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Abstract

In this paper we examine supported oxide overlayer catalysts. We first show that, despite the possible combinations of
support and overlayer employed, the whole class shows several chemical and structural analogies and can be treated as a
uniform group. Based on the trends highlighted, we propose two different geometries of the interface, that we have labelled
mechanical mixing and chemical deposition models. We further derive a set of equations that link the relevant experimental
variables (overlayer loading, support face exposed, overlayer face exposed, oxidation state and local coordination number of
the overlayer cation) with one another and to energy parameters obtained at the microscopic level. We show that the support
modifies the reducibility of the overlayer cation and can even force a different stoichiometry in the overlayer, as suggested
by the stability of our chemical deposition model at low loadings, thus influencing the catalytic behaviour of the supported
phase.
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1. Introduction: The use of supported overlayers in catalysis

Supported transition metal oxides represent a class of heterogeneous catalysts that have recently
found application in a variety of technologically important reactions: examples include the selective
catalytic reduction (SCR) of nitrogen oxides with ammonia [1-12], oxidation of alkanes [2,13-15],
decomposition of alcohols [2,16—18], reduction of aromatic nitroderivatives to anilines [18], isomeri-
sation [16,18] and polymerisation [19] of alkenes and partial oxidation of alcohols to aldehydes
[20,21]. Oxides of the first half of the transition series (V,0s, CrO,, Nb,Os, MoO,, WO;, Re,0,
with the addition of CuO) are the most widely used overlayers; other high valence oxides (TiO,,
Si0,, ZrO,, Al,0;) and isostructural fluorides (MgF,) are used as supports.

With respect to standard methods of activating solids via doping in the bulk, supported overlayers
have several advantages: the high concentration of active sites on the surface; an easier control of the
preparation process, that eliminates the variable represented by the concentration profile of the dopant
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as a function of its depth in the support; the increased possibility of fine-tuning the properties of the
exposed surface by appropriate modifications of only one of the two components. In this way we can
maximise the selectivity or the yield (or both) [22] of the catalytic process, or the stability of the
catalyst under reaction conditions.

Despite the increasing number of applications, very little is known of the basic factors governing
the structure and properties of supported overlayers; due to the inherent difficulty in characterizing the
interface, detailed structural models are not always available and knowledge of the active state of the
surface is still lacking. The supported material can show properties that are entirely different from
those of the unsupported system, most notably in its surface structure [22-24]. Understanding the role
of the support is therefore of crucial importance: attempts have been made to correlate ease of
formation and thermal stability with the ratio of charges and ionic radii [25] or to the difference of
acid /basic properties between support and overlayer [26,27]; the increased activity of the binary
system has been attributed to an increased redox ability of the overlayer [28—30] or to an increased
acidic strength of supported surface sites [26,27,31] but an exhaustive theory that is able to rationalise
the data and predict the behaviour of these systems is still lacking.

This paper aims to advance our understanding of the support/overlayer interaction. We show that,
despite the number of possible combinations of support and overlayer, the whole class of materials
shows a number of common features, allowing them to be represented as a uniform group. We
proceed by first identifying trends in the experimental literature (Section 2) and then proposing two
geometrical models of the interface system (Section 3). The energy parameters obtained from a
microscopic description can be used to derive the relative stabilities of the different structures at the
macroscopic level; the shape of the oxide particle deposited and its ability to ‘spread’ over the support
are shown to depend on the same parameters. Section 4 contains general comments and conclusions
arising from the models presented.

2. Analogies in active oxide overlayer catalysts

Useful trends can be noted in the active components of supported oxide overlayers, relating to the
chemical and structural properties of the constituents.

2.1. Chemical analogies

If we mark on the periodic table the elements whose oxides have been used in either a support or
overlayer, as shown in Fig. 1, a number of observations become evident:

Elements employed occupy the entire first half of the d-block, plus copper, aluminium and silicon.

The oxides of all the elements highlighted are characterized by amphoteric properties; the balance

between acid and basic behaviour is strongly influenced by the environment and it is reasonable to

assume that this influence is very pronounced in the neighbourhood of the interface.

- Cations are always reported as being in their highest possible oxidation state. For each element this
oxidation state is associated with the highest acidic character; we can therefore hypothesize a role
of the surface acidity in the catalytic activity, in agreement with references [26,27,31]. Surface
acidity can play an important role, indeed, in the adsorption of basic reactants as employed in most
catalytic processes (for instance the ammonia and NO molecules of the SCR).

All the elements highlighted, with the exceptions of aluminum and silicon, can exist in several
oxidation states. The ease of undergoing redox reactions is generally higher for elements employed
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Fig. 1. Disposition of the components of active overlayer catalysts in the periodic table.

in the overlayer than in the support. This property of the overlayer can be linked with other
experimental evidence: the correlation between activity and reducibility of the surface [28,29] and
between the concentration of reduced surface species and reaction rate [30,32].

- The factors of acidity and redox properties are probably both important. If we assume a reaction
mechanism in which adsorption of basic reactants (A) on the surface (Eq. (1)) and the electron
transfer from a reduced surface atom to the admolecule (Eq. (2)) represent two elementary steps,
the central role is the acid strength of the surface if Eq. (1) is the rate-determining step; while the
surface redox properties would be the most important factors if the rate-determining step is Eq. (2).

M+ A, = (MA)), (1)
(Mee ")+ A, = (M:A3), (2)

The same catalytic system can show either behaviour depending on experimental variables, like
concentration of reactants, flux velocity and temperature.

+ There are also general chemical relationships on comparing the overlayer with its support; in
particular the formal oxidation state of the supported metal is always higher than that of the
supporting element. This observation can be re-expressed in a different way, regarding the
stoichiometry: in the system M'O_/M"O_, the supported overlayer is always richer in oxygen than
the support (x> y) The only exception occurs with copper oxides. The two formulations are
equivalent for binary oxides, but would have different implications when considering an extension
to ternary systems. In the interface M'O,/M"M"”O,, for instance, we would generally have
different results depending on whether we compare oxygen/metal ratios (x /y) or the individual
oxidation states of M’, M” and M"”. Unfortunately no experimental result is reported in the
literature for systems with these characteristics to validate either hypothesis; it seems likely,
however, that the stoichiometry requirement (the O /M ratio) would prevail in the latter case.
This comparison seems therefore to suggest that catalytically active overlayers can be obtained

combining two amphoteric components: one (the support) with fixed oxidation state and the other

(overlayer) with an oxidation state that is more easily variable and greater than the support. The

overall system must display acidic surface sites.
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2.2, Structural analogies

The structural properties of the oxides employed are less homogeneous than their chemical
properties. Table 1 lists the stable crystalline structures of the pure components, as reported in Ref.
[33]: they range from rock-salt to layered, from one-dimensional chains to perovskite-like and have
apparently very little in common. To find some common feature we must move from the overall
crystal to the local structure around single cations. Coordination numbers and metal-oxygen bond
distances are also reported in Table 1.

- In the oxides used as overlayer, with the exception of CuO and CrO;, cations are surrounded by
distorted oxygen octahedra; the average cation—metal bond length is also similar, ranging from
1.90 to 2.02 A. In CuO, where the local structure around Cu is reported as being square planar,
two additional oxygens are present, at a higher distance and in a direction perpendicular to the
plane, to complete the octahedron. The stable CrO; polymorph is characterised by linear chains of
tetrahedrally coordinated cations; nonetheless, chromium in lower oxidation states adopts octahe-
dral coordination.

+ The oxides used as supports show greater variability. In MgO, Al,O; and the two polymorphs of
TiO, there is octahedral coordination, but in zirconia the cation has coordination 8 and 7 and Si is,
of course, tetrahedrally coordinated in silica. For the first group, the structural and chemical
analogy suggests an easy interchange of cations with the overlayer; to understand the consequence
of the different structure of silica and zirconia we must develop models for the support—overlayer
interaction, which is done in the next section.

A final comment is needed, concerning catalyst preparation. Although different methods have been
attempted (see for instance Ref. [2]), that generally employed consists of a chemical deposition of the
overlayer on the support, from salts of the overlayer element. We can therefore assume that the
starting structure of the support, both its phase and also the faces exposed, are defined; this is a factor
of primary importance. No assumption can however be made regarding the overlayer oxide: the
examination of its preferred structures when pure and in bulk can serve as a guideline in studying its

Table 1

Crystal structure and local disposition of oxygens around the cation for active overlayer oxides. Oxides are reported in order of increasing
oxidation state of the cation. The symbol N represents the coordination number of the cation; {r) the average distance (in ;\) between the
cation and its N nearest oxygens. Individual metal-oxygen distances are indicated as r; in increasing order. MgF, has been added for
comparison with TiO,

Oxide Space group Structure N (r) 7 r, ry rd rs re ry
MgO Pm3m rock-salt 6 2.11 2.11 2.11 2.11 2.11 2.11 2.11

CuO C2/¢ monoclinic 4(6) 222 1.95 1.95 1.95 1.95 2.77 2.77

A,0, R-3c corundum 6 1.92 1.86 1.86 1.86 1.97 1.97 1.97

Sio, P3,2 quartz 4 1.61 1.61 1.61 1.61 1.61

MgF, P4 /mnm cassiterite 6 1.99 1.98 1.98 2.00 2.00 2.00 2.00

TiO, P4 /mnm rutile 6 1.92 1.91 1.91 1.91 1.91 1.94 1.94

TiO, 14 /amd anatase 6 1.94 1.93 1.93 1.93 1.93 1.97 1.97

Zr0, Fm3m fluorite (cubic) 8 220 2.20 2.20 2.20 220 220 2.20 220
ZrO, P2, /c tetrag. zirconia 7 2.16 2.05 2.06 2.15 2.16 2.19 222 2.28
V,04 Pmmn layered 6 1.99 1.54 1.77 1.88 1.88 2.03 2.83

Nb, O 14 /mmm 6 2.02 1.63 1.63 1.97 1.97 2.45 245

CrO, Ama 1-D chains 4 1.80 1.79 L.79 1.81 1.81

MoO, Pbnm layered 6 2.00 1.68 1.68 2.03 2.03 2.30 2.31

WO, P4 /nmm perovskite-like 6 1.90 1.64 1.86 1.86 1.86 1.86 2.30
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structure when supported, but should in no way limit the range of geometries considered. An
exception is represented by the preparation route that involves mixing the gels of the two components;
in this case the overlayer cation interacts with the support before the structure of the latter is set, and
it can therefore influence the final crystalline habit of the whole system. In the following section we
limit our consideration to the first case and assume the support structure is known and fixed.

3. Two geometrical models for the interfaces

Let us consider two compounds that satisfy all the chemical conditions outlined in Section 2.1. For
simplicity, we take two oxides with octahedral coordination, and stoichiometry M'O, and M"O, (with
x>y). Fig. 2 reports two such structures: they represent a two-dimensional projection of anatase
(TiO,) and tungsten trioxide (WO,) along the (001} direction. Following from Section 2.1, let M"O,
be the support and M'O, the overlayer. '

We refer to a simplified, macroscopic, description of the interface, where we assume that the
particle of M'-based compound deposited on the support has a cylindrical shape of radius r and height
h, as shown in Fig. 3. Both r and h are discrete variables, in particular 4 is related to the number of
M’ overlayers deposited; at a macroscopic level they can be treated as continuous. Following the

Pure TiO2 Pure WO3

r__,,,f}; f) ;y,, e

LT T

o 5] o © ] @
A) Mechanical mixing B) Chemical deposition

Fig. 2. Structure of pure oxides M"O,, and M'O, (upper plots) and the two proposed structures for the interface (bottom plots). Small
circles represent the oxygen ions; larger circles the metal cations.
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Fig. 3. Cylindrical particle of M'O, deposited on the M"O, support. The geometric parameters employed and the contributions to the total
energy of the interface system, as defined in the text, are highlighted in the picture.

discussion in Section 2.2, we consider the structure of the M”Oy sub-system as fixed, while we do not
impose any constraint to the stoichiometry and to the structure of the M’ oxide and indicate the
generic overlayer as M'O,.

For subsequent reference, we divide the formation of the interface system into two elementary
steps: a solid-state reaction that describes the phase transition of the M’ oxide from its structure when
pure (M'O,) to its structure when supported (M'O,) and the subsequent deposition of M'O, on the
support:

pure M'O, — pure M'O, + — 0, g (3)
pure M’'O, — supported M'O, 4)
The energy of the interface system with respect to the separate pure components can be divided into

surface (A Eg) and volume (A E,,) contributions:

AE=zsi-AESi)+v'AEV (5)

The sum extends to all surfaces present (i); s; and v represent the area of the ith surface and the
volume of the M'O, particle, respectively. The volume energy AE, is defined as the difference
energy per unit volume of M'O, accompanying Eq. (3).

We finally assume, at least to a first approximation, that all the energy values involved are purely
geometric parameters of the system, and do not depend on the quantity of M’ deposited.

Referring to the geometry shown in Fig. 3, the total energy of the system is given by:

AE=7r*h-AE,+wr*-AEg+ 2urh+ wr®)-AE, — wr?- AE, (6)
where AE; and AE, are the surface energies of M'O, and M"O,, respectively, and A E the interface
energy. The last term takes into account that in the creation of the interface, part of the support
surface has been covered by the overlayer and its contribution must be subtracted from the total

energy.At a given quantity of M’ deposited on the support, ¢, the shape of the M" particle is obtained
by minimising the quantity A E (Eq. (6)), subject to the constraint:

mr?h=cv,, c=constant

v, is the volume per formula unit of M'O,. Substituting in Eq. (6) and differentiating, we obtain:
c-v,-AE, 3

m-(AEg+ AE, — AE, }

ro(c) = { ()
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Fig. 4. Total energy (E) of the interface system as a function of the volume of overlayer deposited (¢) according to models A and B
presented in the text. The surface energy contribution, A Eg prevails in model A, the volume contribution, A Ey, in model B; at low loadings
the high ratio between surface area and volume favours the second structure.

Eq. (7) gives the shape of the cylindrical M'O, particle that minimizes the total energy; it is a
function of all the surface energies involved, but does not depend on the volume energy. Replacing
r.(c) in Eq. (6), we obtain the total energy of the system as a function of c:

AE(c)=cp-v,-AE, +3mw'/3c?? - v2PAEY? - (AEg+ AE, - AE,)’ (8)

We identify a volume contribution, proportional to the amount of M" deposited, ¢, and a surface
energy proportional to ¢/,

It is important to note that so far we made no assumption as to the structure of the interface and the
set of Egs. (7) and (8) is therefore of general applicability.

We now proceed a step further and formulate a microscopic geometry of the interface M'O,/M"O,
in the light of the similarities outlined in Section 2. We apply Egs. (7) and (8) to two microscopic
geometries, that correspond to extreme chemico—structural descriptions of the interface: in the first
(A) each component retains its native structure, while in the second (B) we force the overlayer to
assume the same structure of the support, in such a way as to give a perfect epitaxial match. The
bottom part of Fig. 2 shows schematically the two possibilities. In case A, the effect of AE,, is
minimised compared to A E; vice-versa, in case B the structure is continuous through the interface
and we minimise the effect of A Eg (Fig. 4).

Some detailed application of model A can be found in the recent literature [34,35]. Those studies
assume that the binary system retains its long-range periodicity; the interface is obtained by a
matching of the lattice parameters (a, b) of the two surfaces exposed:

ma =m'a’
o o
Small mismatches can be accommodated by the overlayer; this introduces lateral strains in the
interface and the distortion can activate the catalytic behaviour of the supported compound. This
concept has been applied to the MgO /Mo system [35]; the activity of supported MgO towards the
dissociation of water molecules has there been correlated to the increase in the lattice parameter of
supported with respect to pure MgO. The change was forced by the mismatch between MgO
(overlayer) and Mo (support). Similarly, Sayle et al. [34] found that the structure of the V,0O,
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monolayer on an anatase substrate is substantially distorted, leading to changes in the catalytic
behaviour. These studies show that the chemical activation of the overlayer is possible following this
procedure.

Applying Egs. (7) and (8) to the interface geometry of model A, we note that the supported
component has the same structure as in pure M'O_, and AE#, is negligible. A new volume
contribution A EY, must however be introduced, to account for the stretching of the supported M'O,
particle caused by its matching the lattice parameters of the support. Since this contribution involves
only a relaxation and not a reconstruction of the M’ oxide, it is reasonable to assume that AEY, is
lower than the value A E,, of Eq. (3). The most important contribution to A E*(c) is therefore due to
the surfaces.

The shape of the cylindrical particle depends on the ratio between surface energies, and r.(c)
increases when increasing A E; compared to AE, and A Eg. In this case the overlayer will be ‘spread’
over the support. Vice versa, if AE, is small compared to A E, the chemical deposition of M'O, on
M"O, is not favoured and the dimension of the contact area tends to zero; this can be interpreted on a
microscopic scale as a tendency of the two sub-systems to separate.

Model B has not been described in the literature for oxide/oxide interfaces, to date. In the
geometry examined, both components of the interface have the same structure and lateral strains are
negligible, but a vertical strain is introduced in the overlayer by forcing M’ to have a structure that is
different from its own. In this way we transfer the interface strain from the oxygen sub-lattice to the
metal cations.

The stoichiometry of the overlayer is now M'O,, and Eq. (3) can be expressed as:
20(2S)_ = 02,(g) + 4e(_S) (10)
dey+2(x—y) MO, =2(x—y)-MO,

where we highlight the reduction of the supported M’ cations.
In model B the structure is continuous through the interface; the following simplifications can be
introduced in Eqs. (7) and (8):

AEB=~0; AEP=AEP

and substituting:

(AEB+ AEP— AEP) =0

r3(c) >« foreach c

AE®(c)=c-E, (11)

Only the volume energy AE, (the energy required to transform a unit volume of M'O, to the
structure of M”0,) gives an appreciable contribution to AE® and for each quantity of overlayer
deposited on the support, according to model B, M’ is dispersed as much as possible on the surface.

On comparing the total energies given by the two geometries proposed we must know the explicit
values of all the parameters employed; we can nonetheless note the different functional dependence of
the total energies on c¢ in the two cases:

AE*(c)ap-c*?+gq-c
AEP(c)aq -c
A plot of the two curves is reported in Fig. 4 (assuming for simplicity p =¢' =1 and g = 0.1). For
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low values of ¢, the surface contribution prevails and model B has a lower energy than A. We
therefore hypothesize the existence of a range of ¢ for which AE®(c) < AE*(c); the value c, for
which the two plots intersect and structure A eventually becomes stable depends on all the energy
parameters.

From geometrical considerations we can expect that the volume contribution becomes predominant
at high values of M’ deposited on the support and, as a limiting case, for ¢ = % we would expect to
have two interfaced crystals, each with the structure of the pure component, as predicted by model A.
Such structures might be generated by mechanically mixing of particles of discrete size of the two
components; for this reason, we identify model A as a ‘mechanical mixing’ structure.

The dispersion of M’ on the support at low concentrations, instead, can be obtained by chemical
deposition: in this case M’, approaching the surface, finds a structure already defined and adapts to it.
We have therefore labelled B as the ‘chemical deposition’ model.

It is finally useful to note that the interface geometries A and B represent two limiting cases, which
allow some of the energy contributions to be simplified. The real structure is probably intermediate;
other structures and oxidation states can be treated using the same set of equations previously
obtained. Formulating a new interface geometry and collecting all the corresponding energy parame-
ters, allows us to plot its total energy versus that of the geometries proposed here and compare the
relative stability. Eqs. (7) and (8) provide therefore a way to differentiate and rationalise the
behaviour of oxide interfaces.

Let us now return to the argument of Section 2 in the light of the geometrical models just
discussed. The value AE,, that characterizes model B represents the energy required to transform a
unit volume of M'O, into M'O,, with the structure proper of pure M"O,, according to Eq. (10). It
clearly depends on two factors: the ability of M’ to be reduced (x > y), and its ability to adapt to the
local structure of M”O,. As seen in Section 2.1, the first requirement is satisfied by all the overlayer
cations. The second requirement suggests a partitioning of cations according to their preferred local
environment. We create in this way two major groups: the tetrahedrally coordinated cations,
comprising Si and Cr and the octahedrally coordinated, including all the others, with the exception of
Zr.

That the surface structure of the support plays a major role in determining the overlayer geometry,
in accord with model B, is confirmed by several experimental results: SiO, is less active for
supporting octahedral cations than is octahedral TiO, [30]; at high temperatures Nb,O5 on SiO, tends
to form a separate crystalline phase, rather than a Nb,O,/SiO, overlayer [36]; ‘V-51 NMR’ studies
in V,0,/Al,0; and V,0,/SiO, have shown that bulk-like vanadia species are present only at high
vanadia loadings, that vanadia is more dispersed on Al,O; than it is on SiO, and that on SiO, the
amount of surface V correlates with the amount of tetrahedral V from NMR signals [37]. Furthermore,
CrO, shows a different structure on SiO, than it does on Al,O,, TiO, and ZrO, [38], and calcination
easily reduces Cr(VI) supported on Al,O, to Cr(IIl) that gives substitutional defects in the support
[39]. We note that all the above supports satisfy the chemical requirements of Section 2.1, but have
different structural properties. These results confirm that CrO, and SiO, form a class of their own: to
enter the octahedral group, Cr must be reduced to C(IIl), as shown by the referred work on Al,O,. In
an analogous way, the 7 or 8-fold coordination of Zr can probably be assigned to the octahedral class;
ZrO, shows in fact the same behaviour as TiO,.

From the previous argument we conclude that the stoichiometry and structure of the support
determine to a large extent the stoichiometry and geometry of the oxygen sublattice in the overlayer
region close to the interface. The oxidation state of the supported metal cation is an important
parameter that must be included in the model.
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4. Conclusions

The picture of the interface presented here, although oversimplified in many respects, provides a
way to link the effect of the relevant experimental (macroscopic) variables: support face exposed,
overlayer face obtained, oxidation state and local coordination number of the overlayer cation,
overlayer loading. It therefore represents a useful guideline to solve important experimental problems:
the influence of the support on the overlayer reducibility; which face of the support is more likely to
give maximum interaction with the overlayer; which phase and face of the overlayer is interacting
most strongly with a given support structure and the effect of the overlayer loading on the above
properties. By imposing one or more of the above variables in the model, we can determine which
combination of the others is more likely to yield the desired result, thus having an effective way of
tailoring the properties of the exposed surface sites. Our approach has therefore the capacity to be
predictive.

We should like to emphasize that the general model discussed in Section 3 is formulated in such a
way that the energy parameters can be quantified in a natural way using computer modelling
techniques, of the kind employed in Ref. [34,35]. Computer modelling provides in fact the appropriate
link between a specified geometry and its physical representation and provides a direct way to
compare selected geometrical configurations of the interface. In this contribution attention has been
drawn to the presentation and discussion of the model; a detailed description of the application to
WO, /TiO, will be presented elsewhere [40,41]. A few general conclusions can nonetheless be
pointed out:

At low loadings, c, the effect of the support is maximised and determines to a large extent the
stoichiometry and geometry of the oxygen sublattice in the overlayer.

The arguments presented in Section 3, both from the model and the experimental view, suggest that
the chemical deposition geometry of model B can be adopted by the overlayer. In this situation, the
cation M’ is reduced and still retains good Lewis-acid properties (all the supports are good Lewis
acids). Assuming that Eq. (10) is reversible (the capacity of exchanging oxygen between overlayer
and gas phase has been reported [42]), M’ is also able to increase its coordination; it then provides a
suitable centre on which Egs. (1) and (2) can both take place.

By improving the region of stability of the interface geometry of model B, we can transform the
catalytic activation of a solid via substitution of the dopants in the support to a catalytic activation via
substitution on the support.

Having a means to estimate ¢, appears to be particularly important: in a neighbourhood of ¢, in
fact, the stability of the two oxidation states of the overlayer cation is comparable and the influence of
admolecules on the relative stability is therefore maximised. This situation appears to be particularly
promising to obtain efficient catalysts for reactions involving redox steps.
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