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Preface

Oxygen plays a fundamental role in catalysis because on the one
hand it is a component of the most widely used type of catalysts—
oxides—and on the other hand it is the reactant of one of the most
important types of catalytic reactions—oxidation. In combination with
main group elements, it forms oxides of acidic or basic character
which are commonly used as supports for highly dispersed metal cat-
alysts and constitute a vital part of multifunctional catalysts. Finally,
oxides are very often used as precursors in the process of prepara-
tion of catalytic systems, in which the active phase is metallic or is
composed of such metal compounds as sulfides, chlorides, etc. This
book is devoted to physical chemistry of oxygen and its compounds
in all these aspects.

Oxygen accounts for the greater part of inorganic chemistry,
which is concerned with compounds containing oxygen. Simple metal-
lic oxides range from the essentially ionic compounds of the more
electropositive elements to the molecular oxides of the nonmetals.
Transition metal oxides belong to the compounds of Bertholide class;
that is, they show a nonstoichiometry due to the presence of a defect
structure in form of point defects or extended defects such as dis-
locations or shear structures. Understanding of the character of
bonding in the solid and of the defect equilibria and their dependence
on such parameters as oxygen pressure or the presence of additives
enables catalytic properties of these oxides to be predicted and cat-
alysts to be tailored to the requirement of the reaction. In the case
of higher valent transition metal oxides anisotropy appears very often,
rendering the surface and catalytic properties strongly dependent on
the crystal habit of the oxide catalyst. The phenomenon of the struc-
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ture sensitivity of catalytic reactions on oxides is then observed.
Compounds containing two or more elements in addition to oxygen
may be grouped into two classes: complex oxides, which may be con-
sidered as being composed of close-packed oxygen ions with cations
in the octahedral or tetrahedral interstices, and oxysalts containing
complex oxy-anions. Physicochemical and catalytic properties of
oxides of the first class may be modified by substitution with alter-
valent cations, whereas interaction of oxides of the second class with
surfaces of the appropriate carriers results in the formation of oxide
monolayer catalysts. A new field of surface coordination chemistry
emerges. The main problems of the physical chemistry of oxides are
discussed in more detail in the first three chapters, but the impor-
tance of structure—catalytic activity correlations is emphasized and
illustrated wherever mechanisms of various reactions are discussed.

Oxygen as reactant of catalytic reactions may enter into these
reactions as electrophilic species Og9, O9~, and O~, or as the nucleo-
philic species 02-. Accordingly, oxidation reactions may be classified
as electrophilic or nucleophilic. They constitute the main source of
energy exploited by mankind in the form of combustion of fossil fuels,
or by living organisms in biological oxidations. Therefore, oxidation
of CO and Hg are extensively discussed in the book as model reactions
for combustion. Selective oxidation processes, in which hydrocarbon
molecules are oxygenated to form alcohols, aldehydes, or acids, are
the basis of the modern petrochemical industry and constitute the
largest category of catalytic organic reactions. Practically all mono-
mers used in manufacturing of artificial fibers and plastics are ob-
tained by processes of catalytic oxidation. They may be divided into
vapor phase reactions, which are catalyzed by solid oxide catalysts
and are carried out as heterogeneous catalytic processes, and liquid
phase reactions, which are commonly realized as homogenous catalytic
processes. Because of the voluminous literature devoted to these
reactions and their importance in both science of catalysis and modern
chemical industry, separate chapters have been dedicated to the heter-
ogenous oxidations of aliphatic hydrocarbons and aromatic hydro-
carbons. These chapters contain a description of catalytic systems
commonly used as model systems in laboratory and as industrial cat-
alysts in large-scale operations, and a discussion of the mechanisms
operating in these reactions. Attempts to describe the elementary
steps by quantum chemical methods are also shown. In recent years
particularly, great efforts have been invested in studying the oxida-
tion of methane, which therefore has been described in more detail
in Chapter 9. The last chapter of the book contains the discussion
of homogeneous catalytic oxidations.

The essence of catalysis can described briefly as the art of manip-
ulating chemical molecules. A group of atoms, forming the catalyst
active site, is made to interact with an organic molecule, resulting in
such modification of the molecule's electronic structure and bond dis-
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tances and angles that its transformation along the desired reaction
pathway is favored. The study of this interaction is an interdiscipli-
nary field of research. Contributions from inorganic and organic
chemistry, quantum chemistry, solid state, surface science, chemical
kinetics, and other branches of science are required to understand
the phenomenon of catalysis. The limited size of the book makes
necessary the difficult choice of only the most important topics indis-
pensable for the reader to grasp the essence of the mechanisms dis-
cussed without having to refer much to other texts. Because the
choice of material is arbitrary, the authors hope that not too many
interesting problems have been omitted. Thus, the authors will be
grateful to all readers who send their comments and criticisms by
which subsequent editions may benefit.

The book is intended to be used mainly as a research monograph
by a vast community of those working in the field of catalysis. There-
fore, ample references to the original literature have been included.
However, it may also serve as a supplementary text for postgraduate
students studying physical chemistry, industrial chemistry, or chem-
ical technology as well as for university lectures in general chemistry.

Adam Bielanski
Jerzy Haber
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Molecular Oxygen and
Oxygen Compounds

I. MOLECULAR OXYGEN

The usual form in which oxygen is present in the gas phase is di-
oxygen Og9. Trioxygen O3 (ozone), thermodynamically unstable un-
der normal conditions, is formed when an electric discharge passes
through oxygen gas. It may also be obtained by various forms of
irradiation (UV, X- and y-rays). The formation of small amounts
of (O9)9 in the gas phase occurs only at low temperatures.

Some data concerning the physical properties of O9 molecules
are given in Table 1.1. An orbital diagram of the Og9 molecule is
given in Fig. 1.1. Because of the relatively large distance between
the energy of electrons in 2s and 2p levels of the O atom (165 eV),
no s-p orbital mixing is assumed in the O9 molecule in contrast to Ng
(2s-2p level separation 12.4 eV) and the o, 2p level is situated be-
low that of the =, 2p orbitals. The electronic configuration of O9
molecule in its ground state:

2 2 2 2 2 4 2
(ogls) ( culs) ( og2s) ( ou25) ( og2p) (ﬂu2p) (ﬂg?p)

with two unpaired electrons on two 7_2p antibonding orbitals pro-
vides the explanation of the observed paramagnetism of oxygen.
With 8 electrons on molecular bonding orbitals and 4 on antibonding
ones, the bond order in O9 is 2 [1]. The above sequence of mo-
lecular-orbital energy levels was also confirmed by photoelectron
spectroscopy.

Several excited states of the Og molecule were detected [2].
The ground state with two unpaired electrons, each of them on one
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TABLE 1.1 Molecular Properties of Og

Bond dissociation energy 117.96 kcal mol~1 = 493.87 kJ mol~1 (a)

Bond length 0.120741 nm (a)
Ionization energy 149 kecal mol~1 = 623 kJ mol-1 (b)
Electron affinities:
Og + e —> 03 10.15 kcal mol~! = 42.47 kJ mol~1 ()
09 + 27 — O%' —154.5 kcal mol-l = —646.4 kJ mol~1 (c)
Polarizability Oyy = tyy 1.2 x 1024 em3 (d)
- 2.4 x 10724 cm3 (d)
% 1.6 x 10724 cm3 (d)

(a) R. L. Dekock and H. B. Gray, Chemical Structure and Bonding,
Benjamin Cummings, Menlo Park, Ca., 1980, p. 229.

(b) D. G. Tuck, J. Inorg. Nucl. Chem., 26, 1525 (1964).

(c) M. Che and A. J. Tench, Adv. Catal., 32, 1 (1983).

(d) E. A. V. Ebsworth, J. A. Connor, and J. J. Turner, in Com-
prehensive Inorganic Chemistry, Vol. 2 (C. Bailar, H. J. Emeleus,
R. Nyholm, and A. F. Trottman-Dickenson, eds.), Pergamon Press,
Oxford, 1973, p. 698.

2p \
L o
\\\—-H— " 4
N it
N ’
el
Og<p
///6{25 \\\
25-H—(/\ > —H—Zs
625

FIGURE 1.1 Molecular-orbital energy diagram for dioxygen molecule.
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ngZp orbital, is a triplet 33~ state. Both lowest excited states lAg
and 12& (0.98154 and 1.6357037 eV above the ground state, respec-
tively) are singlet ones. Two electrons with antiparallel spins occu-
py the same ngZp orbital in the former case and different ngZp or-
bitals in the latter case. Singlet oxygen playing an important role
in the photochemistry of oxygen may be generated by electrodeless
electrical discharge (microwave discharge) in low-pressure oxygen or
by the photosensitization method. It is also present in oxygen
evolved in a number of chemical reactions, such as hydrogen perox-
ide reacting with hypochloride [3]. The gt o lAg transition is
symmetry-forbidden and 1a g > 357, both symmetry- and spin-forbid-
den. Hence both transitions and especially the latter one are slow
and the lifetime of the ls'. state is 7 sec while that of the 1Ag state
is 45 min when extrapolated to zero pressure.

The perturbations from surrounding gases considerably modify
and shorten these periods of time. Singlet oxygen when evolved in
solutions exhibits characteristic red chemiluminescence, which is
mainly due to the double-molecule transition:

1 1 3.- 3.~
+
OZAg+O2Ag~>022g+OZZg hv

Singlet oxygen is chemically very reactive and in recent years its
chemistry developed into a relatively large field of studies compris-
ing such processes as cycloadditions, reactions with alkyl-substituted
olefins, reactions of heterocyclic and aromatic systems, and degrada-
tion of polymers and dyes. The appearance of chemisorbed singlet
oxygen on the surface of some oxides was suggested by several
authors [4]. However, there is no direct confirmation of this sup-
position; also, to date no proof of the participation of singlet oxy-
gen in heterogeneous catalytic reactions has been reported. It is
assumed that singlet oxygen molecules may be present in oxygen
physically adsorbed. The generation of singlet oxygen in reactions
with transition metal ions will be discussed in Chapter 4, Section I.

The molecule of ozone O3, the allotropic modifcation of oxygen,
isoelectronic with NOé ion, has an angular shape and belongs to the
Coy symmetry point group. The bond angle 116°45' indicates sp?
hybridization of the orbitals of the central O atom. The overlap of
2px orbitals of lateral atoms with hybridized orbitals would give two
localized bonds and the overlap of 2p, orbitals of all three atoms di-
rected perpendicularly to the symmetry plane three delocalized m or-
bitals: bonding, nonbonding, and antibonding ones. More elaborate
theoretical treatment leads to a system of delocalized ¢ and m or-
bitals and the following ground state configuration of the Og mole-
cule [5]:
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(1a) (10, *(2a)%(2b,)(3a)) 2(1b) *3by) X (4a)) A (1a,)

The molecule of ozone is diamagnetic. It exhibits a nonzero dipole
moment (Table 1.2), an ionization potential close to that of Og9, and
a high positive electron affinity. The additional electron in ozonide
ion O3 occupies the 2bg level empty in the neutral molecule. The
O3 ion is one of the chemisorbed oxygen species stable below room
temperature.

II. BONDING OF OXYGEN IN ITS COMPOUNDS
A. Introduction

Despite the fact that oxygen seems to be a very familiar element,
occurring in most of its compounds in the oxidation state —II, its
chemistry is by no means simple and a logical classification of oxy-
gen compounds is not an easy task. In the present chapter we shall
discuss only those aspects of oxygen chemistry which are important
for understanding catalytic oxidation reactions. To this end it is
appropriate to discuss oxygen bonding in the oxides and, rather
briefly, oxygen bonding in metal complexes. The fact that the
overwhelming majority of oxidation catalysts are oxides justifies in-
clusion of the paragraphs dealing with the structure of this class of
compounds. The structures of superoxides, peroxides, and ozonides
will not be discussed here as these substances are thermally unsta-
ble and therefore do not play a role in oxidation catalysis.

B. Bonding of Oxygen in Oxides

A synthetic review of oxide chemistry was given by Sanderson [6],
on which the following is mainly based, and also by Ebsworth
et al. [2].

The oxidation state —II is attributed to oxygen in the oxides.
In oxide molecules it can either form two single covalent bonds or
one multiple, usually double, bond to the atoms of other elements.
In the case of two single covalent bonds the bond angle is some-
where within the limits 100—111°. These are the values mostly de-
viating from the value 109°28' corresponding to an equal repulsion
of four electron pairs around an O atom core or, alternatively, to
the sp3 hybridization of oxygen orbitals such that in each hybrid
orbital there is 25% of s and 75% of p character. The fact that the
angle is smaller indicates that the hybrid orbitals involved in both
bonds exhibit a smaller participation of s character. In the case of
a water molecule with a bond angle equal to 104.52°, the bonding
hybrid orbitals exhibit 20% of s character and 80% of p character.
Simultaneously, the participation of s orbitals in the nonbonding hy-
brid orbitals increases to 60% [1].
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TABLE 1.2 Properties of O3 Molecule

Bond length O—0O 0.1278(3) nm
Bond angle o Mo 116°45'
Dipole moment 0.58 D=1.9 x 1030 cm
Ionization potential 1 12.3 £ 0.1 eV
2 12.52 + 0.05 eV
Electron affinity + 10 kecal mol-l = 184 + 42 kJ mol-1

Enthalpy of formation
AH%(g) 34.1 kcal mol~l = 142.7 kJ mol-1

Source: Ref. 2.

X
0 A
appreciably larger than 109°28' as, for example OfP bond in P40qg

There are also known examples of the angle bond that are

equal to 124° or Oigi in SiO9 (a-quartz) equal to 144° [7]. Such

bonds are always shorter than would correspond to a single bond
and a certain participation of the "nonshared" electron pairs must
be assumed, resulting in an increase of bond order above 1. In the
limiting case of P-O-P bonds in ZrP9O7, the bond angle reaches as
much as 180° [6].

As already stated, oxygen if linked to only one other atom forms
a multiple, usually a double, bond. It has been supposed by some
authors [8,9] that such doubly bonded oxygen at the surface of
transition metal simple or double oxides such as MoOgz, WO3, or
CaMoO4 may play a special role in the selective oxidation of hydro-
carbons. This point will be discussed in detail in the next chapter.
In some molecules singly coordinated oxygen may exhibit a bond or-
der higher than 2 if two w-bonding orbitals are present. In CO
there are three bonding electron pairs (oznlv%) and a bond order
equal to 3. In an NO molecule containing one valence electron less
and with one of the = orbitals only half-filled (o Trl'n%), the bond
order is 23.

Oxygen is the most electronegative of all the elements with the
exception of fluorine, and hence its bonds to other elements are
more or less polar with oxygen acquiring a negative charge. In the
limiting case of the oxides of the least electronegative metals, e.g.,
Cs90 or Rb9O, a highly ionic bond forms and the ionic approxima-
tion is commonly applied when discussing the properties of metal ox-
ides. However, the ionic approximation in a great many cases is as
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inadequate as a strictly covalent one. As Sanderson [6] points out,
it is very improbable that, say, in CaO an oxide ion which can lose
its two extra electrons with a net gain of about 168 kcal mol~1 would
remain unaffected in a close surrounding of six calcium ions, each
of which could acquire two electrons with a net gain of about 415
kecal mol~l. Some overlapping of orbitals and sharing of electrons
must evidently occur resulting in the diminishing of the negative
charge on the oxygen atom. Based on his own theory of electro-
negativity, Sanderson [10] calculated the charge on oxygen atoms in
some oxides of main group elements and those of some transition
metals. Although his data (given in Tables 1.3 and 1.4) can only
be taken as a rough approximation, they seem to be useful in com-
paring the properties of various oxides. Keeping in mind the fact
that the electrical charge calculated from the known dipole moment
and bond length, where such data are available, are mostly higher
than those calculated by Sanderson and the bonds are presumably
more polar than is suggested by the data in both tables, we can
nevertheless accept the thesis that in real "ionic" oxides the devia-
tion from the ideal ionic bond is quite substantial and that Sander-
son's series reflects the real trends in changes of ionicity of the
oxygen bonding.

Experimental information concerning the electrical charge on an
atom in a compound may be obtained from X-ray photoelectron spec-
troscopy. Using this method, Nefedov et al. [11] determined the
binding energies of oxygen 1ls electrons for a number of oxides. In
the series of main group oxides—MgO (Eg = 530.2 eV), AlpO3 (Eg =
531.8 eV), SiO9(Eg = 533.1 eV), BgO3(ER = 533.2 eV), and
P9Og5(ER = 533.8 for terminal and Eg = 532.4 eV for bridging O
atoms)—the sequence in which Eg increases and hence the negative
charge on oxygen decreases is very similar to the sequence given
in Table 3, thus confirming the correctness of the trends indicated
by Sanderson's calculations. Unfortunately, the sets of oxides in-
vestigated in both papers were partially not overlapping and a more
ample comparison of the results is not possible. It should also be
observed that the value of Eg = 533.5 eV given by Nefedov for
water cannot be included in the above series as presumably it has
been obtained not for a solid but for gaseous molecules.

The oxygen atom when combined with other atoms or atom by
two single or one double covalent bond still possesses two unshared
electron pairs, enabling it to act as an electron pair donor. Usual-
ly one unshared electron pair is donated but in some cases, e.g.,
ice, both nonbonding electron pairs are involved in the formation
of hydrogen bonds.

In Sanderson's approach the polarity of bonds and the charge
on the oxygen atom play an important role in the interpretation of
acid-base properties of the oxides. According to him the principal
fundamental characteristic of acidic oxides is a low negative charge
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TABLE 1.3 Charge of Oxygen Atom and Coordination Number (CN)
in Some Oxides of Main Group Elements According to Sanderson

Charge on O CN Acid-base
Cs90 —0.96 8 SB
RboO —0.92 8 SB
K90 —0.89 8 SB
NagO —0.81 8 SB
LigO —0.80 8 SB
BaO —0.67 6 SB
SrO —0.62 6 SB
CaO —0.57 6 SB
MgO —0.42 6 WB
BeO —0.35 4 AB
AlgO3 —0.31 4 AB
H90O —0.25 2 AB
B9O3 —0.24 2 WA
SiOg —0.23 2 WA
P90Os5 —0.13 2 MA
COq —=0.11 1 WA
SO3 —0.06 1 SA
N9Os5 —0.05 1 and 2 SA
ClgOq —0.01 1 and 2 SA

Abbreviations: A, acid; B, base; S, strong; M, medium; W, weak.
Source: Ref. 6.

on the oxygen atom, while that of basic oxides is a high negative
charge on the oxygen. Such a correlation, which is supported by
the data in Table 1.3, may be explained on the basis of Sanderson's
theory of electronegativity. According to this theory, the electro-
negativities of atoms in a compound are different from the electro-
negativities of the same atoms when unbonded. Electron density in
a compound is distributed in such a way that the electronegativities
of all atoms become equal and reach a common value which is the
geometric mean of the initial electronegativities of particular atoms.
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TABLE 1.4 Charge and Coordination Number (CN) of Oxygen Atoms
in Some 18-Shell and Transition Metal Oxides

Approximate charge CN
Cuy0 —0.45 4
TiO —0.37 6
FeO —0.35 6
Cdo —0.32 6
TigO3 —0.31 4
ZrOg —0.30 4
NbOg —0.30 4
ZnO —0.29 4
FegOg —0.25 4
SnO -0.25 4
PbO —0.25 4
TiO9 —-0.25 3
VOgq —0.25 3

Source: Ref. 6.

In the compound the electronegativities of the strongly electronega-
tive atoms therefore decrease and those of weakly electronegative
atoms increase. In oxides the electronegativity of oxygen always
decreases and the electronegativity of its partner increases, the
only exceptions being the oxides of fluorine. The shifts in electron
density and hence the changes in electronegativity result in the
accumulation of a certain negative charge on oxygen atoms and a
positive charge on its partner's atoms.

Now independently of the definition of acid and base we can
think of acids as electron attractors and acceptors and of bases as
electron donors. Oxygen bonded in an oxide cannot act as elec-
tron acceptor because all its valence orbitals are filled. The role of
acceptor can only be fulfilled by the other atom and the more it
acts as acceptor the higher the electronegativity it reaches in the
compound. A small negative charge on oxygen in acidic oxide
means that oxygen atoms are bonded with highly electronegative
partners which may already be highly electronegative in the unbond-
ed state, e.g., sulfur in SO3, and/or has been made highly electro-
negative through electron withdrawal by several competitive, highly
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electronegative oxygen atoms, e.g., manganese in MngO7. In both
cases the other element by the action of oxygen is rendered more
electronegative than it was in the unbonded state and also has or-
bitals that can become acceptors. The acceptor properties of an or-
bital are strongly improved by an even slight withdrawal of elec-
trons and the partial positive charge also contributes to the stability
of the outer d orbitals. It should be observed here that a high
negative charge on oxygen corresponds to a state in which its elec-
tronegativity is greatly decreased and the average electronegativity
is low. The low electronegativity of the oxygen partner atoms re-
duces their ability to accept electrons and the oxide becomes much
less acidic and more basic.

When considering basic properties of the oxides we must stress
the fact that oxygen atoms, when linked with two single covalent
bonds or with one double bond, still possess two unshared electron
pairs enabling them to act as donors, i.e., to exercise the function
of a base. The electron-donating ability of oxygen obviously in-
creases with increasing negative charge, but Sanderson points out
that the donating ability of oxygen is stronger when the oxygen
atom is attached by single rather than multiple bonds. He believes
that this effect is the result of a greater localization of unshared
electron pairs in the former case than in the latter. This explana-
tion would be equivalent to the assumption that the localization is
greater when unbonding electron pairs occupy sp3 hybrid orbitals
than when they occupy sp2 hybrids. This explanation seems rather
doubtful from the point of view of quantum chemistry as the sp! hy-
brids are considered to exhibit higher bonding ability (and hence
the higher concentration of electron density) when the participation
of s orbitals is higher [12]. As shown by the data in Table 1.3,
oxygen atoms in oxides which are known to be very strongly basic,
such as the oxides of alkali metals, bear the highest negative partial
charge. The amphoteric oxides BeO, AlpO3, and H9O occupy a
central position in the series of oxides ordered according to the
decreasing negative charge on oxygen. The donating ability of oxy-
gen and the tendency of the other atom to accept an electron pair
are comparable in these compounds and, depending on conditions,
the compounds may act either as a weak base or a weak acid.

An interesting example of the application of Sanderson's approach
to a discussion of physicochemical properties of oxide systems has
been given by Mortier [13]. His calculations for various zeolites
gave the explanation of the observed fact that the strength of Bron-
sted acid centers in a given type of zeolite increases with increasing
protonation as well as with an increasing SiO9/Al9O3 molar ratio.

Unfortunately, no Sanderson's electronegativities were calculated
for most of the transition metals and such calculations usually have
to be limited to the main groups of elements.
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B. Structural Properties of Oxides
1. Coordination Polyhedra and Close-Packed Ions

The structure of oxide crystals may be discussed from two points of
view [7,14-16]. The crystal may be considered to be composed of
close-packed rigid spheres of oxygen with cations distributed in the
interstices between these spheres, or it may be constructed from co-
ordination polyhedra built of the central metal atom surrounded by
oxygen atoms, linked together by corners, edges, or faces into an
ordered periodic arrangement in space.

The form of a coordination polyhedron depends on the type of
chemical bonds linking the metal atom with the adjacent oxygen
atoms. When bonds are covalent the number and position of oxygen
ligands are determined by hybridization of the orbitals of the central
atom, and when they are ionic, by the ratio of the radii of ions.

In crystal these polyhedra are linked together in an ordered mode,
whereas in an amorphous substance they exist in a more or less
disordered fashion. Thus, crystals are characterized by both short-
and long-range order, whereas in amorphous substances only the
short-range order is present. It must be emphasized that coordina-
tion polyhedra are not equivalent to groups of atoms which could be
defined as chemical molecules; they must be considered as arbitrary
structural units, which can be chosen in many different ways. The
coordination polyhedra acquire a physical sense when the bonds be-
tween atoms within the polyhedra are stronger than bonds between
them. This is the case when the valence of the central atom is
greater than half of the sum of the valences of oxygen ligands. In
the limiting case, when the valence of the central atom is equal to
the sum of the valences of oxygen ligands, the coordination poly-
hedron is a chemical molecule. In such case it is obvious that dif-
ferent chemical bonds operate within the coordination polyhedra and
between them. Depending on whether the atoms in the crystal are
linked together with one type of bond or whether different types of
bonds are present in the crystal, we may divide all structures into
two groups: homodesmic and heterodesmic. The structure is
homodesmic when all the atoms of which it is composed are linked
together by the same type of bonds. MgO or ZnS may serve as ex-
amples of homodesmic structures with predominantly ionic or pre-
dominatly covalent bonds, respectively.

The structure is heterodesmic when its structural elements are
linked by at least two different types of bonds. Oxy salts contain-
ing complex anions are a typical example. In sulfates, phosphates,
and the like, the bonds within the complex anions have a predomi-
nantly covalent character, whereas the bonds between these anions
and cations are ionic. In this case the representation of the crystal
in terms of coordination polyhedra is nearer to physical reality than
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the model of close-packed rigid spheres. It is also convenient in
the discussion of catalytic properties because coordination polyhedra
may serve as models of active centers of an oxide catalyst. When
they are located at the surface, at least one coordination site is
empty and can accommodate the reacting molecule. An intermediate
complex is thus formed in which the reacting molecule is one of the
ligands of the coordination polyhedron of the oxide lattice.

The approach based on close-packed oxygen spheres essentially
comes down to the question of how spheres of equal size can be
packed together to fill the space as densely as possible and how the
atoms of different metals can be distributed in the interstices ap-
pearing between these spheres.

On a plane surface the closest packing is attained when each
sphere is in contact with six others. The second identical layer
may now be superimposed on the first, so that the spheres in the
upper layer are vertically above the centers of the triangles formed
by spheres of the lower layer. On superimposing the third layer
we have two alternatives: the spheres of this layer may be placed
in the centers of triangles formed above the spheres of the first
layer or above the interstices in this layer. In the first case a
hexagonal close-packed structure is obtained, characterized by the
sequence of layers ABABA; in the second case a cubic close-packed
structure is obtained with the ABCABC sequence. In both struc-
tures each sphere has 12 neighbors.

2. Structures of Simple Metallic Oxides

Crystal structures of some oxides which are of importance in cataly-
sis are summarized in Table 1.5 [7]. The structures are arranged
according to type of coordination polyhedra and the mode in which
they are linked together. First are the three-dimensional struc-
tures of high coordination number, such as ReOj3, rutile, corundum,
and sodium chloride; then come those with tetrahedral or lower co-
ordination. Then follow the layer and chain structures. We shall
discuss in more detail those most commonly encountered in catalytic
studies.

In fluorite the metal cations are surrounded by eight oxide ions
located in the apexes of a cube forming the coordination polyhedron.
The cubes are linked by common edges (Fig. 1.2), which results in
a cation to oxide anion ratio 1:2 as required by the chemical formula
MeOg. This structure may also be regarded as the fcc sublattice
of metal ions, in which all tetrahedral interstices are occupied by
oxide ions. It can be expected that the fluorite structure will be
adopted by compounds for which the ratio of cation to anion radii
exceeds 0.732. In fact, oxides of large quadrivalent cations such
as Zr, Ce, Th, and V crystallize in this structure.
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TABLE 1.5 Crystal Structures of Some Metallic Oxides

Formula type and
coordination

Name of

Type of structure numbers of Mand O structure

Example

Infinte three- MO3
dimensional MOy
complexes

M9O3

MO

MOg

M9O
M9O

Layer structures

6:
8:

2
4

ReOg3

Fluorite

Rutile

Corundum

A'rare earth
sesquioxide

C'rare earth
sesquioxide

Sodium
chloride

Zinc blend
wurtzite

Quartz
structures

Cuprite

Antifluorite

WO3

ThOg9,CeO9,HfO9,

NpOg,Pu09,AmOg9,
PoO9,CmO9,PrOg,

UO9,Zr09

TiO9,Ge0O9,Sn09,
MnOg,Ru09,0s09,
IrO9,Cr0O9,M009,
WO9,TeO9,Re0O9,
Pb0O9,V09,(NbO9),
TeO9,Ta09,PtO9,

a-Al9O3 a-Feg9O3,
Cr903,Tig03,
V903, a-GagO3,
Rh9O3,
Lag90O3,Ceq03,
Pr90O3,Nd9O3
a-Mn90O3,5c903,
Y903,In903,T1903
Sm90O3,and other
rare earths
oxides M9Og3

MgO, CaO, SrO,
Ba0O,CdO, VO,
TiO,NbO,FeO,
CoO,NiO,MnO

BeO
ZnO

Si09,Ge0O9g

CugO, Agg0

Lig0,Nag0,K90,
RbgO

MoO3,As903,PbO,
SnO,Req0q
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TABLE 1.5 (Continued)

Formula type and

coordination Name of
Type of structure numbers of M and O structure Example
Chain structures Sb90O3,CrO3,
SeO9
Molecular structural units: polymers Sb40¢,As40¢
Molecular structural units: single molecules All simple molecu-
lar oxides

Source: Ref. 7.

FIGURE 1.2 Fluorite structure. (After [16].)
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ReOg3, rutile, corundum, and sodium chloride are built of coor-
dination octahedra linked in different ways. In the ReOg structure
the octahedra share only vertices as shown in Fig. 1.3. When octa-
hedra share all edges, the sodium chloride structure appears. In
the rutile structure (Fig. 1.4) each octahedron shares two opposite
edges with the neighboring octahedra. Chains of octahedra are
formed which are linked together through the remaining free ver-
tices of the octahedra. Because of the high positive charge on
metal ions the repulsive forces between them play an important role
and often cause a distortion of the octahedra, resulting in an in-
crease of the intercationic distance. In the rutile lattice the sur-
rounding of the cation has a form of a distorted octahedron, in
which two oxygen ions are slightly further than the other four.
Some dioxides crystallize with a less symmetric variant of the rutile
structure, in which successive pairs of metal atoms in the string of
octahedra are alternately closer together and further apart. In
some transition metal oxides, such as MoOg, this distortion is
assisted by the formation of m bonds between oxide ions and the
metal cations, resulting in a decrease of cation-cation repulsion and
in the appearance of a strong tendency to form a layer structure,
as in the case of MoOg3 described below [17].

The corundum structure is built of face-sharing pairs of octa-
hedra interlinked through edges to form layers of six-membered
rings (Fig. 1.5). The coordination polyhedron of 02~ ions around
each AI3t ion is essentially regular octahedral and there is no evi-
dence to suggest the existence of metal-metal interactions across the

FIGURE 1.3 ReOj, structure. (After [16].)
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FIGURE 1.4 Rutile structure. (After [16].)

shared face. Thus, it is sometimes more convenient to consider the
structure as a hexagonal close-packed array of oxygen ions with
metal ions occupying two-thirds of the octahedral holes. Such a
structure, represented by the ABAB sequence of close-packed lay-
ers, is assumed by oa-alumina. There are two other ways of stack-
ing the close-packed layers encountered in aluminas, namely, various
sequences of the type ABACAB, ABAC-CABA, etc., represented by
x and « aluminas, and the cubic close-packed arrangement ABCABC
of y-alumina. In the latter case the aluminum ions occupy tetra-
hedral and octahedral interstices forming a spinel structure, in which
one-third of tetrahedral sites normally occupied remain empty.

Active alumina is not pure AlgO3 but contains a certain amount
of water in the form of surface hydroxyl groups. Several models of
the surface structure of such aluminas were proposed [18,19], the
most recent one being that of Knédzinger and Ratnasamy [20].

The linking of tetrahedra takes place only through vertices and
there are two alternative ways of arranging them to obtain a metal-
oxygen atomic ratio of 1:1 as in MeO compounds: a cubic structure
of zinc blend and a hexagonal structure of wurtzite. There are,
however, many different ways of linking the tetrahedra to satisfy
the formula MOg; thus many different structures are encountered in
the case of silica.
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FIGURE 1.5 Packing of AlOg octahedra in the corundum structure.
(After [16].)

It follows from the Pauling rules [21] that in the structures of
silicates each vertex of the SiO4 tetrahedron is common only for two
tetrahedra, and two tetrahedra have only one vertex in common,
i.e., they never share edges or faces.

When SiO4 tetrahedra have no elements in common and are linked
only through the polyhedra of other cations, orthosilicates are
formed as olivine (Mg,Fe)9SiO4, granates (Mg,Fe,Mn,Ca)3(Cr,Al,
Fe)9(SiO4)3, etc. When each tetrahedron shares only one vertex
with another tetrahedron, the silicate is composed of [51207]6' as
the structural unit. Tetrahedra which share two vertices with other
tetrahedra form structures composed either of chain ions }O[Si03]2‘
(number 1 in the left superscript indicates the one-dimensional chain
stretching infinitely as marked by the left subscript « or of cyclic
ions [Si30g]6~ (three-membered rings) and [816018]12" (six-mem-
bered rings). The Si:O ratio in these compounds amounts to 1.3.

A simple silicate chain is shown in Fig. 1.6a; the three- and six-
membered rings are illustrated in Fig. 1.6b and c. Simple chain
ions may link together through free vertices to form double chains
of the composition }O[Si4011]6‘, in which the Si:O ratio amounts to
1:2.75.

Linkage of a large number of chains through vertices lying in
one plane results in the formation of a layer structure, shown in
Fig. 1.7a. In this structure each tetrahedron shares three vertices
with other tetrahedra, the Si:O ratio thus being 1:2.5. The struc-
ture may thus be described as composed of E[Si205]2' units, with
the number 2 in the left superscript indicating the bidimensional
sheet. Three main classes of layer structures can be distinguished
according to the structure of the layer. The first class comprises
structures composed of single layers, in which the free vertices of



http://chemistry-chemists.com

Molecular Oxygen and Oxygen Compounds 17

AV

FIGURE 1.6 Arrangement of SiO4 tetrahedra in the simple chain (a),
three-membered ring (b), and six-membered ring (c). (After [16].)

tetrahedra in alternate rings point to opposite sides of the layer,
the cations lying between the layers. In the structures of the sec-
ond class, represented by many aluminosilicates, the layers are built
of tetrahedra pointing with free vertices to one side and linked to-
gether in pairs to form double layers. If some of the Si4* ions are
replaced by A3t ions, the net negative charge appears on the
aluminosilicate layers and is compensated by interlayer cations, which
hold together the layers in the crystal (Fig. 1.7b). The third
class of structures are composed of sheets of SiO4 tetrahedra with
vertices pointing to one side and linked to sheets of octahedra of
such cations as Mg*2, Cat2, AI*3, etc., coordinated by oxygen ions
or hydroxyl groups, to form a composite layer. The octahedral
sheet may also be linked on both sides to tetrahedral sheets to form
a three-sheet composite layer. Such composite layers are neutral
and are held together in the crystal by weak van der Waals forces.
This explains the softness of such structures, which are present

in, for example, talc. If a certain number of ions, e.g., A13*, in
the octahedral sheet are substituted by divalent ions, the composite
layer acquires the charge, which must be compensated by additional
cations incorporated between the layers (Fig. 1.7c). In some struc-
tures the charged composite layers are interleaved with hydrated
ions, as in montmorillonite:
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FIGURE 1.7 Structure of layer silicates: (a) single layer,
(b) cross-section of the array of double layers, (c) cross-section of
array of three-sheet composite layers. (After [16].)
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When all four oxygen atoms of the SiO4 tetrahedron are shared
by two tetrahedra a three-dimensional silicon-oxygen framework is
formed, as in all polymorphic modifications of SiO9 and such minerals
as feldspars and zeolites.

Oxides of group IB metals assume a very peculiar structure of
cuprite, consisting of two completely interpenetrating and identical
frameworks without any cross-connecting bonds.

The stereochemistry of the metal atom in MoO3 can be best con-
sidered as that of a distorted octahedron, although it can be easily
deduced from the MoO3 tetrahedron as a basic unit [22]. Figure
1.8a shows an infinite string of corner-sharing tetrahedra. When
such strings are linked together to increase the coordination of
molybdenum to 5 (Fig. 1.8b) and other strings are brought from be-
neath to complete this coordination to 6 (Fig. 1.8c), sheets are
formed composed of ribbons of octahedra sharing their two adjacent
edges with other octahedra and corners with two adjacent ribbons on
both sides (in and out of the plane of Fig. 1.8d). A layer struc-
ture of MoO3 appears in this way.

Closely related to the structure of MoOg is that of V905 [23],
which will be discussed in detail in Chapter 8.
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AR 7N 7N 7N 2N
ZINIZINIZINZINZIN
\\17 NN N
b
C

FIGURE 1.8 Elements of MoOg structure: (a) string of tetrahedra,
(b, c) linking of strings into ribbon and sheet, (d) projection of the
structure along the (100) axis.
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3. Complex Oxides and Oxy Salts

It is convenient to divide all compounds containing two or more ele-
ments in addition to oxygen into two groups according to whether
the relation of the oxygen atoms to one kind of atom is different
from that to another or no distinction can be made between the
bonds of these atoms to oxygen atoms, i.e., whether the structure
is heterodesmic or homodesmic. When oxygen atoms in the crystal
AxYyOj can be associated with one kind of atoms Y to form oxy ions
YyOz, the bonds within these oxy ions having a higher degree of
covalency, the structure may be considered as composed of cations
A and complex oxy anions YyO, linked by ionic bonds, the oxy
anions being either finite or infinite. Such compounds may be
called oxy salts. The oxy anions may be composed of two or more
kinds of coordination polyhedra containing different central atoms
as it is the case in heteropoly oxy salts. When no distinction can
be made between the different bonds in the crystal it is convenient
to regard the structure as a close-packed array of oxygen ions,
with A and Y ions distributed in tetrahedral and octahedral holes.
The type of coordination chosen by the given ion depends on its
size and ligand field site preference energy. The term complex ox-
ides should be used to describe such phases. If the A ions are
approximately the same size as oxygen ions, the structure may be
considered to be a close-packed arrangement of O and A ions with Y
ions in tetrahedral or octahedral interstices.

The different behavior of atoms in the oxide structure may be
related to their electronegativities. When element A is electroposi-
tive and element Y electronegative, an oxy salt-type structure will
be formed with Y as the central atom of the oxy anion. When both
A and Y are electropositive, the structure should be regarded as a
complex oxide. Thus, when a diagonal line is drawn across the
periodic table from the upper left corner to the lower right one,
atoms to the left of this line, which form essentially ionic bonds
with oxygen, will appear in crystal structures, which should be
considered as complex oxides. The coordination numbers of these
ions are determined by their relative sizes. On the other hand,
atoms located to the right of this line form oxy anions with a con-
siderable degree of covalency. In the case of transition elements
this refers to their ions in the highest oxidation state. Oxides of
transition metal ions in lower oxidation states are more ionic.

a. Complex metal oxides: The largest group of complex oxides
is the solid solution of one oxide in another, the different ions ran-
domly occupying the cationic sites of a simple oxide structure. Two
types of such solid solutions are of particular interest to catalysis:
binary complex metal oxides of acid-base properties (e.g., alumino-
silicates) and solutions of transition metal ions in diamagnetic ma-
trices (e.g., Cr*3 in AlgO3, Nit2 in MgO, etc.) used in reactions
of the redox type.
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Binary oxides with acidic properties: The generation of acidity
by substitution of a given ion in the oxide lattice by a different ion
may be explained after Tanabe as due to the appearance of a posi-
tive or a negative charge at the site of substitution. Tanabe [24]
calculates this charge by constructing a hypothetical model struc-
ture, in which

The coordination numbers of both atoms in the oxide solid solution
remain the same as they were in simpie oxides, and

The coordination number of oxygen of the majority component oxide
is retained for all oxygens in the solid solution.

As an example, Fig. 1.9a shows the model structure of the TiOg-
SiO9 system in which TiO9 is the majority component oxide and Fig.
1.9b that of SiO9-TiO9 system, where SiO9 is the majority oxide.

In both cases the coordination numbers of Si and Ti atoms remain 4
and 6, respectively, as in pure SiO9 and TiO9, as required by the
first assumption, whereas coordination numbers of oxygen are 3 and
2, respectively, according to the second assumption. In the case
of the TiO9-Si09 system, in which silicon atoms replace titanium

| |
o— 00—
| l/O—] ‘ |

a —O0—Ti—0—Si—0—

4 2

o7 | K]
charge difference:k%—%)xz.s%
| |

0 0
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b —0 Si 0 Tis 2O——

\ O/ ‘% %

P

charge difference:(*%— %)xs =-2

FIGURE 1.9 Model structures of TiO9-SiO9: (a) when TiO9 is major
oxide, (b) when SiO9 is major oxide. (After [24].)
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atoms, the four positive charges of the silicon atom are distributed
to four bonds, i.e., one valence unit to each bond, while two nega-
tive charges of the oxygen atom are distributed to three bonds,
i.e., —2/3 of a valence unit for each bond. The charge difference
for each bond is 1-2/3 = +1/3; on the Si atom there is thus a charge
excess of +1/3 x 4 = + 4/3. This means that a Lewis acid site ap-
peared. In the case of a SiO9-TiO9 system with Ti atoms substitut-
ing Si atoms, four positive charges of the Ti atom are distributed to
six bonds, i.e., +4/6 valence unit to each bond, while two negative
charges of the oxygen atom are distributed to two bonds, i.e., one
negative charge per bond. The charge difference for each bond is
+4/6 — 1 = —1/3; the Ti atom therefore has —2 charges in excess.
Tanabe argues that in this case Bronsted acidity appears because
two protons must associate with six oxygen atoms to maintain the
electric neutrality. Experiments show [25] that the TiO9-SiO9 sys-
tem is indeed characterized by a very high acidity.

The classical representatives of solid acids are aluminosilicates
used as catalysts since the 1920s. Using Tanabe's procedure one
can calculate that substitution of Al atom for the Si atom in the
tetrahedron of the silica structure results in the appearance of one
excess negative charge at the Al atom, which must be compensated
by adding the proton to one of the oxygen ions (Fig. 1.10a). A
center containing a loosely bonded proton is thus formed with
properties of a Bronsted acid center. On outgassing at higher
temperatures the surface becomes dehydroxylated and the Brdnsted
acid center is transformed into a Lewis center (Fig. 1.10b). AlO4
tetrahedra may be substituted into any form of silica, resulting in
the formation of amorphous aluminosilicates, those with layer struc-
ture like in montmorillonite or a three-dimensional framework as in
zeolites.

In zeolites, which are crystalline aluminosilicates built of SiOg4
tetrahedra partially substituted by AlO4 tetrahedra and linked
through all four vertices into a three-dimensional framework, one
can distinguish building units such as chains, rings, and regular
polyhedra [26], which are the basis of the classification of zeolites.
As an example, Fig. 1.1la shows the sodalite unit, which is a cubo-
octahedron (truncated octahedron) built of SiO4 tetrahedra. It can
be visualized as obtained by the superposition of an octahedron and
a cube, and cutting away all the vertices of the octahedron. When
the sodalite units are linked together by the vertices of the tetra-
hedra, protruding from the hexagonal planes into a three-dimension-
al array in which every sodalite unit is tetrahedrally surrounded by
other sodalite units (diamond-type structure), the structure of the
mineral faujasite and its synthetic analogs, zeolites X and Y, is
produced (Fig. 1.11b). It can be visualized as composed of cubo-
octahedra linked together through hexagonal prisms. This produces
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FIGURE 1.10 Generation of Bronsted (a) and Lewis (b) acidity by
substitution of aluminum atom into silicate structure.

internal cavities (supercages) of almost spherical shape, with a diame-
ter of 12 A, interconnected through distorted 12-membered windows
of diameter 8—9 A.

One of the zeolite types used extensively in catalysis is ZSM-5
[27]. It is built of five-membered rings, eight of which form a
building unit as shown in Fig. 1.12a. These units are linked through
edges to form chains (Fig. 1.12b) connected then through vertices

a

FIGURE 1.11 Structure of faujasite: (a) sodalite unit, (b) linking
of sodalite units in tetrahedral arrangement and appearance of super-
cage. The Si(Al) atoms are situated at the apices of the truncated
octahedra.
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FIGURE 1.12 (a) Building unit, (b) chain, and (c) sheet in ZSM-5
zeolite.

into sheets (Fig. 1.12c), and finally into a three-dimensional frame-
work. Two interconnected channel systems, one sinusoidal and the
other straight, are produced, as shown schematically in Fig. 1.13.

The number of AlO4 tetrahedra which can be incorporated into
the silicate framework varies over a wide range, and so does the
composition of zeolites, usually expressed in terms of the Si/Al ratio.
This ratio is 1 in Linde A or type X zeolites, 3 in type Y zeolites,
and assumes values as high as 30 or more in ZSM-type structures.
Depending on the Si/Al ratio there are five different environments
possible for each SiO4 tetrahedron. Namely, it can be linked to four
other SiO4 tetrahedra with no adjacent AlO4 tetrahedron [Si(0OSi)4],
or it can have in its surrounding one, two, three, or four AlO4
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FIGURE 1.13 Channel structure in ZSM-5 zeolite.

tetrahedra and three, two, one, or no SiO4 tetrahedra, respectively
[Si(OAl)(OSi)3, Si(OAl)9(OSi)9, etc.]. Their concentrations can be
determined by using the 29si magic angle spinning nuclear magnetic
resonance (MASNMR) [28]. As an example, Fig. 1.14 shows the
29Si MASNMR spectrum of a synthetic faujasite with an Si/Al ratio

of 2.75. It may be seen that four nonequivalent types of SiOg4
tetrahedra are present, the predominant ones being those with one
or two adjacent AlO4 tetrahedra. The negative charge introduced to
the framework by each incorporated AlO4 tetrahedron must be com-
pensated by a cation introduced into the framework. Thus, the
number of these cations divided by their valence must equal the
number of AlO4 tetrahedra. The cations are exchangeable; there-
fore the selection of their type and degree of exchange offers a pos-
sibility of wide modifications of adsorptive and catalytic properties

L I I
-80 -90 -100 -10

ppm from TMS

FIGURE 1.14 MASNMR spectrum of faujasite with Si:Al ratio of 2.75.
Experimental spectrum (left) and computer simulated spectra (right).
The four peaks represent [Si(OAl)3(0Si)], [Si(OAl)9(0OSi)gl,
[Si(OAI)(OSi)3] and [Si(OSi)4]. (After [28].)
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of zeolites. By exchanging them for protons the acidic form of the
zeolite may be obtained. Their concentration and acidic properties
may be determined by IR spectroscopy. Figure 1.15a illustrates the
IR spectrum of the hydrogen form of HZSM-5 zeolite [29]. Two
strong bands are visible in the stretching frequency region, at 3620
em™1 and 3740 cm‘l, indicating that two types of OH groups are
present. Their acidic properties are revealed by the spectra regis-
tered after adsorption of a base, e.g., pyridine (Fig. 1.15b). The
appearance of a strong band of pyridinium ions at 1552 cm~l and the
simultaneous disappearance of the band at 3620 em~l demonstrates
that these hydroxyl groups play the role of strong Brénsted acid
centers transforming pyridine into pyridinium ions.

Solid solutions of transition metal ions and diamagnetic matrices:
When reacting molecules interact with transition metal ions at the
surface of an oxide catalyst, the transfer of electrons takes place
between the adsorbed layer and the solid. A fundamental question
arises as to what extent the type of bonding between the molecule
and the transition metal ion depends on the local properties of this
ion, such as the d-electron structure, the character and arrange-
ment of surrounding oxygen ions, etc., and how relevant in this

5 5
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= o
| T
10%
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FIGURE 1.15 IR spectrum of type Y zeolite: (a) fresh sample,
(b) after adsorption of pyridine. (After [29].)
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respect are the collective properties of the solid, in particular the
chemical potential of electrons as given by the position of the Fermi
level, and the ability of the solid to transport the electrons from
one active center at the surface to another expressed by its electric
conductivity.

One method of discrimination between the influence of localized
and collective properties of the oxide on its behavior in catalytic re-
actions is the use as model catalysts of the solid solutions of transi-
tion metal ions in an insulating, diamagnetic oxide as solvent [30-
32]. At very small concentrations it can be assumed that practically
no interactions operate between the transition metal ions, and the
behavior of isolated ions in adsorption and catalysis can be thus
studied. On increasing the concentration one may study the in-
fluence of the strength of interaction between the transition metal
ions.

MgO as a matrix offering sites with octahedral symmetry and
ZnO with tetrahedral symmetry are usually used for such studies.
Solid solutions in a-AlgO3 with octahedral sites and in MgAlgO4 with
both octahedral and tetrahedral sites have also been investigated.

Spinels and perovskites: Among the complex oxides which can
be considered as compounds of the formula AyByOz, two main types
can be distinguished: structures with close-packed oxygen ions,
and structures in which oxygen and A ions, because of their similar
size, are in close-packed arrangement. Representative of the first
type, applied widely in catalysis, are spinels; representative of the
second type, also of great interest for catalysis, are perovskites.

Spinel structure is assumed by many oxides of the general
formula AB9O4, which can be divided into groups as follows:

(1) MIIMpMoy, (2) MIVMgIlog and (3) MVIMbO4. We shall describe
the first group in more detail.

The unit cell of the spinel MHM%HOLI comprises 32 oxygen ions
(BMHM%HO4) in cubic close packing (Fig. 1.16). As follows from
simple considerations, the unit cell contains 32 octahedral and 64
tetrahedral holes, in which 8 M!I ions and 16 MIII jons are arranged.
When 8 equivalent tetrahedral holes out of 64 are occupied by MII
ions, and 16 octahedral holes out of 32 by MIII ions, the spinel is
called normal. Other modes of distribution are also encountered.
The 8 tetrahedral holes may be occupied by MIL jons, the remaining
8 MII jons and all 8 MII jons occupying the 16 octahedral holes.
Such spinels which are represented by the formula MIHMHMIHO4
are called inversed. In some spinels both MII and MII jons are
randomly distributed in tetrahedral and octahedral holes. It is con-
venient to describe different modes of distribution by a parameter
n, which gives the fraction of divalent metal ions in octahedral coor-
dination. Thus for the normal spinel n = 0 and for the inversed one
n = 1. In the case of random distribution n = 0.67. Values of the
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’P

FIGURE 1.16 Spinel structure. (After [16].)

parameter n found experimentally in different spinels are given in
Table 1.6 [33].

Calculation of the lattice energy of a spinel formed only by main
group metal ions, e.g., MgAl9O4, indicates that normal distribution
of cations is most stable. When, however, the spinel is composed of
transition metal cations, the ligand field stabilization energy must be
taken into account in the assessment of the stability of different dis-
tributions [33]. The greatest tendency to occupy the octahedral
position is shown by Cr3* and Mn3*t ions. Accordingly, all chromites
and manganites except NiMn9O4 are normal spinels. Conversely,
the Fe3* jon is not at all stabilized in the ligand field, similar to the
Zn2* ion. Thus, zinc ferrite is a normal spinel because only the
lattice energy determines the distribution, whereas ferrites of Cu2+,
Ni2*, Co2*, and Fe2t are inversed because the high ligand field
stabilization energy of these ions in octahedral coordination is the
decisive factor, Fe3* jons being displaced to tetrahedral positions.

There are many ways that defects can form in a spinel struc-
ture [34]. The most commonly encountered are vacancies in the ca-
tion sublattices, both tetrahedral and octahedral. On the other
hand, the spinel structure is fairly empty because only one-eighth
of the tetrahedral and one-half of the octahedral sites are occupied.
Thus solubility of the component oxides in the spinel phase is ob-
served, resulting in the appearance of excess cations in the inter-
stitial tetrahedral and octahedral sites. The given cations in the
spinel structure can be substituted by many other cations. In this
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TABLE 1.6 Distribution of Cations in Octahedral Positions in the
Spinel Lattice (Values of Parameter n)

Cation Mg2t  Mn2t Fel+ Co2t  Ni2+ Cu?+t Zn2+t

A3t 0 0 0 0 0,76 0
cr3* 0 0 0 0 0 0,1 0
Fed*t 0,9 0,2 1 1 1 1 0
Mn3* 0 0 1 0 0
Cod+ 0 0

Source: Ref. 33.

way multicomponent systems can be obtained, with their properties
purposefully regulated by proper selection of the component cations
and appropriate adjustment of their composition. This also opens up
possibilities for studying various factors influencing the catalytic
activity of oxide systems.

The second structure which will be described here is that of
perovskite. It is adopted by compounds in which one of the metal
ions is of a size similar to that of an oxygen ion. In the case of
a binary compound composed of A and O ions with rap/rg = 1, such
a close-packed arrangement of these ions in which the positive ions
A are not in contact with each other is possible only at an O/A ratio
of at least 3:1, i.e., for compounds of the composition AO3. The
ions may be arranged in two ways, as illustrated in Fig. 1.17 in
which single layers of these arrangements are shown. The crystal
structures are formed by superimposition of such layers, with ions
A having dodecahedral coordination. When metal ions A are mono-
or divalent, the excess negative charge must be compensated by a
second type of cation, characterized by a small radius and occupy-
ing the interstices, in the close-packed structure. Complex oxides,
halides, and so forth are formed in this way. By superimposition
of layers, as shown in Fig. 1.17, and distribution of cations in
octahedral holes, a perovskite structure of the composition ABOg3
is formed (Fig. 1.18). This requires that B be a cation with a
preference for octahedral coordination. For stoichiometric ABOg
compounds there are many combinations of A2% and Bb* that satisfy
the electroneutrality condition a + b = 6, and this structure is
adopted by many complex oxides of groups IV, V, and VI transition
metal ions with alkali or alkali earth metal cations, e.g., BaTiOj3,
KNbO3, PbTiO3, SrZrO3, LaMnOj, LaCrOjz, KTaOg3, BaHfOj3, etc.
It is interesting to note that the perovskite structure is closely re-
lated to that of ReOj3.
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CY XX

FIGURE 1.17 Close-packed layers of ions A and O with the same
radius in the structure of AO3 compound.

The possible combinations of A and B ions are restricted by
geometric and coordination requirements [35].

Both ions A and B can be substituted by other ions to form the
full variety of solid solutions. Ordering of the solute ions may also
take place, resulting in the formation of definite compounds.

The perovskite phases are usually nonstoichiometric due to the
presence of vacancies in the sublattice of cations A as well as vacan-
cies in the oxygen sublattice. This is manifested by the existence
of, for example, tungsten bronzes NayWO3 with a very broad range
of the variation of x. When the number of A is much smaller than
that of B, the A ions may either be distributed randomly in the
dodecahedral sites as it is the case in tungsten bronzes, or form an
ordered superstructure, as in Lag/3TiO3. Nonstoichiometry result-
ing from the presence of oxygen vacancies also occurs frequently
in the perovskite phases [35].

FIGURE 1.18 Perovskite structure. (After [16].)
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Of particular importance for the use of perovskites as catalysts
is the ability of these structures to stabilize the noble metals. Com-
pounds of Pt, Ir, Is, Re, Rh, and Ra may exist in the perovskite
structure, with the noble metal atoms occupying the B sites.

b. Oxy Salts: The stereochemistry of simple oxy ions is shown
in Table 1.7. Many of these ions form complex oxy ions by linking
through vertices (oxygen atoms), edges, or faces. These complex
ions may be symmetric, i.e., every XOp, group may share the same
number of O atoms with similar groups, or asymmetric as in 530%6
ions, in which the central tetrahedron shares two vertices and the
terminal tetrahedra only one. In the case of compounds with octa-
hedral coordination, the XOg groups are never linked into complex
oxy ions only through vertices or only through edges, but always
share vertices and edges. Still more combinations are possible in
the case of structures which are composed of two types of oxy ions,
e.g., tetrahedral XO4 and octahedral XOg groups, as in the
(MOZO%')rl poly ion.

The usually observed coordination numbers in oxy compounds of
some elements are summarized in Table 1.8, in which the dotted line
separates the regions of different coordination numbers. The ele-
ments in circles—B, Si, Mo, W and Te—are those for which the
oxygen coordination number is equal to the number of valency elec-
trons in the atom and which show a very strong tendency to form
complex polyions. However, many complex phosphates, vanadates,
and chromates are also known.

As an example of the complexity of the oxide chemistry of some
elements, we shall discuss the structures of molybdates in more de-
tail. The extensive oxygen chemistry of molybdenum may be partial-
ly explained by the fact that molybdenum in oxy compounds readily
assumes both tetrahedral and octahedral coordination, which pro-
vides an almost infinite number of possible combinations of the spa-
tial arrangement of these coordination polyhedra.

Anhydrous ortho-molybdates contain isolated Mooz' tetrahedral
ions arranged to form the structure of phenacite (LigMoO4), spinel
(NagMoO3), or scheelite (PbMoO4). In appropriate conditions di-
and trimolybdates are formed. Dimolybdates contain chain polyion
(M0207)§n', composed of MoOg octahedra and MoO4 tetrahedra
linked through vertices. When the condensation of MoOg octahedra
proceeds further, hepta- and octa-molybdates may be obtained, con-
taining Mo7og;} amd M03O%é ions, built of edge-linked octahedra is
shown in Fig. 1.19.

The MoOg octahedra may also form a compact grouping around
a central atom of some other element. Such compounds are called
heteropoly oxy salts. They may be divided into two classes ac-
cording to whether the central atom is surrounded by four (tetra-
hedral) or six (octahedral) oxygen atoms. As an example, Fig. 1.20
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TABLE 1.7 Shapes of Oxy Ions

Configuration Anions
Nonlinear ClOé
Planar BO3~ co~  Noj
Pyramidal S03” Clog
BrO§
103
Tetrahedral Si0%” PO} S0%~ C10;
3- -
AsO} 103
- 9- -
Octahedral Te06' 10g”~

shows the structure of the molybdophosphate anion. The central P
atom is located at the center of a PO4 tetrahedron, which shares
oxygen atoms with four groups of three edge-sharing MoOg octahe-
dra. Such complexes, called Keggin units, are stacked together
with the appropriate number of protons (heteropoly oxy acids) or
cations (heteropoly oxy salts) into an ionic lattice. Figure 1.21 il-
lustrates the structure of the molybdotellurate anion as a represen-
tative of compounds in which the central atom (Te) is octahedrally
surrounded by MoOg octahedra sharing edges.

FIGURE 1.19 Structure of (a) heptamolybdate ion M07o§;, and (b)
octamolybdate ion M030‘21§.
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TABLE 1.8 Coordination Numbers in Oxy Compounds
2 3 4 5 6 7
A B A B A B
B) ®__C__N_ RO3
Al Si P S Cl
—
C:ie A" As Cr Se Mn Br ROy
Nb Sb D
W
ROg
Source: Ref. 7.

FIGURE 1.20 Keggin unit of molybdophosphates.
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FIGURE 1.21 Structure of TeMogO$; anion.

C. Bonding of Oxygen in Transition Metal Complexes

Molecular oxygen may be activated in different ways. Figure 1.22
shows the potential energy curves of the oxygen molecule in the
ground and excited states, with the corresponding equilibrium O-O
bond length also given [36]. Thermal excitation of the molecule in
its vibrational modes may result in vibronic transition into the first
electronically excited state, in which electrons on the antibonding
ro2p orbitals become paired and localized on one of these two orbitals.
This is the 1Ag singlet state, which is 22.64 kcal.mol"l above the
ground state. Thus, the transition 32é > 1Ag requires a consider-
able activation energy. However, oxygen may also be activated
chemically, by bonding it to an appropriate center which may be
the transition metal atom in the coordination complex or at the sur-
face of a solid, e.g., transition metal oxide. Usually the oxygen
molecule in the interaction with a metal atom center behaves as an
electron acceptor. The character of bonding and hence the proper-
ties and reactivity of the oxygen molecule depend on the energy,
spacial orientation, and occupancy of the metal d orbitals as well

as on the type of surrounding ligands. Complexes with oxygen are
formed by compounds of transition metals in lower oxidation states,
which have the ability to donate electrons strong enough to effectu-
ate the charge transfer to the oxygen molecule, but not so strong
as to cause the rupture of the O—O bond [37,38].
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FIGURE 1.22 Potential curves of the observed states of the Og
molecule. (After [36].)

Metal complexes in low oxidation states can interact with dioxy-
gen in successive steps in which electrons are transferred from the
metal to dioxygen forming successively superoxo, u-peroxo, peroxo,
ox0, and u-oxo complexes [39]. Thus, an important parameter which
determines the mode of dioxygen binding is the electron-donating
ability of the metal (the energy of the occupied d orbitals). Some
transition metal complexes reduce dioxygen reversibly at ambient tem-
peratures. Besides formation of peroxo complexes, dioxygen can also
insert into M—H or M—R bonds to form hydroperoxide and alkylperoxo
metal complexes, respectively. The latter are intermediates in the
oxidation of hydrocarbons catalyzed by metal complexes [40].

There are two ways of bonding the oxygen molecule to the
transition metal atom: superoxo (terminal, open) with the Cg sym-
metry and peroxo (side-on, chelate, closed) with the Cgy symmetry,
depending on the type of orbitals involved in bonding [41,42].
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The O—O bond order in superoxo complexes is 1.5, in peroxo
complexes: 1.0. It is noteworthy that the coordinated O9 molecule
shows an almost constant state in either class of compounds as indi-
cated by the very narrow range of frequencies, in which the vg-p
stretching vibrations of different complexes are contained (cf. Table
1.9), and by the remarkable fact that the dioxygen molecule co-
valently bound in metal complexes resembles either of the two ionic
species: superoxide ion 05 or peroxide ion O%'.

When a second atom becomes linked to the oxygen molecule, di-
nuclear complexes [u-superoxo (Ib) or u-peroxo (IIb)] are formed:

O0—M 0===0 0 0—-M
/ /N | /
M—0 M M /o,_. M—-0
M M
Cl CZV Cs Cl
(Iby) (Ib,) (Ibg) (11b))

The frontier orbitals of the oxygen molecule in the ground state
335 are the doubly degenerate, singly occupied, antibonding ngZp
orbitals. Usually such singly occupied orbitals have both electron
acceptor and electron donor properties. When a transition metal
atom has the appropriate energy and occupancy a peroxo complex is
formed by a transfer of the electron from one of the antibonding
ﬂgZp MO of dioxygen onto the empty d-AO of the metal atom, and
simultaneous back donation of an electron from the occupied d-AO
of the wmetal onto the singly occupied second ms2p antibonding MO
of dioxygen. This is shown in Fig. 1.23, illustrating orbitals in-
volved in bonding of dioxygen in different types of complexes. The
resulting electron configuration of dioxygen is identical to that of
the first excited singlet state of the oxygen molecule; formation of
the peroxo complex is thus equivalent to the activation of oxygen
from the triplet to the singlet state. Such peroxo complexes are
diamagnetic and may be represented by the formula M...09. On
the other hand, when the transition metal atom is in the low oxida-
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TABLE 1.9 Dioxygen Vibrational Frequencies in Metal Complexes

V0g > em~1
Type Metal No Range Average
Ia Fe Co 9 1103—1195 1134
Ib Co 5 1075—1122 1110
Total, superoxo
complexes: 14 1075—1195 1125
Ila Ti v Cr Co Ni 33 818—932 881
Zr Nb Mo Ru Rh Pd 66 800—929 872
Ta W Os Ir Pt u 75 807—911 850
1Ib Fe Co 7 790—844 807
Total, peroxo
complexes: 181 790—932 860

spunodwo) usbAxQ pue usabAx(Q Jejnoajop

Source: Ref. 47.
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FIGURE 1.23 The main metal 3d-dioxygen interactions: (a) bent
structure; (b) side-on structure. (Adapted from [44].)

tion state and has no low-lying empty d-AO, showing a high elec-
tron donor potential, only the d - =* transfer of electron takes
place, resulting in the formation of the molecular ion 03. By deter-
mining the structures of the iridium-oxygen complexes, Ibers [43]
discovered that the O—O distance and the tendency to bind oxygen
increases as the ancillary ligands become more electron donating.
For example, in Cl-Ir(CO)L9O9 the O—O distance is 1.30 A, in the
iodide analogue it is 1.51 A, and in the phosphine chelate
Ir(ArgP)409 it is 1.66 A. The valence frequency of the O-O bond
is considerably lowered (800—900 cm’l) in comparison with the free
molecule (1555 cm'l)

In the superoxo complexes the axis of the oxygen molecule is
inclined in respect to the metal-oxygen bond. This angle depends
on the type of metal cation and amounts to 126° in the case of CoZt
120° in Fe2t, and 102.5° in Rhlt complexes, depending on the de-
gree to which different orbitals are involved in the bonding. The
scheme of energy levels of the Co-O9 complexes is shown in Fig.
1.24 [44]. It may be seen that, depending on the value of A, the
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FIGURE 1.24 Simplified interaction diagram and the ground state
configuration for the superoxo complex of cobalt. (Adapted from [44].)

electronic structure of the complex becomes Co3+. ..09 (A =0)
Co2t 55,09 (A =1), or Cot.. (A = «), The ab initio calculations
have shown that the conflg'uratlon (11 )2(1r )1, corresponding to the
Cot3.. .0y case, is more stable than the others but the difference
is small and cannot be taken as an indication of the prevailing struc-
ture. However, EPR studies revealed the electron spin density on
the coordinated Og9 to be close to 100%, thus confirming that the
unpaired electron resides on the dioxygen moiety and the complex is
properly represented as Co3t, ..0g [45].

Theoretically, the third possibility of bonding exists, resulting
in the formation of a linear complex. Until now, however, such a
configuration was never observed in dioxygen complexes, at variance
with the dinitrogen complexes, for which the linear structure is most
characteristic. In dioxygen complexes there is only one vacant n-MO
(in the singlet state) on which only one electron pair from metal
d-AO may be localized, which excludes the possibility of a linear
structure. However, the end-on peroxo complex IIbg was postulated
to explain the results of resonance Raman spectroscopic studies on
oxyhemerythrin with 180-labeled dioxygen which showed that the two
oxygen atoms in the bound O9 molecule have different environments
[46].
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Adsorbed Oxygen Species

I. OXYGEN SPECIES AT THE SURFACE
OF OXIDES

A. Introduction

From the point of view of thermodynamics, most of the other ele-
ments and a great many chemical compounds including practically all
organic substances are not stable with respect to oxygen. However,
a small portion of them do react spontaneously at room or even
slightly elevated temperatures. The high bond energy in Og is one
of the reasons that the activation energy of uncatalyzed oxidation
reactions is high and at moderate temperatures catalyst must be
used. One of the essential functions of the catalyst in oxidation
reactions is the activation of oxygen. The way in which oxygen be-
comes activated is a crucial problem in oxidation catalysis. Gener-
ally speaking, oxygen activation is considered to occur by its ad-
sorption and/or incorporation into the oxide crystal lattice, the sur-
face atoms of which may also participate in the catalytic reaction.
Therefore the study of the behavior and properties of oxygen ad-
sorbed on the catalyst as well as surface oxygen atoms in oxides is
essential for an understanding of the catalytic oxidation processes.
In the present chapter these topics are discussed separately for the
two main groups of oxidation catalysts: the oxides and the metals.
Oxygen species adsorbed on the surface of oxides and their
identification, occurrence, and reactivity were recently reviewed in
two comprehensive papers by Che and Tench [1,2]. In this chap-
ter only the main properties of surface oxygen species will be dis-
cussed, especially those relevant to catalytic studies. Table 2.1

L3
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TABLE 2.1 Oxygen Surface Species

1. Mononuclear surface oxygen species:
O~ ion
(aggregates of O~ species: dimer, trimer)
surface oxygen ion of low coordination OLQ,-C
doubly bonded surface oxygen atom
2. Dioxygen surface species:
reversibly bonded O9 molecules
Oy ion
05~
(03™ ion)
(0} ion)
3. Oxygen surface species containing more than two nuclei:
O3 ion
(0:1 ion)

presents the list of various surface oxygen species whose existence
was proved or postulated in the literature. It also contains the
species discussed in [1] and [2] as well as reversibly bonded
molecular oxygen [3]. It is seen that most of the existing oxygen
surface species are considered to be negatively charged, although
the bond between the formally ionic species and the surface may
exhibit a notable amount of covalency.

No thermodynamic data are available concerning the energy of
formation of surface oxygen species. Data concerning the formation
of mono- and polynuclear species in the gas phase taken from [1]
and [2] are given in Table 2.2. It is seen that the only negative
oxygen species stable in the gas phase with respect to O9 is super-
oxide ion Oé, which in fact is a commonly adsorbed oxygen species.
In the gas phase the formation of ozonide ion O; from ozone is ex-
oenergetic, which indicates its relative stability in the adsorbed
state. All other negative oxygen species are unstable in the gas
phase. However, they may be stabilized by the Madelung potential
in the bulk of solid oxides or as adsorbed species at their surface.
The Madelung potential stabilizes 02~ ion in the bulk of oxide crys-
tal lattices and, as it is generally assumed, also in their surface
layer despite the fact that it is highly unstable in the gas phase.
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TABLE 2.2 Enthalpies of the Formation of Mono- and Dioxygen
Species in Gas Phase

Process 4H (kJ mol~1)
09 - 20 493.7
O+e” »O° —441.3
0" + e - 02" 752.7
O+ 2~ - 02 611.3
O - OF + e- 1273.6
ot - 02t + - 3389
Og +e” ~ 03 —42.47
Og+e -0 +0 347.4
Og + 2~ - 20~ 211.0
Og + 2~ > 03" 646.4
0; +e” > 0% 688.9
09 - 0'5 + e” 1165.0
0; ~ 0+ 0" 394.8
05 + e » 207 253.5
03" - 20° —435.4
Og + 4e” - 202" 17162
1109 » O3 142.3b
O3 +e” > O3 —189.3
0~ + 0g > 03 —144.4

ACalculated using the data from note b and Ref. 2.

bgE, A. V. Ebsworth, J. A. Connor, and J. J. Turner, in Compre-
hensive Inorganic Chemistry, Vol. 2, (C. Bailar, H. J. Emeleus,
R. Nyholm, and A. F. Trottman-Dickenson, eds.), Pergamon Press,
Oxford, p. 786.

Source: Data from Ref. 2.
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It is considered by many authors [3] that 02- as adsorbed species
would also be unstable and the sorption of oxygen resulting in the
formation of 02" ions is considered to be equivalent to the incorpor-
ation of oxygen into the oxide lattice. The data in Table 2.2 sug-
gest also the possibility of transformation of 02~ ions in the surface
layer of the oxides into O~ ones as being energetically favorable.

It was suggested that the incorporation of oxygen into the ox-
ide layer may occur stepwise [1,3] according to the following
scheme:

2_

- 0- >
(ads) (lattlce)
2_/

Z(ads)

O9¢g) * O9(ads)

in which a direct transformation of Oé(ads) into Ozads) seems to be

more probable than that through the 02 ads) intermediate, the
formation of which is energetically less f(avorable

With the exception of O%' and 027, all other negative oxygen
species—mono- as well as polynuclear—are paramagnetic and may
be investigated using the EPR method, which in fact has become
the most important tool for studying their properties.

Although the compounds containing positively charged dioxygen
02 ions are known, no possibility of formation of such adsorbed spe-
cies is taken into account because the oxidation of neutral dioxygen
occurs only in the presence of the strongest oxidation agents.

B. Mononuclear Surface Oxygen Species
1. O~ Absorbed Species

An O~ anion radical, either on the surface or in the bulk of the ox-
ide crystal lattice, is identified on the basis of its EPR spectra and
in particular by the determination of g and hyperfine (hf) tensors.
The theory of EPR spectra of O~ was_given in [4-6] and in a some-
what simplified form in [7]. In orthorhombic symmetry the degen-
eration of all three 2p orbitals of oxygen is suppressed, as is sche-
matically shown in Fig. 2.1, and according to the latter authors the
g components of EPR spectrum are given by

&  Bu %t &y & 'L

where ge = 2.0023 is the Lande g factor for free electron, X = the
spin-orbit coupling constant, and the meaning of E{ and Eg is
given by Fig. 2.1.
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FIGURE 2.1 Energy levels diagram for O~ ion: (a) free ion, (b) in
an axial crystal field, and (c) in an orthorhombic crystal field [1].

In the case of axial symmetry only the degeneration of the p,
orbital parallel to the symmetry axis and perpendicular to the sur-
face is abolished while the energy of py and py orbitals remains
the same. The EPR signal in this case is a doublet with

811 T Bzz T e 1" Bxx T Byy "B * IE

The signals of adsorbed O~ species most frequently observed
correspond to axial symmetry and as such were observed, for ex-
ample, on prereduced V9O5/SiO9 and MoOg3/SiO9 catalysts after dis-
sociative adsorption of N9O [8]. Table 2.3 presents the data con-
cerning g1] values of O~ species adsorbed on powders taken from
the review by Che and Tench [1]. Important additional information
can be obtained from the measurements of EPR signals exhibiting
hyperfine structure due to the presence of paramagnetic nuclei
either in the adsorbed O~ species itself or in the surface atom on
which oxygen is adsorbed. In the former case the adsorbed spe-
cies is the 170 isotope of oxygen, the nucleus of which exhibits
nuclear spin I = 5/2 and the signal is composed of six lines (num-
ber of lines (2nl + 1) where n is the number of paramagnetic nu-
clei interacting with unpaired electrons). From the hyperfine
tensor spin density on O~ principally may be calculated. However,
in the case of O7/MgO [9] the obtained value depended on the cal-
culation method. When a one-electron wave function was used the
values 0.83—0.92 were obtained. The application of a many-elec-
tron wave function led to the value of 1.01. When investigating
170~ adsorbed on MoO3/SiO9, Ben Taarit and Lunsford [10] showed
that 93% of the spin density was localized on the oxygen nucleus of
O~ species and they therefore concluded that 7% of spin density is
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TABLE 2.3 g, Values of O~ Oxygen Species Adsorbed on Different
Oxides and Chlorides

g, values

Adsorbate (axial symmetry)
KCl 2.258
NaCl 2.0806
NaOH + ice 2.070
MgO 2.0385
CaO 2.0697
SrO 2.0705
Al9O3 2.033
WO3/Si0O9 2.026
V905/Si09 2.026
MoO3/SiO9 2.019
Al903/Si0Og 2.012
As905/8Si09 2.0055

Source: Data from Ref. 1.

localized on the molybdenum nucleus. The application of 170 to the
study of adsorbed oxygen species was amply discussed in [11].

Conclusions concerning the delocalization of electrons from O~
adsorbed species may also be taken from the registration of EPR
signals exhibiting hyperfine structure due to the interactions with
paramagnetic nuclei of the cations on which O~ species are local-
ized. The EPR splitting in this case is called by Che and Tench [1]
superhyperfine splitting. Kolosov et al. [12] investigated the ad-
sorption of oxygen on 95M003 (95% of 95Mo isotope) and observed
an EPR signal of O~ species obtained by the dissociative adsorption
of N9O shown in Fig. 2.2. It is seen that both components g, and
gg were split into six lines corresponding to the nuclear spin_of
IOMo equal to 5/2. According to the calculations carried out in this
investigation, 1.9% of spin density is localized on molybdenum and
98.1% on O~ species.

Another interesting feature of the EPR signals of adsorbed O~
is the value of the g, tensor. It is seen from Table 2.3 that while
the g, value is contained within very narrow limits, the g, value
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FIGURE 2.2 EPR signal of O~ species in 99MoO3 [12].

does distinctly change with the oxidation number of the cation on
which the O~ species is adsorbed. It is highest in the case of uni-
valent cations and decreases with increasing cation charge.
Although the EPR is the most important method for detecting
and identifying O~ adsorbed species, there exist some cases in
which the formation of such species is postulated on the basis of
strictly chemical experiments despite the fact that their existence
was not confirmed by EPR measurement. Bielanski and Najbar [13]
proposed a chemical method of the determination of the mean num-
ber of elementary electric charges acquired per oxygen atom ad-
sorbed on the surface of such oxides as NiO, CoO, and MnO. It
consists of the determination of the volume of oxygen gas adsorbed
on a high-surface-area sample of strictly stoichiometric oxide and
the subsequent analytical determination (Bunsen-Rupp iodometric
method) of the number of metal ions promoted to a higher oxidation
state as the result of electron transfer from the adsorbent to the
adsorbate. In the course of all experiments the sample is never
exposed to air. Using this method it has been shown that, in the
case of high-surface-area nickel oxide at room temperature, oxygen
is adsorbed predominantly (about 90%) irreversibly. In the irre-
versible adsorption one electron was transferred per adsorbed O
atom, which corresponds to the chemisorption in the form of O~
species or, less probably, from thermodynamic factors in the form
of O%_ ion. At 150°C no reversible adsorption was observed and
the number of transferred electrons increased with the time of con-
tact from 1.0 elementary charge per 0 atom after 10 min to 1.52
after 2 hrs which indicated the gradual transformation of O~ into
02- ion, i.e., the incorporation of adsorbed oxygen into the crystal
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lattice of NiO. It should here be observed that according to our
knowledge no detection of EPR signals of O~ on NiO was reported.
This may be due either to dipolar interactions between paramagnetic
O~ species or—as already said—to the less probable formation of
diamagnetic O%' ions. Praliaud et al. [14], when applying a similar
method consisting of dissolution of the sample in a redox system
(Fe2t/Fe3t), showed the presence of oxidizing species in the sample
of MgO which had been thermally activated. The results could be
due to the presence of O~ species in the bulk or at the surface.
It was also supposed [1] that the effect could be due to coordina-
tively unsaturated 02~ ions. This alternative seems to be less ac-
ceptable as the 02~ species principally does not exhibit oxidizing
properties.

The O~ adsorbed species may be obtained at the surface of ox-
ides either by adsorption of oxygen under the proper conditions
as already mentioned or by the dissociative chemisorption of N9O.
The O~ species may also be generated by irradiation of oxides and
even by their thermal activation. In the course of chemisorption
of oxygen, in most cases O~ and Oé ions are being formed simul-
taneously. The results obtained by Shvets and Kazansky [8] can
be cited as an example. When adsorbing at —196°C oxygen on pre-
reduced V9Og5/SiO9 sample they observed a complex EPR signal with
well-resolved superhyperfine structure from 51V nuclei (I=12),
which was identified as the signal of O; species. On heating this
sample with adsorbed oxygen to —78°C or higher, the intensity of
this signal decreased and a new signal which could be attributed to
O~ appeared. When O9 was adsorbed at temperatures as high as
350°C for 2—3 min the only signal which was registered was that of
O~ ion. This experiment shows a high thermal stability of O~ spe-
cies adsorbed on silica-supported vanadium oxide in which V atoms
occupy tetrahedral positions. On the other hand, on prereduced
TiO9/SiO9 sample the signal of O~ ion could be obtained only at the
liquid nitrogen temperature and it vanished by —78°C. Its trans-
formation into 02~ and Oé was rapid.

The generation of surface O~ ions by dissociative chemisorption
of N9O was applied by many authors:

NoOg) * ¢ 7 O (aas) * Nag

In this way Kolosov et al. [12] produced O~ on prereduced 95M003/
SiO9 at 100°C. The EPR signals exhibited ultrafine structure due
to the magnetic moment of molybdenum 95 nuclei (I = 5/2). The
g tensor values were g, = 2.021 and g = 2.006.

A number of papers also described the formation of O~ ions by
y or UV irradiation of the oxides and especially of MgO. Such
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methods, although very important for solid state physics, are of
lesser interest from the point of view of catalytic research.

High reactivity of the adsorbed O~ species was reported in the
literature. It reacted with hydrogen at temperatures as low as 77
K in the case of O~ on previously irradiated MgO. The same reac-
tion was observed on silica-supported Ti, Mo, W, and V oxides and the
reactivity followed the pattern V > Mo > W [8]. The latter authors
also observed at 77 K the formation of Oé ions from O~ species ad-
sorbed on V905/Si09 and O9 molecules from gas phase. With CO
and CO9 the O~ species gives the CO% and CO:}) ion radicals [15-17],
the plausible intermediates in the catalytic oxidation on transition
metal oxides. The reactions of O~ species with hydrocarbons were
studied in [15] and [18].

From the above considerations it is clear that the existence of O~
adsorbed species on the oxide surfaces is well established. It is
highly reactive even at fairly low temperatures and, despite the fact
that in the case of V90g5/SiO9 catalyst it could be detected after
heating the sample to 300°C, it is generally not very stable. In an
overwhelming majority the conditions under which the properties of
O~ were investigated are much different from those typical for the
catalytic oxidation processes, i.e., the conditions under which the
EPR measurement, because of high temperature and experimental dif-
ficulties, cannot be carried out and the identification of transient
radicals is very difficult. However, it should be said that the O~
ion is a plausible participant in such catalytic processes and must
be taken seriously into account as one of the forms in which oxygen
gets activated. The role which O~ species may play in oxidation
catalysis was discussed by Kazansky [19], according to whom O~
may participate as an intermediate in the reduction as well as re-
oxidation of oxide catalyst surface and also may participate directly
in reaction with other reagent molecules. In this consideration he
refers to the fact that the reduction of V9Os and TiO9 catalysts is
very much faster if the catalyst is illuminated with the light quanta
enabling charge transfer from 02~ to V9+. The generation of a
positive hole on the oxide ion, then, is equivalent to the formation
of an O~ ion. The mechanism of such photoreduction of an oxide in
the presence of CO can therefore be the sequence of the following
two reactions:

M2+ 027 Bvo y@l) oy o°
M2+ 07 + co —= co, + MED 4 o

Neither is the formation of COQ anion as an intermediate excluded.
A similar scheme with transient O~ species and the formation of a
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surface anion vacancy may also be proposed for photoreduction with
hydrogen:

MEt 4+ o2 e y(n-D)  o”

07+ H, OH™ + H__

H_, + 0% + M2 — = on™ + m@7D)
ads

20H” —= 0% + H)0 + ©

Kazansky argues that the same mechanism can also operate at suffi-
ciently high temperatures without illumination. The charge transfer
process is then thermally activated.

The appearance, perhaps momentary, of an O~ intermediate is
also very probable in the course of reoxidation of reduced oxide
catalyst, which may be represented by the equation:

0, + 20 + 4e” — = 90%"

There is very little chance for this process to occur in just one
stage. As was already stated, more often the Oé species usually
formed on the prereduced oxides subsequently turns into O~ and
this, finally, into 02- ion. The process will be favored by the
presence of surface oxygen vacancies:

02 te + o= OZ(surface)

O2(surface) te + o= 20(surt‘ace)
- - _ 2_

20(sur'face) t 2 = 2O(sm’face)

If the reoxidation is fast, the concentration of both 05 and O~
species at the surface is low and the oxidation of a reducing gas
mixed with oxygen can be effectuated mainly by reducing the
catalyst. On the other hand, if reoxidation is slow, the concentra-
tion of oxygen radicals is relatively high and the direct reaction be-
tween O~ and, say, an organic molecule becomes the main path of
the reaction. The problem of both mechanisms of catalytic oxida-
tion will be discussed more fully in Chapter 3.
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2. Surface 02~ Ions of Low Coordination

Che and Tench in their review [1] emphasize the often neglected
role which may be played in catalytic processes by surface oxygen
ions 02~ exhibiting lower coordination than in the bulk of oxide
crystals. Oxide ion 02- is fairly unstable in the gas phase because
of its high positive enthalpy of formation amounting to 858 kdJ mol~1
of 02~ ions. The 02 ion in the bulk of oxide lattice is stabilized
by the largely coulombic interactions with neighboring ions. It is
obvious that the stabilizing Madelung potential is weaker at the sur-
face than in the bulk owing to the decreased coordination number
which, for example, in NaCl-type crystal decreases from 6 in the
bulk to 5 at (100), 4 at (110), and 3 at (111) crystal face. The
sites of diminished coordination exist also at the edges and corners
of the crystals and other sites which can be geometrically dis-
tinguished, as electron microphotographs show that the surface of a
real crystal is never ideally flat but contains imperfections: steps,
pits, etc., in which atoms of low coordination may exist. Such a
situation is schematically represented in Fig. 2.3, which was taken
from the review by Ché and Tench [1]. Following these authors we
shall determine the low coordination oxide ions by the symbol O%,-C
In particular cases the coordination number will be substituted

for L (O%E:, an oxide ion in fivefold coordination). The lower the
coordination of an surface 02~ ion, the lesser is its stability. The
decrease of stability with decreasing coordination number will be
manifested by (1) the decreasing energy of bonding the 02~ surface
ion and (2) the increasing tendency to give off an electron and to
turn into O~ species or to became the donor of an electron pair in
the presence of an electrophilic molecule or ion.

Strong support for such a model is coming from the investigation
of heterophase isotopic exchange of oxygen, which will be discussed
in Chapter 3. Such investigations show that oxygen in the surface
layer of numerous transition metal oxides is heterogeneous with re-
spect to the isotopic exchange, which also indicates the heterogene-
ity of its bonding.

The electron donor properties of oxides have been the object of
increasing interest in recent years. Nitrobenzene (NB) and such
related compounds as di- and trinitrobenzene, along with some other
substances such as tetracyanoethylene (TCNE), which exhibit high
electron affinity when adsorbed on the oxide surface may acquire
electrons and convert into negatively charged radicals, the presence
of which can be detected by EPR measurement. It is considered
that in the case of MgO the role of surface donor centers is mainly
played by surface OH™ and O%,-C ions. Ché et al. [20] adsorbed
TCNE from benzene solution on MgO activated within the temperature
range 150—800°C and, depending on the calcination temperature,
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FIGURE 2.3 Representation of a surface (100) plane of MgO show-
ing imperfections which provide sites for ions of low coordination [1].

observed two maxima of TCNE signal intensity—at about 200 and
700°C. Thermogravimetric and IR investigation indicated that the
first maximum is connected to the presence of surface OH groups.
It decreased parallel to a decrease in OH group concentration.
After calcination at about 600°C new donor centers began to operate
which, following the earlier suggestion of Tench and Nelson [21],
were attributed to the low coordination surface 02~ jons. At still
higher temperatures sintering of MgO crystallites and a decrease in
the amount of O%’C occurred. Heterogeneity of surface oxygen in
MgO was also confirmed in [23].

Very similar results were obtained by Flockhart [22] in the case
of adsorption of TCNE on alumina. Maxima of TCNE adsorption ap-
peared in the case of samples calcined at 200 and 800°C, and the
interpretation is essentially the same as in the case of MgO.

Kibblewhite and Tench [24] investigated the properties of sur-
face oxygen ions by heating MgO samples with adsorbed halogens at
300°C. Under these conditions chlorine evolved an amount of oxy-
gen corresponding to 20% of surface 02- ions with the parallel
formation of an equivalent amount of Cl- ion. Bromine substituted
10% and iodine only 1% of surface oxygen atoms. These results were
compared with the enthalpies of formation of MgO (—143 kcal mol'l)
and halides (MgClg —153 kcal mol~1, MgBrg —125 kcal mol~1, and
Mglg —87 kcal mol~1). The results again indicate the heterogeneity
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of surface oxygen atoms. The highest is the number of oxygen
atoms liberated by chlorine, the strongest electron acceptor, but
with decreasing acceptor power the amount of liberated oxygen de-
creases. A very likely interpretation of these results is that iodine
can only react with 02- ions in the lowest coordination, perhaps
O%é, bromine with O%a and O%é, and chlorine with a still wider
range of oxygen ions.

Surface 02 ions containing oxygen in its lowest oxidation state
in contrast to O~ and Oé species cannot exhibit oxidizing properties.
However, they can play an important role in the mechanism of
catalytic oxidation processes because of the fact that they are Lewis
and also Brdnsted basic sites. Mamoru Ai [25], when discussing
the correlation between the acid-base properties of oxide catalysts,
shows that both acidic and basic centers may be involved at dif-
ferent stages of the process. Metal atoms in a high state of oxida-
tion, such as Mo(VI) in molybdates of V(V) in V9Og and vanadates,
are Lewis acid centers, electron pair acceptors, and can adsorb
electrophilic molecules such as olefins. The surface 02- jons may,
on the other hand, fulfill two different functions connected with
their basic properties, namely, to accept protons splitted by ad-
sorbed hydrocarbon molecules and to act as nucleophilic ligands
entering the molecules of the reagent which were turned at the
acid sites into nucleophilic intermediates. A detailed model of this
kind of process was described by Haber and Grzybowska [26].

3. Doubly Bonded Surface Atoms M=O

As already stated, the largely covalent oxides containing transition
metals in their highest oxidation state can contain in their struc-
tures O atoms bonded in two different ways. They form either two
covalent bonds with two neighboring metal atoms in the chains
—M—O—M— or double o-m bonds with only one metal atom. In the
former case each oxygen atom is common for at least two coordina-
tion polyhedra MOy, in the latter they occupy the position of termin-
al atoms in polyhedra. Such singly coordinated O atoms, when
present at the surface, e.g., (010) face in V9Og5 crystal, differ
from the low-coordinated OL-C oxygen atoms described in the previ-
ous section mostly in the sense that the metal-oxygen bond is only
weakly polarized. The M=O bond, being stronger than M—O in
M—O—M, exhibits stretching vibrations at a higher frequency and is
characterized by an IR band between 900 and 1100 cm‘l, while the
vibrations of M—O—M chains are usually connected with several
overlapping bands between 600 and 900 em~1 [27].

Trifiro and Pasquon [28,29], when investigating the catalytic
oxidation of CO, ammonia, propene, and methanol, stated that oxide
catalysts used by them or investigated by them could be grouped into
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two classes. Class 1 comprised the oxides: NiO, Co304, CuQ,
Cr903, MnOg, Fe9O3, SnO-Sb9O3, and CdMoO4, which were active in
the oxidation of CO, in homomolecular isotopic oxygen exchange, oxi-
dized methanol and propene to CO9 and ammonia to N9O. Class 2 com-
prised V905, MoOg3, as well as the molybdates of Fe, Bi, Co, Ni, and
Mn, which were not active or only weakly active in the oxidation of
carbon monoxide and in homomolecular isotopic oxygen exchange, but
selectively oxidized propylene to acroleine and methanol (with the ex-
ception of V9Og) to CH9O. Ammonia was oxidized to Ng. Both
classes differed also by the fact that class 1 catalysts did not
possess a metal-oxygen bond of double-bond character, while all
class 2 catalysts exhibited the presence of such a bond, according
to IR investigations. Basing on this observation, Trifiro and Pas-
quon concluded that the metal-oxygen double bond, in the particu-
lar case of molybdates a Mo=O bond, plays an essential role in the
selective oxidation of hydrocarbons. They suggested that an H

atom abstracted from an adsorbed hydrocarbon molecule may add to
the metal-oxygen double bond. The opening of the double bond
leaves a free valence on the metal which may be used in a bond

with the dehydrogenated molecule. In the case of the oxidation of
propylene after a possible adsorption as a m-olefin complex this free
valence can be used to give an allyl complex.

Analogous results were obtained by Akimoto and Echigoya [30]
who investigated the oxidation of butadiene on a series of titania
(anatase) catalysts modified by different oxides, and stated that
only the catalyst containing as additives the oxides exhibiting doubly
bonded oxygen (As90O3, Tag0Osg, P9Og5, WO3, and MoO3) produced
certain amounts of maleic anhydride, the catalyst MoO3-TiO9 being
much more selective than the other. The modification of anatase
with the oxides which do not possess doubly bonded oxygen in their
structure only converted butadiene to carbon mono- and dioxides.
The same authors [31], when investigating oxidation of furan to
maleic anhydride on modified molybdena and titania catalysts, con-
cluded that in the former case the active species of oxygen was
Mo6t=0 and in the latter Oé anion radical. They also suggested
[32] that the Mo=0O bond may behave like radical oxygen, its radical
character increasing especially as the result of electron transfer to
a nonbonding atomic orbital of Mo8*, and that its reactivity is
strongly affected by the electronegativity or acid-base properties
of molybdenum ions as modified by the additives with oxides, VA
group elements, or alkali metals. The characteristic reactivity of
double-bond oxygen participating in allylic oxidations as selective
oxidation species is attributed by these authors to the special na-
ture of oxygen in Mo=O.

The importance of the metal-oxygen double bond in selective ox-
idation was also recognized by Weiss et al. [33], who formulated
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their argument based on their knowledge of the general rules
governing the mechanisms of organic reactions. It may be said that
most authors accept the special role of Mo=0 in selective oxidation
processes on molybdena and molybdates [34]. However, the pres-
ence of Mo=0 bond in molybdates does not seem to be necessary in
all cases. Brazdil and Graselli [35] investigated ammoxidation of
propylene to acrylonitrile on Big_yCeyx(MoO4)3 catalysts and found
similar maxima of activity and selectivity occurring in the two
single-phase regions, where there is a maximum of solubility of
Ce9(MoOy4)3 in Big(MoOg4)3 phase (x ~ 0.2) and a maximum of solu-
bility of Big(MoO4)3 in Ce9(MoO4)3 phase (x=z 1). However, only
in the Big(MoO4)3 phase was the doubly bonded oxygen Mo=O0O
present.

Also in the case of V9Og-based catalysts the role of doubly
bonded oxygen in V=0 (stretching frequency 1025 em™1) is not un-
equivocal. Tarama et al. [36] postulated that the V=0 bond
strength is a controlling factor for the catalytic activity of V905
and V905-MoO3 catalysts in the reaction of benzene oxidation to
maleic anhydride. However, it has been shown that in this case
stoichiometric oxides are catalytically nonactive and appreciable re-
duction (about 100% V9% reduced to V4%t) is necessary to make them
active and selective [37]. This results in the formation of new
phases, VgO13 and V904 in the case of V905 catalyst and disap-
pearance of the 1025 cm™l band in their IR spectrum [38]. Full
discussion of the present state of the controversy concerning the
role of doubly bonded oxygen in vanadia-containing catalysts for
benzene oxidation will be given in Chapter 8. Here it should be
mentioned that Andersson when investigating 3-picoline ammoxida-
tion [39] on V90g5-TiO9 catalysts suggested that the presence of
v4*t=0 centers favors this reaction.

Generally speaking, the existence of doubly bonded oxygen at
the surface of some oxides is well documented by IR investigations
[2] and there are suggestions that in particular cases, especially
in that of MoO3 and numerous molybdates, it may play an essential
role in selective catalytic oxidation. However, some published re-
sults seem ambiguous and there is a distinct lack of theoretical in-
vestigation concerning this problem.

C. Dioxygen Adsorbed Species
1. Neutral Adsorbed Og Species

At low temperatures oxygen is physisorbed on the surface of solids
in the form of neutral triplet molecules. However, this kind of

adsorption is not interesting from the point of view of catalytic pro-
cesses and will not be discussed here. On the other hand, in some
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cases reversible adsorption of oxygen at around room temperature
was observed which does not exhibit properties typical of physisorp-
tion. This phenomenon was extensively studied in an O9-NiO sys-
tem. It was shown by several authors [40-42] that at room tempera-
ture the fast initial adsorption of oxygen on high-surface-area NiO
is followed by a slow one, the former being irreversible and accom-
panied by a distinct increase in the electrical conductivity, and the
latter being reversible and not influencing electrical conductivity.

It has therefore been concluded that irreversible adsorption is con-
nected with the formation of negatively charged oxygen species
which were later shown to be O~ [13] and reversible adsorption is
the adsorption of neutral O9 molecules. Kuchynka and Klier [41],
who investigated reversible adsorption within the temperature range
—178 to 150°C and called it molecular adsorption, stated that it was
a selective process as its extent markedly diminished when oxygen
was preadsorbed irreversibly at 100°C. The authors concluded,
therefore, that the adsorption forces are not of the type considered
in the physical adsorption that is usually little dependent on the
character of the adsorbent. This conclusion was supported by the
fact that nitrogen was not adsorbed under the same conditions, al-
though the interactions employed in physical adsorption should be
the same for both nitrogen and oxygen because of the similar polar-
izability and dimensions of the two molecules. Considering all

these facts Kuchynka and Klier characterized the observed molecular
adsorption of oxygen on NiO as a weak chemical interaction of oxy-
gen with Ni2t ions. The heat of molecular oxygen adsorption was
estimated by these authors as 7 kcal mol~l in accordance with direct
calorimetric measurements [43]. No theoretical interpretation of this
kind of oxygen adsorption on NiO has been given. However, it
should be observed that Boca [44] in his molecular orbital study of
dioxygen ligand in cyanate, chloride, and ammonia complexes of
transition metals indicated the possibility of bonding O9 molecule by
the intermediation of its Tg antibonding orbital without acquiring a
negative charge.

As already stated, oxygen reversibly adsorbed is the precursor
of O~ adsorbed species [13]. This, however, does not exclude the
possibility that such transformation is going by the intermediation
of Oé species which would turn rapidly into O~.

Adsorption of oxygen in the form desorbable at temperatures be-
low 100°C was observed by TPD method on some other oxides as well
(MnO9 desorption peak at 50°C, FegO3 55°C, Co304 30°C, NiO 35°C,
AlpOg3 65°C) [45]. However, no interpretation of such results was
given. It can be suggested that we deal here with an analogous
phenomenon as in the case of NiO.
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2. Oé Adsorbed Anion Radical

The data in Table 2.2 show that the Oé anion radical is thermody-
namically the most stable oxygen-negative species which can exist in
the gas phase. In the solid state it is present in superoxides of
alkali metals and has been frequently identified as one of the forms
in which oxygen may be adsorbed on the surface of oxides and
metals. The properties of adsorbed Oé species were comprehensive-
ly presented and discussed in a review by Ché and Tench [2].

Owing to its paramagnetic properties resulting from the presence
of one unpaired electron on an antibonding Tg orbital:

(ogls)2(0u15)2(0g2s)2(0u25)2(0g2p)2(nu2p)4(ng2p)3

EPR could be applied as the main method for studying the adsorbed
Oé. Based on the detailed analysis of its EPR signals and hyper-
fine and ultrahyperfine structure, a wealth of information concern-
ing the properties of this species could be obtained comprising its
identification, concentration, type of bonding, and the nature of
adsorption centers. However, the method can be applied only to
cases in which Oé anion radical is adsorbed on nonparamagnetic sur-
face cations. The interactions between unpaired electrons of Oé
radicals and the electrons of paramagnetic adsorption centers result
in EPR line broadening so intense that the signal cannot be regis-
tered.

In most cases of Oé formation on the surface of ionic oxides a
purely ionic model of adsorption is assumed. Kéinzig and Cohen [46]
derived a set of formulas that based on the crystal field theory
gives the relation between the anizotropic values of g tensor, the
spin-orbit coupling constant A, and the values of A and E, the dis-
tances between 7X and 7Y, and also the 7Y and o% energy levels
in adsorbed O9 molecule as shown in Fig.g2.4. Lﬁlder the assump-
tion that A < A << E, which is always the case, the equations take
the form:
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The orientation of x, Yy, and z is given in Fig. 2.5 as proposed in
[2]: the z axis is the axis of the O—O bond in the oxygen mole-
cule. It is assumed that owing to the stronger interaction of the
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FIGURE 2.4 Energy levels diagram of an O.i anion radical in the
crystal field acting at the surface of the ionic crystal.

mY. orbital with the surface, this orbital has a lower energy and is
filled by two electrons while the unpaired electron resides on the X
orbital. Kénzing and Cohen's formulas show that the gyy factor is
expected to be equal to the value g of a free electron (2.0023) and
the order of g tensors is 8xx < gyy_< 8z2- In fact, the experiment
shows that in most cases of Oé adsorption on oxides the gxx is
contained within the narrow limits 2.001—2.005 and gyy within
2.008—2.010. The greatest variance is exhibited by the value of
gzz tensor. This latter value depends—similar to the case of the
gl_tensor of O™ adsorbed species—on the intensity of crystal field
in the vicinity of the adsorbed Oé ion and hence on the electrical
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FIGURE 2.5 Orientation of x, y, and z axes with respect to the
Oé ion and the surface of the crystal [2].

charge of the cation playing the role of adsorption center. This is
illustrated in Fig. 2.6 which shows the dependence of the g,; factor
on the formal oxidation state of the metal ion [2]. On the basis of
the observed values of the g;, tensor conclusions are usually drawn
concerning the nature of the_édsorption center. For example, in
the case of CoO-MgO Dyrek [47] observed the signal with the g,
value 2.025—2.028, which was attributed to Oé/C03+ complex, but
also the signal with gz; = 2.070, which indicated that a certain num-
ber of Oé radicals were localized on Mg2t ions. However, such a
criterion must be applied cautiously because even in the case of ad-
sorption on cations of the same charge the gz, values may differ ap-
preciably. For example, in the series MgO, CaO, and SrO the 22
values were determined at 2.077, 2.093, and 2.102, respectively [—48].
When analyzing these results it was concluded that it is the electro-
static field (polarizing power) of the cation expressed by the value
q/r (g charge of the cation and r the radius) rather than the ab-
solute value of g which is determining the orbital splitting 4 and
hence the value of the g, tensor.
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FIGURE 2.6 Variation of g, of the O, adsorbed oxygen species
with the oxidation state of the metal ion [2].

The essential feature of the ionic model discussed by Kinzig and
Cohen [46] is the equivalency of both oxygen atoms in an Oé radical
oriented parallel to the surface. The equivalency of O atoms can be
verified by the investigation of adsorption of isotopically labeled
oxygen. As already stated in this chapter, the 170 nuclei exhibit
a nonzero nuclear magnetic moment equal to 5/2 and accordingly in
the case of equivalent oxygen atoms the adsorption of 160170 mole-
cules should be accompanied by the splitting of each component of
EPR signal characterized by a different g value into (2 x 5/2 + 1) =
6 lines of hyperfine structure. The adsorption of the 170170 mole-
cule results in the splitting of each component into (2 x 2 x5/2 + 1) =
11 lines. The isotopic method which also gives the most unambiguous
discrimination between O~ and 05 adsorbed species was introduced
for the first time by Tench [49] and applied successfully to the in-
vestigation of oxygen adsorbed species. The equivalency of O atoms
in Oé has been confirmed in a number of cases; adsorption of oxy-
gen on MgO ]50], CaO [51], SrO [51], and CeO9/SiO9 [52] can be
mentioned as examples. The hyperfine tensor A was also used to
calculate the spin densities and values close to unity were obtained
in all these cases, confirming the ionic nature of the adsorbed spe-
cies surface bond.
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There are also known examples of adsorbed 05 exhibiting non-
equivalent oxygen atoms. The EPR spectrum is then more complicat-
ed and its analysis is not always straightforward [2]. Often the
adsorption of 160170 results in the appearance of two sets of equal-
ly spaced lines of hyperfine structure centered around the gyy
component. Such effects were observed, for example, by Ben Taarit
and Lunsford [53] who studied adsorption of isotopically enriched
oxygen on A-irradiated HY zeolite and silica-supported reduced
MoO3. Both sets in each catalyst exhibited similar intensity, the
same thermal stability, and the same behavior when microwave power
was being changed. The latter fact indicated that there was only
one type of oxygen species present at the surface. If two different
species were adsorbed, their behavior could not be identical. In
this situation the double signal has to be interpreted as the result
of nonequivalency of both oxygen atoms. One oxygen atom is near-
er to and the other is farther from the surface. Statistically in
half of the Oé anions the labeled atom is the inner atom and in half
it is the outer one. Different positions of the labeled atom lead to
a somewhat different EPR signal of identically bonded species. Simi-
lar results were also obtained by Ché et al. [54] for the reduced
MoO3/Si09 and MoO3/Al9O3 samples. It was shown in this investiga-
tion that inner and outer oxygen atoms have different spin densities
and it was suggested that Oé is adsorbed at an angle to the sur-
face. The inequivalency of the oxygen atoms is considered to be
the result of the covalency of the ion sitting at an angle to an es-
sentially flat surface, or the result of the surface geometry of a
particular association of molybdenum and silica. In this latter case
an ionic Oé could be adsorbed parallel on a ziz-zag surface:

/

o)

\O/

0 0
si N Mo/ g

and due to a steric hindrance one oxygen atom would be closer to
the adsorption site of MoS*t.

Important information concerning the nature of the bond be-
tween adsorbed Oé species and the surface of an oxide can also be
obtained from the observation of superhyperfine splitting of the
EPR signal, i.e., the splitting of the 1605 signal resulting from the
interactions with the adsorption center containing a cation with a
nonzero nuclear moment. In the case of molybdenum oxide catalyst
the preparation enriched in 99Mo (I =5/2) was used. Kazansky
et al. [12] studied a 99MoO3/SiO9 system while Ché et al. [55] in-
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vestigated the same oxide using a wider range of supports (SiO9g,
Al903, and MgO). Adsorption of oxygen on silica-supported 95M003
resulted in the formation of EPR signals in which each principal val-
ue of the g tensor was split into six components, confirming not only
adsorption on the Moft jon but also delocalization of the unpaired
electron onto this ion. It is interesting to observe that in the case
of a 95M003/Mg0 system no superhyperfine splitting was observed,
proving that Mo atoms were not the adsorption centers. On the
contrary, the g2z factor value of 2.070 indicated that oxygen adsorp-
tion on Mg2* ions occurred. In the case of 95M003/A1203 two dif-
ferent ultrahyperfine EPR signals were registered when adsorption
was carried out at 77 and 300 K. Their interpretation was not
straightforward because of the fact that 27Al exhibits the same nu-
clear moment as 99Mo. However, comparison of the splitting parame-
ters ayy, ayy> and agzy with the analogous values obtained for Oy
adsorbed on Y- irradiated y-Al9O3 made possible the conclusion that
at low temperature 02 is localized on Mo6* ions. Warming the sys-
tem to 300 K leads to an increase in the number of Oé ions ob-
served due to electron transfer from reduced molybdenum sites to
give additional Oé adsorbed on Al3t sites on the support.

Another example in which the spin delocalization of Oé anion
radical onto the adsorption center was observed is given in [56] and
[57] describing oxygen adsorption on reduced V9Og/SiO9 samples.
In this case tensors g were split into eight components, thus show-
ing that the Oy species was adsorbed on Vot (1 = 7/92).

In cases where oxygen atoms in adsorbed Oé species are appre-
ciably unequivalent, the simple ionic model discussed by Kénzig and
Cohen [46] is no more adequate and must be replaced by a more
elaborate model assuming a certain amount of covalency. Tovrog
et al. [58] proposed such a model of oxygen bonding in dioxygen-
cobalt(II) complexes. He assumed that one of the two orthogonal
m, orbitals of the oxygen molecule containing unpaired electrons
overlaps with the d,2 orbital of cobalt(II), also filled with one elec-
tron. The second g orbital does not participate in the formation of
covalent bonds. The electronic configuration of O9/Co(II) may
therefore be represented as (W1)2(‘¥’2)1(‘Y3)0, where

&
n

a(dz2) + B(ng)

‘{/2=‘ng

3 = B(d,2) = alny)

R3]
"

and o2 + [32 = 1. The unpaired electron is residing on Tg orbital
of oxygen and the covalency of bonding is due to the occupation of
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molecular orbital ¥{ by a pair of electrons. The interpretation of
these results shows that there is wide variation in the amount of
electron transfer to Og in a series of adducts depending on the
ligand field strength around cobalt. With increasing ligand field

the energy of d;2 increases with respect to that of the mg orbital
and the complex becomes more ionic. On the other hand, if both
energies are nearly equal the bond is covalent and the metal-oxygen
bond angle is ~120°. Rough estimates indicate 0.1—0.8 electron
transfer as the result of an analysis of the anisotropic cobalt hyper-
fine coupling for various Co(II) complexes.

Infrared spectroscopy may also supply some information concern-
ing the properties of adsorbed 05 anion radical [59]. However, it
was used only rarely in this way. Dioxygen in the gas phase as a
centrosymmetric molecule is not active in IR. On the other hand,
it has been shown that adsorption of oxygen on oxides may be ac-
companied by the appearance of new IR bands which are attributed
to the adsorbed dioxygen species. Evidently in such cases the
deformation of the dioxygen molecule occurs rendering it IR-active.
Davydov et al. [60] when adsorbing oxygen on anataz samples dif-
ferently vacuum-reduced at 525°C observed a broad band within the
range 700—1000 cm'l, which was interpreted as the consequence of
the dissociative adsorption of oxygen. A band at 1630 em™1 was
interpreted as the stretching vibration of neutral O9 molecule
polarized by the crystal field at the surface. Its frequency corre-
sponded to that observed for the Og9 molecule in the gas phase in a
Raman spectrum. A band at 1180 cm~! was attributed to the vibra-
tions of 05 adsorbed species as its frequency was close to that of
Oé anion in superoxides. In the same spectral region (1160—1180
em~l) Zecchina et al. [61] observed five overlapping adsorption
bands at 77 K after adsorption of oxygen on diluted (5 mol %)
Co0O-MgO solid solution. They could be slowly desorbed by evacua-
tion at the same temperature at different rates in the order 1088 =
1095 > 1100 > 1124 = 1157 em~1. It was therefore concluded that
each component band corresponded to a different species. On the
basis of isotope substitution and by comparison with homogeneous
analogs, it was concluded that O9 was adsorbed in the superoxide
ion O, form.

The results of IR investigation of oxygen adsorption on defected
tin dioxide [62] were compared with the results obtained for the
same SnO9 preparation using EPR measurements [63]. The adsorp-
tion of oxygen was accompanied by the appearance of two intensive
absorption bands at 1190 and 1045 cm™l. The former one disap-
peared during desorption at temperatures below 200°C while the lat-
ter was stable until about 300°C. The study of EPR has shown that
two types of Oé anion radicals were formed which were stabilized on
Sn4t and Sn2*. The radical stabilized on Sn4*t was thermally less
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stable and decomposed below 200°C. It was therefore considered to
be identical with oxygen species characterized by an IR band at 1190
em~l. The Oé radical stabilized at Sn2t was stable up to 300°C, 1
which enabled it to be assigned to the vibration frequency of 1045 cm ~.

Generally speaking, IR investigations can supply valuable infor-
mation concerning the forms of adsorbed oxygen. However, inter-
pretation of data may often be ambiguous.

The formation of 05 adsorbed species was observed on more
than 30 oxidic system [2] including supported and unsupported main
group and transition metal oxides as well as silica and some alumino-
silicates, mainly zeolites. Most of these materials, e.g., MoOg,
V905, TiOg, AlpO3, MgO, ZnO, in the strictly stoichiometric state
are nonconducting and contain cations in the highest possible oxida-
tion state. In such a state they do not possess centers capable of
donating electrons to the adsorbed O9 molecules. Such donor cen-
ters can be created by various treatments. MoOg3, TiO9, SnOg, and
ZnO can be activated by vacuum heating or by mild reduction. The
oxides which are thermally stable, e.g., Al9O3, SiO9, and MgO,
were activated by y, X, or UV irradiation. On the other hand,
transition metal oxides containing cations which can be easily ox-
idized exhibit a tendency to supply more electrons than are needed
for the formation of O ions and adsorb oxygen as O~ or 02~ spe-
cies [3]. However, the same cations when diluted in a nonconduct-
ing diamagnetic matrix become the centers at which oxygen adsorbs
as 03 radical. This has been observed in the case of diluted solid
solutions of CoO in MgO [47,61]. In this system it was possible
to correlate the number of isolated CoZ' ions in tetrahedral symme-
try [65] with the number of Oé radicals. The effect of dilution was
also observed with MnO-MgO solid solution where, however, the
identification of adsorbed oxygen species was less certain because
of the overlap of the EPR signal of oxygen and the ultrafine signal
of Mn2* [64,66].

The thermal stability of the adsorbed Oé species is of great in-
terest from the point of view of the oxidation catalysis. However,
there is a distinct lack of systematic studies concerning this prob-
lem. Most of the observations of the EPR signals were carried out
after adsorption at room temperature or at temperatures as low as
77 K and the authors of the already quoted papers only occasionally
give information as to the thermal stability of this species. The
range of temperatures at which the EPR signal of adsorbed Og dis-
appeared was wide. The signal obtained with diluted CoO-MgO solid
solution and identified as corresponding to Oé/ Co3* vanished in
vacuo at room temperature, but the signal of Oé/Mgz"' adsorbed
on the same sample was stable until 400—500 K [60]. On MoO3/MgO
the localization of Oé on Mg2+ was observed and the species was
stable until 150°C [67]. Also, on MoO3/AlgO3 and AlgOg3/SiO9, the
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Oé disappeared at 150°C [67]. On the reduced SnOg the signal of
05/Sn%* vanished at 200°C while that of 05/Sn2* vanished at 300°C
[60]. These examples may suggest that the stability of Oé adsorbed
anion radical decreases with the increasing charge of the stabilizing
cation. No information could be found in the literature regarding
whether the disappearance of the EPR signal observed in the course
of heating was due to the simple desorption or the result of its
transformation into other species not visible by EPR, e.g., incor-
porated into the lattice as 02- jon. The latter possibility is fre-
quently postulated and in fact the Oé species is considered as the
first intermediate in the formation of other oxygen species more rich
in electrons. However, there is a lack of detailed investigations
concerning the transformations of adsorbed oxygen species the rate
of which may essentially influence the course of catalytic oxidation
processes.

There were suggestions in the literature that O%' and O%'
molecular ions can exist as the adsorbed species; however, no con-
vincing proof has been given [2]. It should be observed that the
completely filled antibonding Tg2p orbitals renders O%' unstable in
the gas phase and it can exist in the solid peroxides only because
of the stabilizing effect of the crystal field. This effect must be
markedly weaker at the surface of oxides. The instability of the
hypothetical O%' ion with one additional electron on the og2p anti-
bonding orbital would be even more pronounced.

Il.  OXYGEN SPECIES AT THE SURFACE
OF METALS

A. Introduction

Metal catalysts with the exception of platinum and silver are much
less important in oxidation catalysis than the oxide catalysts.
Platinum is active in the oxidation of Hg9, CO, NH3, and combustion
of hydrocarbons, e.g., in the exhaust gases, while silver is used
in the catalytic oxidation of methanol to formaldehyde and epoxida-
tion of ethylene. The specific role of these two metals in oxidation
catalysis is the reason why in this section our attention will be
concentrated on the platinum and silver group metals.

From the experimental point of view the study of oxygen species
adsorbed on metal surfaces differs from analogous studies on oxide
surfaces by the fact that in this case the EPR measurements, the
most powerful tool in the investigation of the oxygen-oxide systems,
cannot be applied because of high concentration of delocalized elec-
trons in metals. The only exceptions are systems with highly dis-
persed metals or evaporated films. The identification of presumed
paramagnetic adsorbed oxygen species is therefore less straightfor-
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ward. On the other hand, the introduction of ultrahigh-vacuum
technique and the application of the physical methods of modern
"surface science" such as low-energy electron diffraction (LEED),
X-ray and ultraviolet spectroscopies (XPS and UPS), Auger electron
spectroscopy (AES), electron energy loss spectroscopy (EELS),
secondary ion mass spectroscopy (SIMS), and others more recently
enabled very rapid progress in the field of chemisorption on metal
surfaces. Most of these methods were developed and tested using
extremely clean surfaces. The difficulties in obtaining well-defined
surfaces of metal oxides, due more than anything to the decomposi-
tion of external layers of the solid at conditions of ultrahigh
vacuum, very much delayed the application of these methods to the
investigation of chemisorption on the oxides.

It is generally agreed [68] that oxygen may be adsorbed on
metal surfaces as

1. Weakly adsorbed molecular oxygen

2. Chemisorbed atomic oxygen

3. Oxygen atoms penetrating into the most external layers of
metal crystals, thus forming "subsurface" oxygen

The variety of adsorbed oxygen forms and their bond strength
at metal surfaces is illustrated by the fact that the adsorption heat
of oxygen varies within very wide limits from about 80 kJ mol~! and
even less on silver up to about 800 kJ mol~l in the case of tung-
sten. Adsorption of oxygen on metals occurs in some cases as a
practically nonactivated process, but in some other ones activation
energy as high as 250—300 kdJ mol~! is necessary [69].

B. Oxygen Species on Platinum and Other Platinum Group Metals

The kind of oxygen species, their arrangement at the surface as in-
dicated by LEED, and the kind of metal-oxygen bond depend on the
purity of metal surfaces on temperature but also on the crystal face
being studied. At the (111) face of platinum molecular adsorption
of oxygen is predominant below 120 K [70] and exhibits a desorp-
tion peak at 150 K [71] while on the platinum sheet this latter ef-
fect was observed at 200 K ]72]. The adsorption heat on Pt (111)
was estimated on the basis of desorption peak area to be about 37
kd mol~1l [70]. Using EELS the frequency of this species was de-
termined as 870 cm~l. This value is low in comparison with that

of the neutral O9 molecule (1550 cm'l) and in superoxide ion 05
(1145 em~1l) corresponds to the vibration frequency of peroxide ion
O%', thus indicating a single O—O bond in the adsorbed state.

This conclusion is also supported by the observed positive change
in the work function of +0.8 eV and the UPS spectra which indicate
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that the orbitals derived from my(2p) antibonding orbitals of the Og
molecule are filled in the adsorbed dioxygen. It should be observed
here that, in the case of silica-supported and presumably finely
divided platinum, Oé species were identified by EPR measurements

at room temperature besides which O~ species were also present [73].
No ordered LEED structures were observed after oxygen adsorption
at 100 K, indicating that disordered adsorption of dioxygen had oc-
curred [71].

Heating the adsorbed layer on Pt (111) surface to 150—170 K
causes some of the adsorbed oxygen to desorb and some to dissoci-
ate, which is also signaled by the formation of a (2 x 2) LEED pat-
tern [70]. Molecularly adsorbed oxygen plays the role of precursor
of adsorbed atomic oxygen and the process C9(ads) > 20(ads) occurs

with an activation energy of about 33 kJ mol™1.

Atomic oxygen at the surface (111) of Pt is the predominant
form of adsorbed oxygen within the temperature range 150—500 K
[70]. It is characterized by vibrational frequency 490 em~l appear-
ing parallel to the appearance of (2 x 2) LEED pattern. The sur-
face (111) saturates when one O atom is adsorbed per four Pt
atoms [74], which corresponds to the uniform covering of the whole
surface by (2 x 2) O-atom arrays. On Pt (100) two surface phases
were identified [75]. The average coverage 0.44 * 0.05 of monolay-
er gives rise to a (3 x 1) LEED pattern. The second phase is asso-
ciated with the oxygen-saturated surface (0.63 * 0.03 monolayer)
and is characterized by a very complex LEED pattern.

Heating of platinum in oxygen above 500 K results in the forma-
tion of "subsurface" oxide which decomposes at 1250 K [70]. A di-
rect proof of the penetration of oxygen into the near-to-surface lay-
er of the solid was obtained for Pt (111) by ion scattering [68].

In the case of iron, ruthenium, tungsten, and nickel the formation
of subsurface oxygen was postulated in order to explain the ob-
served decrease of work function [69]. The subsurface oxygen ex-
hibits reduced reactivity with respect to CO and Hjg.

The results of investigations of oxygen adsorption on the other
platinum group metals are, generally speaking, analogous to those
obtained in the case of platinum. For example, on the iridium (111)
surface molecularly adsorbed oxygen stable below 100 K, dissocia-
tively adsorbed oxygen, and the subsurface oxygen forming rapidly
above 700 K were observed [76]. The oxide layer saturated at the
coverage of 2.4 x 1014 O atoms cm~2 and ordered to form a (1x 4)
LEED pattern. Different LEED patterns of dissociatively chemisorbed
oxygen were observed on clean and oxidized Ir (110). A p (2 x 2)
pattern was formed on the clean surface near the coverage of 2.4 x
1014 atoms cm~2 whereas a c(2 x 2) pattern appeared on the oxidized
surface near 4.8 x 1014 atoms cm~2 coverage. Oxygen chemisorption
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on iridium (110) is not activated since the initial sticking probabili-
ties on the clean and oxidized surfaces are equal to 0.28 and 0.4
irrespective of surface temperature.

C. Oxygen Species on Silver

The practical application of silver as the catalyst for ethylene and
alcohol oxidation in the production of ethylene oxide and formalde-
hyde, respectively, also aroused interest in the investigation of
oxygen chemisorption on this metal which had been undertaken in
the 1930s [77]. The existing data had been obtained under condi-
tions of oxygen pressures from 1076 to 300 Torr using polycrystal-
line silver powders, wires, foils, and films [78]. In recent years
sophisticated methods of surface physics were applied to the study
of oxygen chemisorption on particular faces of Ag monocrystals.
These methods resulted in essential progress in our understanding
of the behavior of oxygen on the clean surfaces of silver. How-
ever, similarly to the case of platinum, the experiments had to be
carried out at pressures much lower than 1079 Torr, i.e., under
conditions which differ strongly from those of practical catalytic
processes. Nevertheless such advanced studies are extremely valu-
able from the physicochemical point of view and, especially in the
case of the Ag (110) face, which was the most frequent object of
studies, gave a coherent picture of the behavior of oxygen at the
surface of silver. This is why they will be discussed first in this
chapter.

At the (110) face of silver all three forms of adsorbed oxygen
were identified at appropriate conditions: molecular, atomic, and
subsurface oxygen. Molecularly adsorbed oxygen was observed if
adsorption was carried out at 150 K and below [79]. Upon heating
a desorption peak of this form was registered at 190 K. The amount
of this species strongly increased in the measure as the adsorption
temperature was lowered. The existence of molecular oxygen under
these conditions is well documented. Barteau and Madix [79] car-
ried out a series of isotopic mixing experiments. They introduced
1609 and 1809 on the surface and controlled the isotopic composition
of oxygen desorbing at 190 K. In no case could they find the
160180 molecules; hence they concluded that the low-temperature
state was solely due to the molecularly adsorbed oxygen. Vibra-
tional spectra of this species were investigated by Sexton and Mad-
ix [80] who, using electron energy loss spectroscopy, found vibra-
tional spectra analogous to those observed with the same method in
the case of O9 on Pt (111) [71], mentioned in the preceding section.
The difference between the cases consists, however, in the shift of
the frequencies observed in the Ag-Og9 system to the lower values.
Two bands of O9 on Ag (110) were observed: 240 cem~1 [390 em-1
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on Pt (111)] and 640 em~1 (870 em™! on Pt]. The former was
identified as analogous to the interpretation of data obtained with
Pt as a (Ag-0O9) vibration and the latter as a v(0O—0) vibration.
However, it should be observed that in the case of Pt (111) the
value of the v(O—O0) vibration corresponded well to the frequency
of a single O—O bond of dioxygen in [Pt(PPh3)909] complex in
which both n* antibonding orbitals of dioxygen are filled. It is ap-
parent that on Ag (110) the w* orbitals are filled and possibly
further donation of electrons into ¢* antibonding orbitals occurs.

The exposure of the Ag (110) face to O9 at 200 K and above
resulted in the adsorption of O atoms only [79]. These recombine
and desorb at 590 K upon heating of the sample. They are charac-
terized by vibration frequency 490 em™l as indicated by EELS mea-
surement [80]. This band is attributed to a v(Ag-O) vibration.
The monoatomic form of adsorbed oxygen was also confirmed by iso-
topic exchange experiments [79].

Dissociative chemisorption of oxygen on the (110) face of silver
is accompanied by ordering of the atoms, resulting in a series of
LEED patterns of the type (n x 1) in which n at small exposures
assumes the value of 6 and with increasing exposure decreases to
2 [81]. Oxygen is adsorbed on this surface in chains parallel to
the [001] direction. The formation of chains implies attractive in-
teractions between oxygen atoms in the [001] direction and repul-
sion in the [110] direction. A further step in the characterization
of the ordered (n x 1) structures was done in [82] where, parallel
to the LEED examination, low-energy helium ion scattering (IS) was
also applied. The observation of strong azimuthal anisotropy of the
IS signal led the authors to conclude that oxygen atoms are ad-
sorbed in the bridging position between two Ag atoms of the (110)
surface channels, their centers being slightly below the centers of
Ag atoms.

The third form of oxygen chemisorbed on Ag (110) and also on
Ag (100) and Ag (111) faces was observed in [83], where the sam-
ples were exposed to 1073 to 1 Torr of oxygen at temperatures up
to 500°C. After oxygen was pumped off and the samples were
cooled the surfaces were examined under a condition of ultrahigh
vacuum. The samples exposed to oxygen below 300°C exhibited
only one desorption peak at about 280°C in good accordance with
the observations in [79] corresponding to the dissociatively chemi-
sorbed oxygen. However, if the temperature of exposure was high-
er than 300°C, another desorption peak appeared at about 500°C,
indicating slow oxygen desorption. This form of oxygen was inter-
preted as subsurface oxygen. According to the authors, this kind
of oxygen probably does not cause structural variations of the
silver surface but modifies certain electronic properties, which are
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then reflected in the behavior of the surface. In particular, this
kind of oxygen if present in sufficient concentration seems to in-
hibit the faceting observed on the pure (100) and the dissociative
chemisorption. It does not, however, noticeably affect the proper-
ties of the (111) face.

As already stated, the conditions at which all the above de-
scribed investigations with very pure surfaces are carried out are
distant from those at which catalytic reactions occur in laboratory
and industrial practice, and that is why the earlier studies carried
out with more "classical" methods using polycrystalline Ag samples
and applying higher pressures, reviewed in [77] and [84], still
deserve attention. The results of classical studies differ distinctly
in some respects from the results obtained with the application of
ultrahigh vacuum and especially purified surfaces. It seems that
the most essential difference is the fact that under conditions of
ultrahigh vacuum the adsorption of oxygen at room temperature is
only dissociative and adsorbed molecular oxygen can be detected
exclusively at low temperatures (desorption peak about 190 K),
while in the classical studies strong arguments were presented that
dioxygen species can exist (besides monoatomic ones) even at tem-
peratures as high as 473 K. The postulated existence of adsorbed
dioxygen played an important role in the development of ideas con-
cerning the mechanism of selective oxidation of ethylene [84]. The
reasons for the discrepancies between the results of classical and
modern studies have not been thoroughly discussed in the literature.
However, they seem to be mainly due to the impurities and various
defects at the surface of "real" catalysts, but the effect of increased
oxygen pressure may also exert an influence.

Here let us mention a few papers in which classical methods
gave very convincing evidence that different forms of oxygen ad-
sorbed on polycrystalline samples. Joyner and Roberts [78] ad-
sorbed oxygen at pressures up to 0.5 Torr on a silver foil at 473
K and identified by XPS three oxygen species characterized by oxy-
gen 1s binding energies 528.3, 530.3, and 532.5 eV. The 528.3-eV
peak appeared immediately after oxygen admission at a pressure of
5.10"3 Torr. After 30 min under the same conditions the intensity
of this peak decreased and the 530.3-eV peak appeared, which be-
came dominant after another 10 min. The third least intensive peak
was detected after 60 min and rising oxygen pressure to 0.5 Torr.
The first peak, corresponding to a transient species, was identified
as a surface species and the 530.3-eV peak as corresponding to the
subsurface oxygen. Both species were assigned as atomic. The
assignment of the remaining peak at 532.5 eV was more tentative,
but it was suggested that it was arising from a molecular oxygen
species probably present as Oé ion. The discrete peak in the UPS
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spectrum observed at about 9 eV below Fermi level was also evidence
in favor of the presence of molecular species being assigned to the
orbitals of the O=0 bond.

Kilty et al. [85] studied the chemisorption of oxygen on thor-
oughly reduced silver catalyst supported on a-Al9O3. Kinetic in-
vestigation clearly indicated that three different types of oxygen
adsorption existed. In all cases chemisorption was activated and
activation energies were determined as equal to 10, 33, and 60 kJ
mol-l. The identification of the adsorbed species was done based
on the following two series of experiments: chemisorption of oxygen
on the surface poisoned with chlorine and IR studies of the behav-
ior of isotopic mixtures of dioxygen in contact with the catalyst.
The poisoning of the surface inhibited the fast initial nonactivated
chemisorption of oxygen. It ceased completely when at 373 K the
precoverage with chlorine exceeded 3.1018 Cl atoms per m2, which
was equal to one Cl atom on flour Ag ones. For higher Cl pre-
coverage each additional Cl atom reduced by two the number of oxy-
gen atoms which could subsequently be adsorbed. These observa-
tions can be explained by assuming that the initial fast chemisorp-
tion up to the coverage 1.5 x 1018 09 molecules per m?2 is dissocia-
tive. The fact that this kind of sorption is stopped when one Cl
atom is adsorbed for each four Ag atoms suggests that for the
dissociation of one O9 molecule four neighboring Ag atoms are need-
ed:

2-

20 ads)

_ +
AL (neighb.) T 92 = *A8(peighb.) *

This reaction is considered to be only weakly activated (E; = 10 kJ
mol~1). However, at temperatures higher than 373 K highly activat-
ed chemisorption occurs on the surface saturated according to the
above equation. The authors suggest that it is also dissociative
and occurs with the participation of four nonneighboring Ag atoms
which must migrate in order to form a common ensemble:

o 2-
4AL (onneighb.) T 92 T *A8(neighb.) * 2O(ads)

This last process presumably needs high activation energy and is
identified with the chemisorption occurring with E5 = 60 kJ mol-1.
In the IR investigations a band at 848 cm~l was found at 368 K
after adsorption of 1602. The supposition that it corresponded to
a diatomic species was verified by adsorbing the equilibrated mix-
ture of 1609, 160180, and 1809 (molar ratio 1:2:1). The bands at
870, 855, and 848 cm~1 were obtained having the intensivity ratio
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1:2:1. Finally and most significantly, a nonequilibrated mixture of
1605 and 1809 (1:1) gave only two bands of equal intensity at 870
and 848 cm~l, thus proving that the two oxygen species involved
in the vibration originated from the same oxygen molecule. The in-
troduction of 1602 and 1802 at 433 K resulted in the appearance of
all three bands in the IR spectrum, which indicates that under
these conditions diatomic species are in equilibrium with dissociated
species.
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