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Abstract

A simplified model based on partial ionic charges, developed by Jolivet to rationalise the condensation of cations in aqueous
phase, is used to evaluate the electro-donating properties of binary and ternary oxide phases within the context of the remote
control mechanism, in relationship with their use as heterogeneous selective oxidation catalysts. The model is applied to
calculate partial ionic charges on the oxygen atoms in various binary oxides (Bi2O3, Sb2O4), or ternary systems (antimonates,
phosphates, molybdates, ferrates) which are widely used in partial oxidation of alkenes. After being validated by referring
to catalytic data on the partial oxidation of isobutene to methacrolein from the literature, the model is more particularly
implemented to locate bismuth pyrostannate (Bi2Sn2O7), an oxide whose interest as selective oxidation catalyst was recently
demonstrated, along an already available empirical scale of donor–acceptor power of spill-over oxygen. The limitations of
this simplified approach are also discussed.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Most heterogeneous catalysts used in selective ox-
idation of alkenes are made of multiphase oxides.
After many proposals aimed at proving the influ-
ence of electronic modifications of single phases,
a general agreement has emerged on the fact that,
in many cases, the enhanced performances result
from co-operative effects between the various con-
stituting phases. This fact is illustrated by numerous
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examples of highly complex industrial catalysts used
nowadays in several processes. For instance, the fa-
mous multicomponent Bi-Mo-O system, which can
be considered as a reference catalyst for propene
oxidation to acrolein and ammoxidation to acryloni-
trile (SOHIO process) was shown to be improved
by incorporating simultaneously Co, Ni, Mg, Fe,
Al, P and K, and, as a consequence, to contain
many separate phases[1]. Another quite illustra-
tive example is represented by the co-operation
between Mo-V-W-Cu oxides and Cu, Co or Ni anti-
monates for the conversion of acrolein to acrylic acid
[2].
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In all these systems, each component brings its own
contribution to the global catalytic performance either
through its intrinsic catalytic activity, or by modify-
ing the physical and chemical environment (acidity,
co-ordination,. . . ) of other elements. In the case of
actual multiphase oxide catalysts, synergetic effects
are invoked in the sense that the overall catalytic
performances (total reactant conversion, yield and/or
selectivity towards a given product) of the mixtures
are enhanced with respect to the mere addition of
their weighed individual contributions. The observed
synergetic effects are assumed to find their origin in
one of the following phenomena:

• the formation of a new catalytically active phase
during the catalytic process, which is more active
and/or more selective than the phases present ini-
tially in the fresh catalysts;

• the partial or total coverage of the surface of one
oxide by the other oxide, resulting in the genera-
tion of a superficial contaminating phase displaying
better catalytic performances;

• a “remote control mechanism” (RCM) according to
which a donor phase modulates the catalytic proper-
ties of an acceptor phase, by controlling the number
and nature of the active sites present at the surface
of the latter. This long range interaction proceeds
via migration of monoatomic oxygen species pro-
duced by the dissociative chemisorption of molec-
ular oxygen on the surface of the donor oxide. This
so-called “spill-over oxygen” moves onto the sur-
face of the acceptor phase and, according to recent
investigations at the micrometric and nanometric
scale using SEM and AFM techniques on model
Sb2O4-MoO3 catalysts, causes surface reconstruc-
tion and/or subtle changes in surface stoichiometry.
It therefore preserves a metal co-ordination state and
electronic structure which make these sites highly
active and selective[3–5]. Recently, Metcalfe[6,7]
and Vayenas[8] independently explained the role of
another sort of oxygen ion, namely that electrolyti-
cally pumped onto the surface, and the correspond-
ing acceleration of catalytic activity. This justifies
the attention paid to spill-over oxygen generation
and its role in the RCM concept.

Well documented examples for which a RCM-
type of mechanism has been invoked include the
following cases:

• the selective oxidation of isobutene to methacrolein
on mixtures between FeSbO4 and Sb2O4 or MoO3
[9], or on Fe2Mo3O12-Sb2O4 mixtures[10,11],

• the partial oxidation of propane to acrolein on
BiVSbO-MoO3 or BiVSbO-Sb2O4 mixtures[12],

• the oxidative dehydrogenation of propane to
propene on MgVO-Sb2O4 or Mg2V2O7-Mg3V2O8
[13],

• the dehydration ofN-ethyl formamide on Sb2O4-
MoO3 catalysts[14],

• the dehydration and dehydrogenation of 2-butanol
on SnO2-MoO3 or Sb2O4-MoO3 catalysts[15,16],
and

• the oxidative dehydrogenation of butene to butadi-
ene using ZnFe2O4-Sb2O4 mixtures[10].

The RCM and the approaches of Vayenas and Met-
calfe emphasise the key role of mobile oxygen species.
In the frame of RCM, this justifies further investi-
gations on the fundamental parameters involved and
especially on the discovery of new potential donors
of spill-over oxygen. Some years ago, Weng and Del-
mon tried to evaluate the donor–acceptor ability of
several oxide phases in a semi-quantitative way[17].
They proposed an empirical scale of donor–acceptor
power based on the magnitude of the synergetic ef-
fects observed in the yield and selectivity towards
selective oxidation in the isobutene to methacrolein
conversion. Their model emphasised the role of more
or less polarised metal–oxygen bonds in the oxide
lattice, and relied on the idea that upon adsorption of
oxygen, a higher ionicity could facilitate (thermody-
namic aspect) and/or accelerate (kinetic aspect) the
heterolytic dissociation of oxygen at the surface, ac-
tivating thereby the generation of active nucleophilic
O2− species, by promoting the sequence(O2)g →
(O2)ads→ O2

− → O2
2− → O− → O2−.

The approach described above is directly related to
the basic concepts which govern all heterogeneous ox-
idation reactions on oxide catalysts, and are classically
known as the “Mars and van Krevelen mechanism”.
This mechanism includes activation of the substrate
on a metal cation, insertion of surface lattice oxygen
and a subsequent redox process on the catalyst surface,
with replenishment of the oxygen vacancy. Moreover,
according to Haber’s classification of oxidation reac-
tions, selective oxidations correspond to additions of
nucleophilic oxygenated species (O2−, the end species
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of the above sequence) on previously activated C–H
bonds. It now becomes increasingly clear that the first
steps in this sequence leading to the activation of
molecular oxygen are rate determining in a large num-
ber, perhaps the large majority, of catalytic processes
involving oxygen (complete as well as partial oxida-
tion). Hence, the concept underlying all reasonings,
namely that both the very first step of O2 activation
and, afterwards, the degree of polarisation of the O–O
bond in the intermediate species along the sequence
are both important. In the RCM approach, the atten-
tion is focused on the polarisation of given chemical
bonds at the surface of the donor oxide, which could
induce the polarisation of O–O bond and some het-
erolytic splitting.

Within this context, we dedicated an extensive re-
search program to the evaluation of bismuth pyrostan-
nate, Bi2Sn2O7, as selective oxidation catalyst in the
isobutene to methacrolein conversion[18,19]. Care-
ful analysis of the experimental results suggested that
bismuth pyrostannate behaves as an oxygen spill-over
donor with respect to WO3 [18], and that synergetic ef-
fects between Bi2Sn2O7 and MoO3 (present as starting
materials in the fresh catalyst) or between Bi2Sn2O7
and�-Bi2Mo3O12, a phase which is generated in situ
above 400◦C during the catalytic tests, could also be
considered. The migration of spill-over oxygen and
the catalytic processes occurring at the surface are il-
lustrated schematically inFig. 1 [19]. According to
this scheme, while pure Bi2Sn2O7 does not produce
any methacrolein under the selected reaction condi-
tions, its presence in close contact with the catalyti-
cally active phases MoO3 and�-Bi2Mo3O12 results in

Fig. 1. Schematic view of the co-operative phenomena occurring
at the surface of Bi2Sn2O7-MoO3 catalysts in the frame of the
remote control model.

a significant improvement of activity and selectivity
in partial oxidation.

Because the catalytic data related to such phe-
nomena accumulate in the case of some selective
oxidation processes currently studied, like the oxi-
dation of isobutene to methacrolein, it is now pos-
sible to rationalise the catalytic behaviour of these
phases by referring to qualitative or semi-quantitative
physico-chemical models. In a recent paper[20], we
showed that fundamental concepts like ionisation en-
ergy and absolute hardness could constitute the basis
of a global approach to understand the role of oxide
phases as donors of spill-over oxygen within the frame
of the RCM theory. In that work, we analysed the cat-
alytic behaviour of binary lanthanide oxides LnxOy in
association with MoO3, and also extended our work
to ternary phases like praseodymium molybdates with
various stoichiometries. In the latter case, the con-
cepts of “average ionisation energy” and “average
absolute hardness” were proposed and demonstrated
to be useful tools for evaluating the ability of more
complex oxide phases to give rise to co-operative
effects towards selective oxidation. These “average”
parameters correspond to global properties charac-
terising the whole lattice, according to the following
definition: for a ternary (Am+)x(Bn+)yOz oxide,
the “average” valueP∗ of the propertyP (ionisation
energy,I, or absolute hardness,η), is calculated by
P∗ = (xP(Am+) + yP(Bn+))/(x + y), where the in-
dividual absolute hardnesses correspond to (I − A)/2,
I and A representing the ionisation energy and the
electron affinity of each cation, respectively.

The present paper will report on an alternative ap-
proach that consists in a generalised model defined as
“partial ionic charge model” (PICM), to evaluate the
donor properties of an oxide within the RCM theory.
Although it refers to the same fundamental concepts,
like hardness and electronegativity, this new approach
emphasises an additional factor that was not con-
sidered previously, namely the influence exerted by
certain structural moieties of the oxide lattice on the
polarisation effects which are thought to be critically
involved in the overall process of oxygen activation.
Afterwards, the PICM will be applied to a case study,
namely the assessment of the donor properties of bis-
muth pyrostannate, a ternary phase whose catalytic
behaviour in the selective oxidation of isobutene to
methacrolein has been investigated in detail.
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2. A simplified model based on partial ionic
charges

2.1. General principles

The ionic charge can be estimated using the prin-
ciple of equalisation of electronegativities proposed
by Sanderson[21]. This principle states that when a
chemical bond forms between two atoms with differ-
ent electronegativities, an electron transfer occurs till
both electronegativities become equal to an average
value,χ. At this point, a certain partial ionic charge is
generated on each atom, defining thereby the bond po-
larisation. The direction of the electron transfer results
from the relative values of initial electronegativities
and its extent depends on the respective hardnesses
of the concerned atoms, which according to Pearson’s
definition, measures the reluctance of a given atom to
let its partial charge increase upon bonding with neigh-
bours. This principle can be generalised to more com-
plex moieties in which the electron transfers proceed
inside a molecular entity until each atom acquires an
average electronegativity value corresponding to that
of the group. This value allows to calculate the par-
tial ionic charges on each constituting atom. Our pur-
pose is here to evaluate in that way the propensity
of the donor to generate spill-over oxygen, because
the ionicity within a given [MOx]z− oxoanion is as-
sumed to modulate the electro-donating power of its
associated cation (M′)n+, which in turn acts on the
production of the postulated spill-over oxygen species
[17].

In a simplified approach proposed by Jolivet[22],
the influence of neighbouring atoms has been ne-
glected and the electronegativity is assumed to depend
on the partial ionic charge only. The electronegativity
of an atomi within a molecular group,χi, is then
expressed by

χi = χ∗
i + η∗

i δi (1)

with

η∗
i = k

√
χ∗

i (2)

whereχ∗
i is the Allred–Rochow electronegativity of

the neutral atom,η∗ its absolute hardness,δ the partial
ionic charge,k an adjustment constant, which has been
estimated originally by Sanderson on the basis on the

ionic charges located on Na and F atoms in NaF, as-
suming 75% ionicity (δ(Na) = −δ(F) = 0.75). When
using the Allred–Rochow scale of electronegativity,
this value is equal to 1.36. At equilibrium, Sanderson’s
principle of electronegativity equalisation results in
χi = χ, andEq. (1)becomes

δi = (χ − χ∗
i )

η∗
i

(3)

Eq. (3) can be used to calculate the ionic charge on
each atom within a group provided the mean elec-
tronegativity of this group is known. This value can
be estimated from the chemical composition by taking
into account the overall electrical charge of the group,

z =
∑

δi, (4)

and the individual electronegativities of the constitut-
ing atoms. By combiningEqs. (2)–(4), the mean elec-
tronegativity of the anionic group [MOx]z− can be
calculated according toEq. (5).

χ =
∑

i

√
χ∗

i + 1.36z∑
i(1/

√
χ∗

i )
(5)

It seems worth reminding that these partial charges
are relative values in the sense that they depend on the
reference used for defining the adjustment constant.

An intrinsic limitation of this simplified approach
is the fact that the electronegativity values considered
here are not adjusted for differences in the crystal
structure. It is therefore assumed that the charge dis-
tribution is affected only by the overall chemical com-
position of the moiety, without any geometrical factor,
as expressed by the linear relationship betweenχi and
the partial ionic chargeδi, as written above (Eq. (2)).
Actually, a more rigorous treatment would introduce
an additional term inEq. (2), that takes into account
the perturbation of atomi by all other atoms bound to
it, located at given distances from it, and bearing their
own partial charges. The present approach will there-
fore not allow to distinguish between the contributions
of a given anionic species like [MoO4]2− but in differ-
ent metal molybdates displaying their own structural
characteristics, even if the overall crystal structure and
Mo co-ordination is the same. In summary, the struc-
tural considerations will be restricted to the ensemble
of atoms which, inside a given anionic species, are
considered as predominantly involved in the polarisa-
tion effects and the related electron transfer processes.
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It will be shown below in the discussion on molyb-
dates that these structural aspects can be taken into
account.

2.2. Structural considerations

To estimate the magnitude of the donor character
of spill-over oxygen in different oxides, we need to
determine the influence of various anionic groups on
the ionisation energy of a given cation. Several phases
typically mentioned in works dealing with the remote
control model have been considered; they contain the
following oxoanions: antimonate, phosphate, ferrate,
molybdate and stannate.

In some simple cases, there is no ambiguity to iden-
tify the anionic moiety which has to be taken into
account. This is the case for the species [SbO4]3−,
[PO4]3− and [Fe2O4]2−. In some other cases, the iden-
tification of the anionic group is not so obvious.

The particular case of the bismuth molybdate
phases can be discussed by looking at their respec-
tive crystal structures[23]. In the crystal structure
of �-Bi2Mo3O12 (scheelite structure), stackings of
[MoO4]2− tetrahedra are separated by rectangular
channels containing Bi3+ ions and cation vacancies.
The [MoO4]2− ion is therefore considered as the
reference anionic species. In the koechlinite struc-
ture of �-Bi2MoO6, alternate layers of [BiO+]2n and
([MoO6]2−)n are present. However, the [MoO6] oc-
tahedra are highly distorted, four Mo–O bonds being
much shorter than the remaining two, in such a way
that the [MoO4]2− moiety can also be taken as ref-
erence for that phase, even if the actual geometry
of the co-ordination sphere around the Mo atom is
not the same[24]. Clearly, the priority is assigned to
structural fragments of the overall lattice which, due
to peculiarities of the crystal structure, are assumed
to be mostly responsible for the polarisation effects.

The pyrostannate phases A2Sn2O7 display a
A2B2O7 pyrochlore-type crystal structure which is
usually described as the assembly of two interpen-
etrating tri-dimensional lattices corresponding to
[BO6] octahedra and [A4O] tetrahedra, constituting
B2O6 and A2O′ sublattices, respectively[25,26]. In
the case of bismuth pyrostannate, three polymorphs
have been identified, the�-phase being the stable one
from room temperature to ca. 90◦C [27]. Bi2Sn2O7
can be viewed as the association of [Sn2O6]4− and

Fig. 2. Oxygen co-ordination around Bi atoms in Bi2O3 and atom
labelling according to[28]. Bond distances given in pm.

[Bi2O]4+ sublattices. The first species can therefore
be taken as the oxoanion and actually corresponds to
the stannate ion [SnO3]2−, whereas [Bi2O]4+ can be
considered as the cationic counterpart.

The case of bismuth oxide itself needs to be con-
sidered in a different way. The monoclinic structure
of �-Bi2O3, which is the stable form at room tem-
perature, is made of alternate and equidistant lay-
ers of bismuth and oxygen atoms. When referring to
the structure described by Malmros[28], illustrated
in Fig. 2, two types of oxygen co-ordination appear
around Bi: a six-fold octahedral co-ordination around
Bi2 and a five-fold pseudo-octahedral co-ordination
around Bi1. The corresponding Bi–O bond distances
can be divided into two classes: the shortest ones
range between 208 and 229 pm, while the longest
ones lie between 248 and 280 pm and actually cor-
respond to bridging ligands between two Bi atoms.
Consequently, if four oxygen atoms out of ten are
considered for one half because of their bridging na-
ture, the virtual anionic moiety described inFig. 2
can be identified as [Bi2O8]10−, or [BiO4]5−. Within
the frame of this model, Bi2O3 would be arbitrar-
ily divided into an anionic species, [BiO4]5−, and a
cationic species, [Bi3O2]5+ ([BiO4]5− + [Bi3O2]5+ =
Bi4O6 = Bi2O3). It is obvious that some of the an-
ionic groups proposed are virtual species which have
no real existence, but their formulation is nevertheless
coherent with the crystal structure of the concerned
oxides.
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Table 1
Calculations of the partial oxygen charges in various oxoanions [MOx]z−

Oxoanion Allred–Rochow
electronegativity,χ∗(Mn+)a

Charge,z Average group
electronegativity,χ

Partial oxygen
charge,δO

b

[BiO4]5− 2.03 −5 0.741 −1.08
[NbO4]3− 1.45 −3 1.552 −0.77
[VO4]3− 1.56 −3 1.583 −0.75
[SbO4]3− 1.98 −3 1.688 −0.71
[PO4]3− 2.11 −3 1.718 −0.70
[SnO3]2− 1.89 −2 1.831 −0.66
[Fe2O4]2− 1.72 −2 2.015 −0.58
[MoO4]2− 1.56 −2 2.045 −0.57
[WO4]2− 1.59 −2 2.055 −0.57

a χ∗ oxygen= 3.5.
b η∗ oxygen= 2.544.

2.3. Ionicity scale

The partial charges on the oxygen atoms within
various oxoanions have been calculated according to
the model described above and are listed inTable 1.
For the species directly relevant to this work, i.e.
those for which catalytic data are available in the
isobutene/methacrolein conversion, the following
ionicity scale could therefore be established:

[BiO4]5−
−δO=1.08

> [SbO4]3−
−δO=0.71

= [PO4]3−
−δO=0.70

>[SnO3]2−
−δO=0.66

> [Fe2O4]2−
−δO=0.58

= [MoO4]2−
−δO=0.57

Fig. 3. Comparison between the scale of partial oxygen charges and Weng’s empirical scale of donor power of spill-over oxygen[29].

It can therefore be concluded that, in the above series,
the [BiO4]5− oxoanionic moiety will lower the ioni-
sation energy of a given cation most drastically and
will be the strongest donor of spill-over oxygen.

2.4. Validation of the model

To validate the proposed model, we compared
the obtained classification with the empirical scale
of donor ability of oxides previously proposed by
Weng and Delmon[29] (Fig. 3). This donor scale
was derived from the comparison of catalytic syner-
gies observed on methacrolein selectivity in mixtures



L. Moens et al. / Applied Catalysis A: General 249 (2003) 365–374 371

between MoO3, taken as reference acceptor phase,
and different donor phases.

2.4.1. Comparison between iron(III) molybdate
and iron(III) antimonate

Along the scale shown inFig. 3, two phases con-
tain the same cation: Fe2(MoO4)3 and FeSbO4, al-
lowing us to examine the influence of the oxoanion
on the electro-donating properties of the Fe3+ cation.
According to the PICM proposed above, the effective
charge on the oxygen of the antimonate group is larger
than that in the molybdate anion. The ionicity within
the antimonate moiety is therefore larger, meaning that
the lowering effect on the Fe(III) ionisation energy
will be larger in that case. In other words, dissocia-
tion of molecular oxygen into O2− would be easier
on FeSbO4 than on Fe2(MoO4)3. This is in agreement
with the empirical scale proposed inFig. 3, indicating
that Fe(III) antimonate is a better donor of spill-over
oxygen than Fe molybdate.

2.4.2. Comparison between Bi2O3 and BiPO4
A similar comparison can be attempted in the case

of Bi(III) oxide and phosphate, which however im-
plies a further approximation: while Bi3+ can be eas-
ily identified in BiPO4, our structural decomposition
of Bi2O3 resulted in identifying virtual ionic moieties
corresponding to [BiO4]5− and [Bi3O2]5+. Although
the ionisation energies of Bi3+ and the virtual oxo-
cation [Bi3O2]5+ would be different, we are mainly
interested in the influence of the oxoanionic group on
this parameter, and not in the intrinsic values of these
energies. The PICM approach predicts that the ionic-
ity of the Bi–O bond would be higher in the [BiO4]5−
than in [PO4]3−, and consequently that Bi(III) oxide
would be a more efficient donor than Bi(III) phos-
phate, which actually appears to be the case.

2.5. A case study: application to bismuth
pyrostannate

Because the two cases described above seem to
validate the PICM approach, we will now use this
approach with a two-fold objective: (i) the a priori
assessment of the potentialities of bismuth pyrostan-
nate as donor of spill-over oxygen, and (ii) the lo-
cation of this new donor phase along the empirical
donor–acceptor scale first proposed by Weng et al.

It was already concluded from detailed investiga-
tions of the catalytic behaviour of bismuth pyrostan-
nate in partial oxidation of isobutene that this phase
would behave as a donor of spill-over oxygen. When
referring to the crystal structure, the cationic species
in bismuth pyrostannate would correspond to the
oxocation [Bi2O]4+. For the same reasons as those
explained earlier, we will approximate the ionisation
energy of this moiety by taking the value for Bi(III),
i.e. 4370 kJ/mol (45.3 eV). According to Weng’s
compilation [17], the best donors are characterised
by ionisation energies between 3860 and 5300 kJ/mol
(40–55 eV). In our recent overview of the synergetic
effects on methacrolein production in mixtures of sev-
eral oxides with MoO3, we found that this optimum
range remained valid in the case of more complex
oxides, provided weighed, or average ionisation ener-
gies are taken into consideration when mixed valence
or ternary oxides are concerned, respectively[20].
In particular, Bi3+ fulfils the requirement mentioned
above and could consequently give rise to suitable
donors of spill-over oxygen when associated with a
adequate oxoanion. According to the PICM model,
the partial charge on the oxygen atoms of the stannate
ion is−0.66, a value which is close to that of the anti-
monate, and somewhat larger than that of the molyb-
date ion, thereby revealing a significant ionicity level.
This conclusion agrees perfectly well with the experi-
mental observation that the synergetic effects towards
methacrolein production are more pronounced when
MoO3 is mixed with Bi2Sn2O7 than with Bi2Mo3O12
[18].

The PICM approach can also be used to locate
this new donor phase along the donor–acceptor scale
proposed by Weng. In particular, the question arises
as to whether bismuth pyrostannate is a more effi-
cient donor than Sb2O4 or Bi2O3, a question which
cannot be answered directly by the experiment be-
cause the mixtures between Bi2Sn2O7 and these two
phases were found to produce no methacrolein at all
[18].

The comparison between Bi2Sn2O7 and Bi2O3 is
straightforward provided the cationic species present
in the two lattices are considered as similar. Because
the ionicity within the [BiO4]5− anion is larger than
for [SnO3]2−, the first one will decrease the ionisation
energy of Bi(III) more than the second one, leaving
Bi2O3 as a stronger donor than Bi2Sn2O7.
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Fig. 4. Localisation of Bi2Sn2O7 along Weng’s donor–acceptor scale of spill-over oxygen.

The comparison between Bi2Sn2O7 and Sb2O4 re-
quires to take two parameters into account: the ionisa-
tion energy of the two cations involved and the ionicity
within the anionic group. In this approach, Sb2O4 can
be virtually divided into Sb3+ and [SbO4]3−. While
the ionisation of Bi(III) is 4370 kJ/mol (45.3 eV), that
of Sb(III) amounts to 4260 kJ/mol (44.2 eV). These
values are similar and it can be assumed that, when
associated to a given oxoanion, they will result in
oxygen spill-over donors of similar strengths. Con-
sidering that the partial charges on the oxygen atoms
are slightly higher in the antimonate anion (−0.71 in-
stead of−0.66), the combination of these two fac-
tors suggests that Sb2O4 would be a slightly stronger
donor than Bi2Sn2O7, as illustrated inFig. 4. The
fact that the three oxides are close neighbours on
that scale explains why their mixtures do not produce
methacrolein: none of them can efficiently play the
role of acceptor, namely the phase where the catalytic
reaction occurs and where catalytic sites are created
by spill-over oxygen. This explanation is the same as
that of the lack of activity of Sb2O4, in spite of the fact
that it contains two types of Sb ions (Sb3+ and Sb5+).

The catalytic behaviour of bismuth pyrostannate
when mixed with an acceptor phase can also be

Table 2
Catalytic performances of mixtures with MoO3 (50 wt.% MoO3) in isobutene oxidation

Ta (◦C) I∗b (eV) η∗c (eV) �X∗d (%) �Y∗
met

e (%) �S∗
met

f (%)

Bi2Sn2O7-MoO3 375 58.8 12.8 86 140 16
400 116 480 117

Bi2Mo3O12-MoO3 375 94.2 21.4 −8 −2 7
400 31 73 33

a Reaction temperature (for experimental details, see[18]).
b Average ionisation energy as defined in[20].
c Average absolute hardness as defined in[20].
d Synergetic effect on isobutene conversion, as defined in[20].
e Synergetic effect on the yield in methacrolein, as defined in[20].
f Synergetic effect on methacrolein selectivity, as defined in[20].

analysed in the light of some previously reported con-
siderations. In a previous paper, already mentioned,
dealing with the rationalisation of catalytic data con-
cerning the use of mixtures of various phases with
MoO3 in the isobutene to methacrolein conversion, it
was shown that the concepts of “average ionisation
energy” and “average absolute hardness” were helpful
to understand the magnitude of the synergetic effects
on selective oxidation[20]. When comparing differ-
ent oxygen spill-over donor phases, an overview of
numerous literature data concluded that the catalytic
behaviour was actually representative of well-adjusted
electro-donating properties, and that ionisation en-
ergy values in the range 50–60 eV were particularly
appropriate. This results in “volcano-type” plots of
synergetic effects on methacrolein selectivity versus
ionisation energy, as described in[20]. Weak ionisa-
tion energies result in the easy generation of a series
of electrophilic oxygen species leading to total oxida-
tion, while ionisation energies beyond a certain limit
will decrease the rate of electron transfer in such an
extent that the overall activity becomes insufficient.
As indicated inTable 2, the large synergetic effects
observed in the Bi2Sn2O7-MoO3 mixtures, compared
to the Bi2Sn2O7-Bi2Mo3O12 mixtures, are once again
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in line with an average ionisation of 58.8 eV, i.e. a
value fitting perfectly well the optimal range men-
tioned above, while�-Bi2Mo3O12 is characterised by
a quite higher value (94.2 eV).

2.6. Limitations of the PICM model

As already mentioned, the most obvious limitation
comes, in principle, from the fact that the calcula-
tions presented above do not take into account the
structural parameters which could influence the par-
tial ionic charge on the various atoms of a same ionic
moiety. It should however be realised that, in practice,
these structural aspects are of limited use in dispersed
catalysts: first, because several crystal faces can con-
tribute to the reaction, and also because surface rear-
rangements modify the shape and orientation of the
metal–oxygen bonds involved[3].

A second limitation of the present approach is
related to the way it considers the influence of the
cationic counter-ion associated with the oxoanion. As
explained above, the calculations of partial charges are
performed on the basis of structural moieties which,
inside each crystal structure, have been identified for
their relevance to the polarisation effects in the lattice.
This leads to the fictitious separation of the oxide lat-
tice into a representative anionic moiety and a cationic
counterpart. This cation is sometimes an imaginary
species although being a realistic piece of the solid
state structure. To illustrate this statement and justify
the choice of the anionic moiety considered as being
representative of the polarisation effects, let us go
back to the comparison between�- and�-Bi molyb-
dates. Although the stoichiometry of the oxoanion is
“chemically” different, structural considerations de-
scribed above (Section 2.2) suggested to refer in both
cases to the [MoO4]2− species. The alternative way
would have been to consider the [MoO6]6− moiety.
The calculation of the partial ionic charge on oxygen
atoms would then provide a value of−1.08, i.e. close
to that of [BiO4]5−. When looking at Weng’s scale
displayed inFig. 4, this charge would overestimate
the donor character of Bi2MoO6 by putting it beyond
that of Sb2O4, in contradiction with the experimental
data. This justifies our approach.

A third comment on this approach should be added:
the number of anionic species directly interacting with
a given reference cation can reasonably be assumed to

play a role by modifying the ionisation energy of the
cation, as stated above. However, simple simulations
based on the overall stoichiometry of the oxide phase
showed that they were not successful in accounting
for their respective catalytic behaviours.

Finally, it should be remembered that heterogeneous
catalysis is a phenomenon involving essentially, al-
though not exclusively, the surface of the solid, and
that the calculations described above consider that the
surface and bulk compositions of the catalysts are the
same.

3. Conclusions

These considerations show that a simplified partial
charge model constitutes a useful tool for an a priori
evaluation of the spill-over oxygen donor character of
new phases. More particularly, it allows one to predict
the behaviour of a given oxide when mixed with an-
other one acting as acceptor of spill-over oxygen, in
order to adapt their catalytic properties to each other.
This approach seems to be quite complementary to that
based on the concepts of average ionisation energy and
average absolute hardness, previously described and
used in the case of ternary oxide phases. Although the
proposed approach is semi-empirical and the result-
ing scale not strictly quantitative, it has the merit of
showing how the use of well-established fundamental
properties can help to evaluate the complex behaviour
of oxidation catalysts.
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