CH3C00- N.ALY 100 10
CH3CHoOH CH3C00- >94 0 4
CH3CHoCH20H CH3CH2C00~ 100 0 4
On PT
CH3CH20H CH3C00-(?) 25,27 48 Deactivated
At 1 hr.

*Potentiostatic Operation at 1.2 V RHE, 25 or 50°C,0.5-1M KOH
*N.A. = Not analyzed for
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Table II shows results for the electro-oxidation of secondary
alcohols and ketones. In alkaline electrolyte, secondary butanol was
not oxidized to methyl ethyl ketone but was cleaved to acetate.
Similarly methyl ethyl ketone was cleaved to acetate, although some
C02 and propionate formed, indicative of cleavage on the other side
of the carbonyl group. Butanediol (2,3) went to acetate yielding
less COp. At pH 9 in borax buffer 2-butanol went exclusively to
methyl ethyl ketone at 89% conversion, suggesting that enolization in
alkali is a necessary part of the cleavage process. Cyclohexanol and
cyclohexanone were both converted to adipic acid. Figure 12
summarizes the various types of electro-organic oxidations, thus far
discussed, which are observed to occur on lead ruthenate in alkaline
electrolyte.

In order to confirm the reactivity and selectivity of lead
ruthenates for the oxidation of isolated double bonds, two soluble,
unsaturated carboxylic acids were chosen that contain a double bond
far removed from the solubilizing carboxylate group. The two
olefinic compounds, l-undecylenic acid and 2-cyclopentene-l-acetic
acid were both cleaved at the double bond as shown in Figure 13.

The initial rates of oxidation for a variety of reactants are
shown as a function of temperature in Figure 14. The soluble
compounds containing oxidizable oxygen functionalities achieved rates
of 100 or more ma/cmZ at 50°C whereas the oxidation of the olefinic
compounds was a factor of 5 or 10 slower. The data on propylene
showed a benefit for higher pH values and a diffusion limit above
50°C in strong alkali.

Table II

SECONDARY ALCOHOLS AND KETONES ARE CLEAVED*

Coulombic Yield % Electrons
Feed Product Product C03= Per Molec.
H
CH3CHoC-CH3 2CH3C00- 67 8-25 8
H
9
CH3-CHoCCH3 2CH3C00~ 8l 14-24 6
CH3-8H-8H-CH3 2CH3C00- 84 3-4 6
H OH
O CHyCH,C00" 87 1 6
=0
CH2CHoCO0-

+potentiostatic Operation at 1.2 V RHE, 25 or 50° C, 1M KOH
*Range of Values Depends on e's/MOL of CO3 Assumed

In Solid State Chemistry in Catalysis, Grasselli, R., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1985.



Publication Date: June 13, 1985 | doi: 10.1021/bk-1985-0279.ch009

9. HOROWITZ ET AL. Nonstoichiometric Ruthenate Pyrochlores

R-CH,OH e, pcOO”

R-CH{CH, —1% RCOO™ + €O,

i .o
R-CfCH, R —be, RCOO™ + "OOC-R
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Summary and Discussion of Results

A new family of high conductivity, mixed metal oxides having the
pyrochlore crystal structure has been discovered. These compounds
display a variable cation stoichiometry, as given by Equation 1. The
ability to synthesize these materials is highly dependent upon the
low temperature, alkaline solution preparative technique that has
been described; the relatively low thermal stability of those phases
where an appreciable fraction of the B-sites are occupied by post
transition element cations precludes their synthesis in pure form by
conventional solid state reaction techniques.

The data summarized in this paper have established that the oxide
pyrochlores under discussion substantially reduce the activation
energy overvoltages associated with oxygen electrocatalysis.
Specifically, it is found that these catalysts, in aqueous alkaline
media near ambient temperature, are superior to any other oxygen
evolution catalyst and are equal in performance to the best known
oxygen reduction catalysts. As bidirectional oxygen electro-
catalysts, they appear to be unmatched.

It has been demonstrated that these same materials are able to
perform the relatively rare reaction of cleavage of olefins and
secondary alcohols, ketones and glycols to the corresponding
carboxylates with high yields and selectivities.

There are several physical and chemical characteristics of these
oxide pyrochlores which may contribute to their high electrocatalytic
activity. The previously described alkaline solution synthesis
technique (6,7) 7) has provided these mater1als with surface areas
typically ranging from 50 to 200 m2/g. Thus, one of the basic
requirements for an effective electrocatalyst has been satisfied: the
electrocatalytic activity is not limited by the unavailability of
catalytically active surface sites, as is so often the case with
metal and mixed metal oxides.

Since all the catalysts investigated in this study display
metallic or near metallic conductivity, the additional basic
requirement of minimizing ohmic losses within the catalyst and
between the catalyst and current collector has also been satisfied.

While high surface area and metallic conductivity are beneficial
to electrocatalysis, they do not alone explain the high catalytic
activity. We speculate that the variable oxygen stoichiometry of the
pyrochlore lattice, and the multiple valence states of the cations,
particularly the ruthenium, are essential to the catalytic activities
of these pyrochlores.

Noble metal pyrochlores were originally considered by the authors
as prime oxygen electrocatalyst candidates because of their ability
to accommodate oxygen vacancies in up to one seventh of the anion
sites. Changes in the average valence of the ruthenium can be
expected to accommodate any such stoichiometry changes in
Pbo(Rup_xPby)0g.5. The existence of higher and lower valent oxides
(either surface or bulk) in the potential range of interest appears
to be a characteristic of many oxygen electrocatalysts such as Pt,
Ag, Ni (for oxygen evolution), Au, etc. The reasons for this have
never been explained exactly, although the ability of the surface to
interact with or adsorb the potential intermediate peroxide or
hydroperoxide ion on its surface is often invoked.
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In the case of lead ruthenate, the oxygen non-stoichiometry
concept can be developed further by combining it with the known
reactions of the variable valence ruthenium. It has been shown in
this work that these same catalysts can cleave carbon-carbon double
bonds (3) in a manner analogous to that of osmium and ruthenium
tetroxide (11). It is known (12) that 004 (and presumably Ru0g)
cleave olefins via complexes with the structure:

y
<

H

) ]

O
=

The fact that these catalysts can carry out the very same cleavage
suggests that they can form moieties similar to the tetroxide on
their surfaces. By analogy, it is possible that the ruthenium atoms
at the surface of the crystal lattice can react with oxygen molecules
so as to form these same surface complexes:

'°\R,x’ BN /‘l’ N

i+ 0p— Ru — Ru
AN S TS

These can be reduced stepwise to regenerate the starting structure:

—0 0 —0 OH
\Ru/ +2H202—e> \R +20H-—28 o W+ 204
/ Q§§ -0’/// \\\OH - )

—0 0

This or a similar set of reaction steps would avoid the formation
of hydrogen peroxide consistent with the results of the rotating disk
electrode experiment.

While the mechanism above is speculative, we prefer it to other
possibilities involving -Ru-0-0-Ru- moieties, because (1) the elecro-
organic oxidations must involve single Ru atoms, due to the steric
requirements of the cleavage reaction; (2) the catalytic activity of
non-stoichiometric lead ruthenates is surprisingly insensitive to
dilution of the Ru atoms with Pb, whereas high sensitivity would be
expected if the mechanism involved pairs of neighboring Ru atoms; and
(3) the nearest Ru-Ru distance in the lattice is about 3.5 A --
probably too long for a bridging peroxide group.
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The strong interaction between W03 and a v-A1505
support is monitored under high temperature
reducing and oxidizing conditions by a combination
of physical and spectroscopic techniques. Below
monolayer coverage a difficult to reduce highly
dispersed surface tungsten oxide complex exists,
whereas at higher coverages a more easily reduced
bulk like WO, species is also present. Dynamic
structural caanges of the supported phase occur
during high temperature treatment.

Supports can no longer be considered inert carriers which act
solely to disperse a metal or metal oxide and thereby increase
effective surface area. In many cases the reactivity and the
catalytic properties of supported and bulk phases differ
dramatically. A plethora of work has appeared over the last few
years describing the strong metal support interaction (SMSI) of
Group VIII metals with a titania support (1). In the "SMSI"
state, metals display a dramatically reduced H, and co
chemisorption ability. Controversy exists about the basis of SMSI
and such diverse explanations as electron transfer and T102
migration onto the metal are being argued (1,2).

Examples of supports modifying the properties of transition
metal oxides have also appeared in the literature. Recent work
points to iron oxide phases as important species in Fischer-
Tropsch synthesis (3). Iron oxide supported on Si0, (4) and TiO,
(§) resist reduction under conditions in which bulk iron oxide
easily reduces. Thus supported iron oxide catalysts are
potentially interesting Fischer-Tropsch catalysts. The extensive
studies on ethylene polymerization catalysts suggests that
chromium (VI) species exist on a Si0, surface at temperatures
above which bulk chromic anhydride (Er03) decomposes (6).

Recent evidence points to a strong interaction between W03
and y-A]203 (7-10). The interaction alters the physical and
chemical properties of both W03 and vA1503. In this review, we

0097-6156/85/0279-0165$06.00/0
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describe studies of W03 on y-A1,04 us1ng such diverse techniques
as controlled atmosphere electron microscopy (CAEM) (11), x-ray
photoelectron spectroscopy (XPS or ESCA) (12), thermaT_brav1metry
(TG) (13,14), and laser Raman spectroscopj_(1§) to examine the
nature o? the tungsten oxide-alumina interaction.

Experimental

In these studies, both powder samples and films were prepared.
Powder samples of nominal 4, 6, 10, 25 and 60 wt.%_tungsten oxides
on y-A] 0 (Engelhard Inc., reform1ng grade, 180 m2/gm, 325 mesh)
were prepared by the incipient wetness impregnation method by
adding an aqueous solution of ammonium meta-tungstate to the
alumina powder, drying at 100°C and calcining in air at 500°C for
16 hrs. For the Raman experiments, y-A1,03 obtained from Harshaw
(é] -4104E, 220 m /gm) or Engelhard, Inc., ?reforming grade, 180
/g) were used as supports. The impact of calcination and
steam1ng as a function of temperatures was systematically
studied. Samples of pure W03 and Al,(WO4)3 were obtained from
Cerac. For the CAEM exper1ments, f1?m spec1mens of alumina,
approximately 50 nm in thickness, were prepared according to the
method described previously (16). Electron diffraction
examination of selected areas of the alumina film showed the
predominant phase to be y-A] 0 Tungsten was introduced onto the
alumina as an atomized spray o? a 0.1% aqueous solution of
ammonium meta-tgngstate. The tungsten loadings ranged between 4-
20 micromoTes/m¢ _(which corresponds to 10 to 50 wt.% tungsten on a
¥-A1,02 of 100 m“/g).
8 measurements were conducted on a Mettler TA-2000C as
descr1bed elsewhere (13). For TG reduction studies, samples of
on y-A1,03 were heated to 970°C (at 10°/min) in He and then
?d 1sotherma11y until constant weight was obtained. This pre-
ca1c1nat1on step minimizes overlapping reduction and
dehydroxylation weight losses. After cooling to room temperature,
H, was introduced, and the samples were reheated to a temperature
between 600° and 900°C (at 10°/min) and held isothermally for two
hours. The sensitivity and stability of the thermobalance (0.05
mg) establishes a detection limit of 1 to 2% WO, reduction to W.
Slight gray discolorations indicate small amounts of wo3 reduction
below the TG detection limit.

In situ x-ray photoelectron spectra (XPS or ESCA) were
collected on a modified Leybold Heraeus LHS-10 electron
spectrometer. A moveable stainless steel block allowed sample
transfer in vacuum from a reactor chamber to the ESCA chamber.

The intensities and binding energies of the

W Afg signals (A1 Ka radiation) were monitored and
referénéeé to the Al 2p peak at 74.5 eV. The 10% W03 and 60% W05
on y-Al 03 powder samples were calcined in air at 508°C and at
950°C respectively for 16 hrs and then pressed (at 30 Mpa) onto a
gold screen, which in turn was mounted on a moveable stainless
steel block. These samp]es were calcined in situ at 500°C to
clean the surfaces prior to analysis. For the reduction
treatments, the samples were heated for five minutes at the
desired temperature in flowing H2 (25 cc/min.), cooled to 250°C in
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Hy, evacuated and then transferred into the ESCA chamber. Three
samples were investigated; a bulk W03 foil, 60 wt.% W03 on v
A1,03, and 10 wt.% W03 on v-A1,05.

The Raman spectrometer consisted of a triple monochromator
(Instruments SA, Model DL203) equipped with holographic gratings
and F4 optics. The spectrometer was coupled to an optical
multichannel analyzer (Princeton Applied Reseach, Model OMA2)
equipped with an intensified photodiode array detector cooled to
15°C. Each spectrum reported here was accumulated for about 100
sec or less. TQe digital display of the spectrum was calibrated
to give 1.7_cm~*/channel with the overall spectral resolution at
about 6 cm~l. An argon ion laser (Spectra Physics, Model 165) was
tuned to the 514.5 nm line for excitation. A prism monochromator
(Anaspec Model 300S) with a typical band width of 0.3 nm removed
the laser plasma lines (16). A 0.2 gm sample was pelletized under
60 MPa pressure into a 13 mm diameter wafer for mounting on a
spinning sample holder. The laser power at the sample location
was set in the range of 1-40 mW. The scattered light was
collected by a lens (F/1.2, f/55 mm) held at about 45° with
respect to the excitation.

Results

CAEM. Controlled atmosphere electron microscopy (1l1) was used to
observe the behavior of tungsten oxide particles supported on y-
A]203 films when heated at temperatures up to 1150°C in 0.7 kPa
oxygen. The two specimens described in the Experimental section
were heated at increasing temperatures and the specimen changes
were recorded in real time on video tape (15). The detailed
observations of the dynamic behavior of the different tungsten
oxide phases on the y-A1,0, film as a function of temperature and
tungsten oxide content will be described in the Discussion
section.

Therma1gravimetr!. v-A1,03 on programmed heating (10°/min) to

in the presence of Oxygen, continuously lost weight as a
result of dehydroxylation: the weight lost between 200 and 1100°C
equaled about 3.5%. In addition, a weak exotherm with an onset
near 1050°C occurred during the transition of y-A1,03 to o
A1,0,. A 10% WO, on y-A1203 sample showed different behavior.
When“this sample was heated in an oxygen atmosphere, a larger
exotherm occurred at 1050°C as a fraction of the A1,05 support
reacted with W05 to form A12(w04)3. The formation o? 312(w04) was
confirmed by X-ray diffractTon measurements. Alumina not uti?ized
in tungstate formation transformed predominantly to e-Al 03: only
a trace of orA1203 was produced. Thus, the presence of %he
tungsten oxide surface phase inhibits the transition of e—A]203 to
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TG experiments indicate that a surface tungsten oxide phase
on alumina is difficult to reduce. Table I shows the degree of
reduction (expressed as percent W05 reduced to W) as a function
of N03 loading after two hour reductions at 600 or 900°C. A 10%
W03 on alumina sample was reduced at several intermediate
temperatures as well. Ambiguities resulting from simultaneous
weight loss due to water were minimized by initially calcining
these samples in He to 970°C. This pre-treatment yields tungsten
oxide on a trgnsitiona] alumina (mostly 6) possessing a surface
area of ~80 m“/gm. The retardation of W0, reduction depends on
loading levels. At low loading levels (<g%), little or no
reduction occurs. The 10% NO on Al 0 showed the first sign of
reduction at 800°C. A1though no we1ghg loss was detected by TG, a
slight greyish discoloration indicated some reduction had
occured. In contrast, bulk W0, is completely reduced after 2
hours at 600°C. Following 850 and 900°C reductions, 10% W03 on
A1,05 was extensively reduced and the presence of tungsten metal
was confirmed by x-ray diffraction measurements.

ESCA. ESCA measurements also reveal the reduction resistance of
the tungsten oxide surface phase on A1,03. An oxidized tungsten
foil serves as a standard for the ESCA reduction experiments. The
ESCA W 4f spectra for the oxidized, partially reduced and
fu]]y reduced éungsten foil are presented in Figure 1. The ESCA W
binding energy for the oxidized foil occurs at ~36 eV and
cor‘esponds to tungsten in the +6 oxidation state (17-19). The
completely reduced foil exhibits an ESCA W 4f peak at ~32 eV
corresponding to metallic tungsten (17 19) ¥‘e partially reduced
tungsten foil displays a very broad W 4f¢ ESCA spectrum.
Deconvolution of the ESCA W 4f signal fro‘ tzé partially reduced
samg1e rgveali thgzpresence of five oxidation states of tungsten
and W°) (17,20). Thus, the reduct1on of bulk
tungsten ox1de to metallic tun gsfen proceeds tgrougn ESCA 2
observable intermediate oxidation states of W' and W*

The reduction behavior of a 60% W0, on Al 0 sample as shown
in Figure 2 was very similar to that ogserved for the oxidized
tungsten foil. The ESCA W 4f; , binding energy for the oxidized
sagp]e occurs at ~36eV and revéa]s that tungsten is present as

. During partial reduction of the 60% w03 on Al 0 sampge the
ESCA W 4f signal broadens indicating that in add1t1on to WO and
WO other oxidation states are present. However, the tungsten
oxide in the 60% WO3 on Al,03 sample requires higher temperatures
to completely reducé the tungsten oxide than tungsten oxide on the
foil.

Figure 3 presents the ESCA W 4f spectra for the 10% W03 on

0 sample. Note the higher temperatures required to initiate

guct1on for the supported tungsten oxide compared to the
ox1d1zed tungsten foil or the 60% W05 on A1,03 sample. The W
4f;,o binding energy for the oxidizea gamp]e occurs at ~36 eV and
reveals that tungsten is present as Wt The tungsten oxide
completely reduces to metallic tungsten at 900°C. Following this
reduction the total intensity of the ESCA W 4f signal decreases by
about 70%. X-ray diffraction shows the growth of large tungsten
metal particles consistent with the decrease in the ESCA signal
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Table I. Reduction Behavior of Tungsten Oxide on Alumina

After 900°C W,

Treatment (2 hr)
;|

% WO
% Reauction
Color

6 10 25 100
-0- 2.5% 49%3 g5%P Black

White Lt. Gray Black Black Black

After 600°C H, Treatment (2 hr)

% WO ! 6 10 25 100
% Reduction -0- -0- -0- ~22%3  -100-
(W03 » W)

Color White White White Black Black

10% W03/ y-A1 50

2 (2 hr at Reduction Temperature)

Temperature °C % Reduction W0, » W Color
600 -0- White
700 -0- White
800 -0-¢ Tint of Gray-Slight
Discoloration
850 1792 Gray
900 49%2 Black

a. Reduction still continuing after 2 hr.
b. Some o-A1,03 present.
c. Detection 11mit of 1 to 2%.
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Figure 1. ESCA W 4f5 7/ spectra for a tungsten foil, oxidized
and reduced. X indicégés Ealf width of oxidized sample; X'
indicates half width of partially reduced sample.
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Figure 2. ESCA spectra for 60 Wt.% wo3 on 1-A120 , oxidized and
reduced. X indicates half width of oxidized samp?e; X' indicates
half width of partially reduced sample.
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intensity. For the partially reduced 10% W03 on A1,03 sample the
EsgA W ﬁf7 2 pea% does not broaden suggestlng the absence of

énd Wt states. Deconvolution of the ESCA W 4f spectra
for the part1agly reduced 10% WO, on Al 0 sample only reveals the
presence of W' and WO, Thus, tge h1gh temperature reduction of
10% W05 on A1,04 does not proceed through EgCA oRservablE
1ntermed1 ate %ungsten ‘oxidation state of W' and W*

RAMAN. The Raman spectra of W05, Al (NO )3, and 10% W03 on A1,04
are presented in Figure 4. Crysta111ne ﬁO contains a 1storted
octahedral W0g Tetwork with the major v1brat1ona1 modes at 808,
714 and 276 cm . These modes have been assigned to W=0
stretching, W=0 bending and W-0-W deformation, respectively
(21). M1nor bands appear at 608, 327, 243, 218, 185 and 136
cm -, Al,(W0,)5 (defect CaWO, structure) contains distorted,
1so1ated etrahedra] tungsten ‘groups. The major Raman peaks of
A15(W04)3 were ass1gned by comparison with tetrahSdra11y
coord1naged tungsten in a aqueous solution gf W04~ as well as
with solid NajW0, (22). 1In Na,WO,, the WO, groups are required
to sit at ;rysta?] 5aph1ca1]y constra1ned tetrahedra] sites
(symmetry 42m). (Tq .) and Na2w04 exhibit major vibrational
modes at 933 and 92§ cm™ (symmetric W=0 stretch) 830 and 813
(antisymmetric W=0 stretch), 324 and 312 cm™* (W=0 bending),
respectwe]y. Thus, the Al,(W0,;)3 peak at 1052 cm™" is attributed
to the W=0 stretching mode and the doublet at 378-394 cm™" is
assigned to the W=0 bending mode. Distortion in the tetrahedra
dramatically affects the position of the bands.

1 The major Raman peak for 10% W0, on A]203 occurs around 970
cm™", and has been assigned to the W=0 symmetrical stretch of the
surface tungsten oxide species (1 ,23). The intensities_of the
major Raman band for W03 (808 cm~ ), Al 2(W04)5 (1052 cm~l), and
10% W03 on A1,03 (970 cm ) were compared a ter normalization with
respect to the ?aser power applied. The relative Raman intensity
ratios for these peaks are 1600:40:1 for normalized laser power.
These Raman intensity ratios were further scaled for the different
tun§sten oxide contents and yielded relative ratios of 160:5:1

15).

T The states of tungsten oxide on alumina depend on the
tungsten oxide content and the temperature of calcination. The
effect of tungsten oxide content is shown in Figures 5 and 6 for
15 and 25% W03 on A1,03, whereas the effect of chang1ng
temperatures w1th consgant W03 content is shown in Figure 7.
Figures 5a and b show Raman Spectra of 15% and 25% w03 on Al 0
calcined (with 8% steam present) at 760°C. Both materials exh1b1t
surface areas of 120 m“/gm. The 15% wo on Al 0 sample, Figure
5a, exhibits Raman bands of both a Surface tungsgen oxide species
on the alumina support and a trace amount of crystalline wo3 The
25% W0, on Al 0 sample, Figure 5b, however, shows very intense
crystalline W Raman bands which dominate the spectrum due to the
large Raman cross -section of this phase. The intensities of the
Raman bands resulting from surface tungsten oxide species are
similar for both of these samples as shown in Figure 6 after
scaling for Ehe different applied laser powers over the region
850-1150 cm™ (15).
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Figure 4. Laser Raman spectra of 10% w03 on A1203, aluminum
tungstate and tungsten oxide.
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Figure 5. Laser Raman spectra of 25 Wt. wo3 on 1hA1203 and 15
Wt.% wo3 on y-Al 203 de-surfaced to 120 m“/g surface area.
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Figure 6. Laser Raman spectra from 850 to 1150 em~l of 25 Wt.
W03 on 1~A1203 and 15 Wt.% w03 on 1&A1203 de-surfaced to 120 m“/g
surface area.
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Figure 7. Laser Raman spectra of 10% W03 on y-Al503 calcined at
450, 800, 950, 1000 and 1050°C.
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The states of tungsten oxide on alumina were investigated
over a wide temperature range (650-1050°C) for 10% wo3 on Al,05.
The 10% W03 on Al1,04 sanle calcined at 650°C ex?1b1ts Raman peaks
at 972, 809 and 7 8 cm™ . The peak near 970 cm™" is associated
with a tungsten oxide surface complex (8,19,23). The position ?f
this Raman peak shifts monotonically from §7U to about 1000 cm
as the calcination temperature is increased to 950°C. Similar
shifts are observed when tungsten oxide loading is increased for
samples calcined at 500°C (7,19).

Samples calcined at 1000 and 1050°C display bulk tungsten
oxide wq and Al (wo )3 phases. Raman peaks at 811, 717, 273 and
137 c¢cm™ "are character1st1c of crystalline W03. These peaks
decrease in intensity as the calcination temperature increases
from 650-950°C, so that_at 950°C the crystalline wo3 Raman peaks
at 811, 717 and 273 cm'1 are absent. At 1000°C these peaks appear
again, and then disappear following a ca]c1nation at 1050°C.

The major Raman peak of the Al (NO at 1055 cm™* is first
observed following a calcination at 1006 8 and dominates the Raman
speitra after a 1050°C calcination. The e-A] 0 Raman peak at 253

~% is present in the spectra of samples ca1c1ned at 950-1050°C
and agrees with X-ray diffraction. This series of Raman spectra
reveals the dynamic nature of the W03 on A]203 system and its
dependence upon calcination temperature.

Discussion

The strong interaction of W0, with a 1~A1203 surface modifies the
behavior of both tungsten oxide and alumina. +y-Al 0 will
transform from a series of closely related trans1t1ona] alumina
phases possessing a defect spinel structure, containing both
tetrahedral and octahedral aluminum ions, to o-Al,03, a corundum
structure containing only octahedral aluminum ions ? The y to
a-A1,03 transformation occurs by the condensation of surface
hydroxy] groups and the elimination of H,0. TG studies on powder
samples, as well as, CAEM studies on model film systems indicate
that WO, inhibits the yto a-A1,04 phase transformation. The
presumea bonding of w03 with the gydroxy] surface of y-A1,0

blocks the transformation to o-A1,0 (8) At sufficiently g1gh
temperatures (~1150°C) and high w5 concentrations, approximately
3X monolayer coverage (19), CAEM detects the reaction of

tungsten oxide with Téum1na formj ng Al (WO ) Mong]ayer coverage
is defined as 4.3x10-° W atoms/m or 7 m1cromo1es/m . A monolayer
of W0, on yaA] 0 simply refers to the surface phase oxide
strucgure at max1mum packing of the alumina surface before
crystallites of W03 are formed (15,19). The observation of the
sequential formation of W0, followed by A13(w04)3 is supported by
the Raman studies (10,15 13)

Bulk W0, crysta IIizes in a distorted version of the Re03
structure w1gh wo octahedra linked via corner-sharing with
neighboring WO octahedra. Some thirty years ago, Magneli
discovered thag during reduction, W03 behaves in a nonclassical
manner. As oxygens are removed, the WO, structure rearranges
maintaining the metal coordination at six. During this process,
the octahedra restructure along crystallographic shear planes to
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share edges in place of corners. This tightened packing allows
the structure to retain its metal coordination number at six even
though the cation-to-anion ratio increases. In this way,
partially-reduced W03 exists over a wide compositional range (25)
with formal tungsten oxidation states of 5 and 6 and tungsten
coordination of 6. Further reduction produces a discrete (WO0,)
phase which displays a distorted rutile structure. W0y, wh1c§
contains a distorted octahedral coordination about tungsten also
reduces via a series of shear planes with tungsten assuming formal
valence states of 3 and 4. Thus during the reduction of bulk W03,
intermediate oxidation states occur. Consistent with this
mechanism (20), ESCA observes several intermediate oxidation
states (+5, +4 and +2) during the reduction of bulk W03, see Fig.

The reduction behavior of tungsten oxide supported on 1~A1203
differs significantly from that of bulk WO TG studies of W03 on
v-Al 03 show that below a coverage of 6% Na the surface tungsten
ox1de phase is essentially irreducible (10) At intermediate
loadings (~10%), W03 partially reduces; while, at higher loadings
(25%), the additional W03 behaves like bulk W03, see Table I. We
would suggest that the isolated surface tungstate groups
(8,16,19,26) on the low loaded samples do not reduce through
intermediate structures but, as our ESCA results indicate, the
reduction proceeds directly to tungsten metal. Since reduction
also occurs only at high temperature, the tungsten metal formed
rapidly sinters into large particles.

Our high temperature reduction experiments using ESCA agree
with both our TG studies and the recent low temperature reduction
experiments reported by Salvati, et al. (19). Salvati and co-
workers found a loading level dependence on reduction and the
presence of bulk-like W03 species above a critical coverage. Our
study (see Fig. 3) indicates that at the temperature necessary to
reduce the surface phase of tungsten oxide on Al the reduced
tungsten rapidly sinters to metallic particles (fo? Apparently,
the highly-dispersed state of the tungsten oxide complex on the
alumina surface (8,19,26) precludes the formation of
nonstoichiometric tungsten oxide phases which form during the
reduction of unsupported WO;.

For W03 on A1,03 sampleés containing more than a monolayer the
additional gungsten oxide is present as w03 crystallites. These
W03 crystallites are not in direct contact with the alumina
support and are indistinguishable from bulk wo3 in their reduction
behavior (19,20). The W04 crystallites reduce at mild
temperatures and exhibit ESCA observable intermediate
tungsten oxidation states. Detailed analysis (20) of the 10%

W03 on A1,04 E CA W 4fg 2 spectra in Figure 3 only reveals the
presence of w and WO én Z‘e alumina support after partial
reduction. Within the experimental limits of ESCA, the high
temperature reduction of the tungsten oxide surface complex on the
alumina support does not proceeg thraugh obssrvab]e intermediate
tungsteg oxidation states of W' and W%, but rather directly
from W'° to WO, The different reduct1on behav1or of the W03
crystallites and the tungsten oxide monolayer can be used to
distinguish between these two forms of tungsten oxide on
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alumina. Salvati et al. also used this approach to distinguish
between the tungsten oxide surface complex and the W05
crystallites (19). Below monolayer coverage, tungsten oxide on
alumina is not reduced after 12 hggrs at 550°C, but above
monolayer coverage reduction of W'° to WO at this temperature is
observed with ESCA.

The TG and ESCA technique have shown evidence for a strong
metal oxide-support interaction between WO, and y-A]ZO under high
temperature reducing conditions. As we will now discuss CAEM and
Raman spectroscopy suggest a strong interaction between W03 and y-
A1203 under high temperature oxidizing conditions, as well.
Dynamic studies by CAEM of W05 on y-A1,03 at high temperature have
been carried out for one-half and 3X mono]ayer Toadings (19) of
W03 on a model y-A1,05 film support. Following an in situ
decomposition in gxygen of the ammonium meta-tungstate at 500°C on
the 4 micromole/m® loaded film (about one-half monolayer) electron
diffraction confirmed the presence of only transitional alumina
phases (no o-phase was present). Heating this film to 1050°C
shows no crystallization of the support; whereas with pure alumina
films CAEM detects restructuring of the film to form oAl1,05 at
this temperature. The particle size of the tungsten ox1de phase
for the one-half monolayer covered film at 500°C lies below the
resolution limit (2.5 nm) of the microscope. Even upon continued
heating to 1050°C W05 particles are still not visible, and the
support does not transform to o-Al1,03. This result suggests the
presence of a highly-dispersed WO p ase stabilizes the alumina
support from restructuring to oA

When the more highly loaded w53 on alumina specimen, i.e. 3X
monolayer coverage, was heated in oxygen, particles were detected
by CAEM at 500°C. Because the size of these particles (3 nm) are
near the resolution limit of the CAEM, we could not determine a
detailed particle size analysis. As the temperature was raised to
700°C the WO, particles grow in diameter to between 5 and 10 nm.
Detailed examination shows a nearly uniform distribution of the
particles across the support. The particles have irregular
angular shapes, but in many cases remained thin enough to avoid
masking the structural features of the underlying support. This
morphology is similar to that proposed for Fe0 "raft" structures
on Si0, (27). The particles do not change size, shape or position
upon further heating at 1050°C for 1 hr. Maintenance of particle
identity indicates a strong interaction between particles and
support (27,28).

As the temperature was raised from 1050°C to 1150°C the
specimen with the higher W03 loading changes dramatically in
appearance. Initially, the electron scattering density of the
particles increases. While maintaining their 5 to 10 nm lateral
dimensions, the particles apparently become thicker. As the
change proceeds, the area of the alumina support surrounding the
tungsten oxide particles becomes progressively more transparent to
the electron beam, suggesting that A1,0, preferentially leaves
these areas and forms Al (w04)3. Subsequent examination of
specimens in the high resolution transmission electron microscope
(where defocusing and tilting experiments were performed) confirm
this phenomena and eliminate any question of over-focus or phase
contrast artifacts (29,30).
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In summary, at sufficiently high temperatures and high W03
concentrations, the CAEM follows the agglomeration of W05 into
thin oxide cluster structures (26,27), which subsequently react
with Al 03 forming Al (wo ) F1gure 8 outlines the proposed
stepw1se interaction of tungsten oxide with transitional y-A1,05
films.

Laser Raman spectroscopic studies of alumina-supported WO,
catalysts have shown that three different tungsten oxide phases
are present: W0j, A12(w04)3, and a surface tungsten oxide species
(8,19), Figure 4. The concentrations of these phases in W03 on
AT,03 catalysts depend on tungsten oxide loading and temperature
of calcination (8). Previous studies have shown that Raman
spectroscopy is more sensitive to W0y and Al (W04)3 than to the
surface tungsten oxide complex (8,19). No agtempt however, had
been made to estimate the relative Raman cross sections of these
tungsten oxide phases. This information would be useful to
develop a model for the W03 on A1,03 system (15).

The dynamic changes o? tungsgen oxide that occur on the
surface of y-A1203 as a function of calcination temperature and
tungsten oxide content were followed by Raman spectroscopy for
10%, 15% and 25% w03 on y-Al 03 as described in the Results
section. The Raman spectra of 15% w03 and 25% W03 on y-A1,0
calcined at 760°C, Figure 5 and 6 exhibits similar 1ntens1€1es for
the bands of the surface tungsten oxide complex although the band
intensities for crystalline W0, differ dramatically. Since the
15% W03 on y-A1,05 sample calcined at 760°C contains near
monolayer coverage (19,26) the 25% W0, on +y-Al 03 sample at this
same temperature must contain crystallites of WO3. Raman
spectroscopy confirms that the surface phase tungsten oxide
complex will form W05 crystallites as the tungsten oxide content
chregjes (at a consgant surface area) beyond monolayer coverage

19,2

The study of the 10% W03 on y-A1,03 as a function of
temperature also reveals chang1ng sta%es of tungsten oxide, Figure
7. Initially this sample contains tungsten oxide below monolayer
coverage, but as the temperature is raised and the surface area
collapses, the tungsten oxide concentration exceeds monolayer
coverage (19,26). The crossover po}nt of approximate monolayer
coverage occurs between 60 to 100 m“/gm and is generated by
calcination temperatures between 850 and 950°C.

%e]ow monolayer coverage (less than ~25-30% W03 on A1,03 of
200 m“/g) tungsten oxide is primarily in a high]y dispersed and
amorphous state on the alumina surface and remains so at low
calcination temperatures (500-800°C) (8,19,23,26). For 10% W03 on
A1,03, Figure 7, the surface tungsten oxiae complex is present up
to 9§0° In addition, Raman peaks for crystalline W0, are also
observed in this temperature range. The wo3 crysta11ige
concentration is low since they are not detected by X-ray
diffraction. The amount of tungsten oxide present as crystalline
NO for 10% WO, on 1~A1 0 Figure 7, is estimated to be less than
1% of the tota? tungsten ox1de content present in the 10% sample
calcined at 650 and 800°C (16). As the calcination temperature
increases, the relative amount of crystalline W03 initially
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decreases, as measured by the intensity ratio I (811 cm’l)/ I
(965-1000 cm'l), (15). Thus, at the higher calcination
temperatures a substantial decrease in the surface area of the
alumina support occurs and simultaneously the W05 particles
disperse to form the tungsten oxide surface compTex. As the
surface area decreases the distance between the tungsten oxide
surface species decreases and the tungsten oxide surface density
on the alumina support increases (19,26). The increase in the
intensity of the ESCA ? 4f g p 7,2 STgnal (19,26) and the shift
from ~965 to ~1000 cm™" in éﬁé ﬁaman band associated with the
tungsten oxide surface complex (16) reflect this change. These
structural changes in the w03 oﬁ'K1203 system are depicted in
Figures 9a and 9b. Thus, Raman spectioscopy confirms that the
surface phase tungsten oxide complex will form WO crystallites as
the alumina desurfaces (at a constant tungsten oxide content), and
monolayer coverage is exceeded.

A close-packed monolayer of tungsten oxide on alumina
apparently forms when the minimum distance between non-polymeric
tungsten oxide centers is achieved (8,19,26). The formation of
the close-packed tungsten oxide monoTayer, however, does not
preclude the alumina from additional loss in surface area at still
higher temperatures. The close-packed tungsten oxide monolayer
accommodates further de-surfacing by forming bulk tungsten oxide
phases W0; and A1,(W0,)4 (see Figures 9c and 9d). The formation
of WO ana A12(w04)3 crystallites at higher temperatures is
detecged by laser Raman spectroscopy, Figure 7.

The CAEM studies indicate that at high temperatures the
surface tungsten oxide phase transforms to thin w03 particles.
These in turn react at high temperatures with the underlying
alumina support to form A1,(W04)3. Thus both CAEM and Raman
spectroscopy point to the Same model for the transformation of the
tungsten oxide surface phase; first to form tungsten oxide
particles and then to form subsequently Al,(W04)3 at high
temperature calcination conditions.

Conclusions

The strong interaction between W05 and 1~A1203 manifests itself
under both high temperature reduc?ng and oxTdizing conditions.
Under reducing conditions, TG and ESCA demonstrate that the
critical coverage for virtual non-reducibility of W03 on an
alumina surface (whiﬁh has been exposed to high temperature and
de-surfaced to ~80 m“/gm) is 6-8 wt.%. Above this monolayer
coverage more easily reduced bulk-1ike W03 species are present.
For loadings of 10 wt.%, where partial reauction occurs at high
tegperature, the tungsten oxide appears to reduce directly from
W'® to WO without accessing the intermediate oxidation states that
bulk WO, passes through.

Under high temperature oxidizing conditions, laser Raman
spectroscopy and CAEM demonstrate the dynamic behavior of the
amorphous and crystalline structural transformations occuring in
the w03 on Al 03 system. Below monolayer coverage of tungsten
oxide on alumina, the tungsten oxide phase is present as a highly
dispersed and amorphous surface complex on the support. Above
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(a) Initial Particle Morphology
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(c) Proposed Route to A T Fi

Figure 8. Model of the transformations observed for tungsten
oxide on an alumina film by controlled atmosphere electron
microscopy .
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Figure 9. Model of the structure/transformations of tungsten
oxide on high surface area 1hA]203 as a function of calcination
temperature.
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monolayer coverage, both a surface complex and discrete W0j3
crystallites are present. During high temperature de-surfacing a
portion of the surface complex converts first to W03 and then
reacts with the alumina to form A12(w04)3.
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High Resolution Electron Microscopy

The Structural Chemistry of Bismuth-Tungsten-Molybdenum Oxides
and Bismuth-Tungsten-Niobium Oxides

D. A. JEFFERSON

Department of Physical Chemistry, University of Cambridge, Cambridge, CB2 1EP,
United Kingdom

The application of high resolution electron microscopy

to the determination of structures in systems with actual
or potential use in selective oxidation catalysis is
discussed. Problems of image interpretation, arising
from instrumental aberrations and multiple scattering,
are outlined, and examples of its use are given in the
systems Bi-Mo-W-0, Bi-Mo-Nb-O and Bi-W-Nb-O. In all
three, intermediate phases are revealed which show either
potential or actual structural adaptability to varying
stoichiometry, particularly with regard to oxygen content.

Heterogeneous catalysis has, until recently, been exclusively the pre-
serve of the surface chemist. Detailed study of the bulk structural
features has become important with the advent of shape selective
catalysts, notably zeolites, where the distinction between external
and internal surface is difficult to make, but surface studies have
been considered most appropriate for other systems. However, in many
real catalysts, where the catalytic action undoubtedly occurs on the
external surface, it does so by means of intermediate structural
states, and the catalytic efficiency is then dependent upon the rela-
tive stability and interactions of such intermediate states with the
bulk material. Consequently an understanding of the structural chem-
istry and structural modification possible in the parent catalyst
phase is still essential to understanding the catalytic action. This
is especially true in the case of oxidation catalysts, where it can
be shown (1) that lattice oxygen plays a part in the catalytic
process.

Unfortunately, many of the oxide systems used as catalysts are
extremely complex structures and phase relationships in them are not
well understood. This arises partly from the difficulties of apply-
ing traditional methods of structure determination to materials which
are complex but poorly crystalline, and are frequently disordered or
polyphasic. In such cases the average structure resulting from a
diffraction experiment is of little help and an attempt must be made
to determine the specific structure of each individual crystallite.

Only in this way can the structure be characterised completely.

0097-6156/85/0279-0183$06.25/0
© 1985 American Chemical Society

In Solid State Chemistry in Catalysis, Grasselli, R., € al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1985.



Publication Date: June 13, 1985 | doi: 10.1021/bk-1985-0279.ch011

184 SOLID STATE CHEMISTRY IN CATALYSIS

At present the only technique available for specific (sometimes
called real-space) structure determination is high resolution electron
microscopy (HREM). At first sight this appears to be an ideal method,
as the direct imaging of the structure avoids the phase problem nor-
mally associated with diffraction methods, and can be applied to all
materials, whatever their state of long range order. Compared with
diffraction methods, however, the accuracy is relatively poor, as the
available resolution is limited to not much better than , well above
the theoretical 1imit. Furthermore, severe problems of image inter-
pretation occur, but within certain limitations, these can be over-
come and the technique applied successfully. The object of this
paper is to illustrate the use of these direct imaging methods in
systems with possible catalytic application.

Experimental

In principle, HREM is a very simple technique for structure determin-
ation and with electron wavelengths currently used, atomic detail
should, in theory, be easily resolvable, without any "phase problem"
However, the practical difficulties are by now well known and charac-
terised (2) and a brief summary of the relevant points will be given
here.

Although there is no inherent phase problem in the HREM tech-
nique it is replaced by an "instrumental" phase problem arising from