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Abstract

Correlations between the electronic and chemical properties of perovskites, molybdates, and metal-doped MgO or CeO
are examined. Simple models based on band-orbital mixing can explain trends found for the interaction of these catalytic
materials with adsorbates: the less stable the occupied levels of a mixed-metal oxide, the higher its chemical reactivity.
Metal <> oxygen < metal interactions are common in mixed-metal oxides and can lead to substantial changes in the
electronic and chemical properties of the cations. This is particularly true in the case of peB@skites (A= Pb, Ca, Sr,

Li, K, Na; B = Ti, Zr, Nb), and it is an important phenomenon that has to be considered when mixing AO arakiBies

for catalytic applications. In systems like £CgZr, O, and Ceg_,Ca, Oy, the structural stress induced by the dopant (Zr or

Ca) leads to perturbations in the electronic properties of the Ce cations. The trends in the behavior of metal-doped MgO
illustrate a basic principle in the design of mixed-metal oxide catalysts for Qe@® DeSQ operations. The general idea

is to find metal dopants that upon hybridization within an oxide matrix remain in a relatively low oxidation state and at the
same time induce occupied electronic states located well above the valence band of the host oxide. Electronic effects should
not be neglected a priori when explaining the behavior or dealing with the design of mixed-metal oxide catalysts.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction of olefins, the water-gas shift reaction, dehydrogena-
tion of alcohols, the oxidation of CO and alkanes, NO
Mixed-metal oxides play a very important role in reduction, S@ destruction, photolysis of water, etc.
many areas of chemistry, physics, materials science, [5,7,8] In principle, several phenomena can contribute
and geochemistrji—6]. In technological applications,  to the superior performance of these complex systems
they are used in the fabrication of microelectronic [4,5,7] and scientific criteria are badly needed for
circuits, piezoelectric devices and as cataly8ts7]. choosing the “right” combination of elements when
Over the years there has been a strong interest indesigning a mixed-metal oxide catalyst8,9].
understanding the behavior of mixed-metal oxide cat- For example, PbTi@ and PbZfTi; ,O3 (x <
alysts[4,5,7-9] Mixed-metal oxides are active cata- 0.6) are able to catalyze the reduction of SO
lysts for the selective hydrogenation and isomerization (SO, 4+ 2H;S — 2H;0 + 3S0iig; SO + 2CO —
2COy + Ssplig) Of the oxidation of CO and hydro-
* Tel.: +1-631-344-2246; fax:+1-631-344-5815. carbons at least 7-12 times faster than the individual
E-mail address: rodrigez@bnl.gov (J.A. Rodriguez). oxides (TiQ, ZrO,, PbO) [7,10]. The phenomena
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behind this remarkable trend are not well understood
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In this short review article, we examine the be-

and there is a general desire to replace lead (a healthhavior of four different kinds of mixed-metal oxides.

hazard and environmental contaminant) in the crystal
structures of PbTi@ and PbzTi;_,O3 [7,10,11]
Another interesting case of study is metal-doped MgO
[4,8,12] Metal-doped MgO is used as a catalysts for
the oxidative coupling of methane to produceg I&y/-
drocarbong8,13], the reforming of CH with CO; or
H>0 [8,14], and reactions associated with the control
of atmospheric pollutiorf7,15,16] Big variations in
catalytic activity have been observed when chang-
ing the second metal or dopant agdm{8,13—15]
The causes for these changes in activity are not well

First, we deal with the properties of perovskites of
the ABQO; type (A = Pb, Ca, Sr, Li, K, Na; B= Ti,

Zr, Nb). Then, works for XMo@ molybdates (X=

Fe, Co, Ni, Mg) are presented. This is followed by
systematic studies on metal-doped magnesium oxide
(TM,Mg1_,O, TM = Cr, Mn, Fe, Co, Ni, Sn, Zn).

At the end, we discuss on-going investigations for
Ce_,Zr,0Oy and Ce_,Ca, 0O, systems.

2. Electronic and chemical properties of ABO3

understood and more basic knowledge is ”ecessaryperovskites

for improving the performance of metal-doped MgO
catalystg[7,8,13] Due to its redox properties, CeO
is a key component in catalysts commonly used to
reduce the emissions of CO, N@nd hydrocarbons
from automobile exhaugtL7]. To enhance the redox
properties and thermal stability of pure ceria, zirconia
is often mixed as an additive to form solid solutions
of the Ca_,Zr, 0O, type[17,18] The mechanisms for
the doping effects of Zr remain uncertain and are still
a matter of debatfl7-19]

With respect to single-metal oxides, the chemical
behavior of mixed-metal oxides may be different as a

consequence of several factors. In some situations, the

cations in a mixed-metal oxide can work in a cooper-
ative way catalyzing different steps of a chemical pro-
cess. Furthermore, the combination of two metals in an
oxide matrix can produce materials with novel struc-
tural or electronic properties that can lead to superior
catalytic activity or selectivity. At a structural level, a
dopant can introduce stress into the lattice of an ox-
ide host, inducing in this way the formation of defects
that have a high chemical activity. On the other hand,
the lattice of the oxide host can impose on the dopant
element non-typical coordination modes with a subse-
qguent perturbation in the dopant chemical properties.
Finally, metal<~ metal or metak> oxygen< metal
interactions in mixed-metal oxides can give electronic
states not seen in single-metal oxides. In recent stud-
ies[9,11,12,15,16,20,21ve have found a direct link
between the electronic and chemical properties of a
large series of mixed-metal oxides. It is worthwhile to
explore the general validity of such correlation since
it can be useful as a basic criterium for the design of
mixed-metal oxide catalysts.

Perovskites with an AB® stoichiometry (where
A is a mono- or divalent cation, and B a penta- or
tetra-valent transition metal atom) are among the most
important ferroelectric material8] and active cata-
lysts for many reactionfb,7]. Fig. 1 shows the cubic
structure usually adopted by ABQerovskited3,5].
Each A cation is in an octahedral coordination sur-
rounded by six O atoms, whereas each B cation has 12
O neighbors. In some systems a tetragonal distorsion
occurs|3].

Table 1compares calculated charge distributions for
typical ABOs perovskites and the corresponding BO
oxides[11,22] The listed values are for the ideal cubic
structures of the perovskite&ig. 1). No significant
changes in charge distribution were found when going
from cubic to tetragonal structures in PbBiB&NbO3
or CaZrQy [11]. Some of these mixed-metal oxide
systems have been the subject of extensive research
[1,11,22-24])and it is well established that they are far
from being fully ionic. The important point here is that

Fig. 1. Cubic unit cell for ABQ perovskites, in this case SrTiO
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Table 1 For the mixed-metal oxides listed ifable 1 the
Calculated charges in ABHAO and BQ oxides (electror) TiO,-terminated (100) face of SrTiis the best
Compound q(0) a(B) a(A) known and most studied surfafie22—24,27-31]Re-
PbTIOs “ors 0.63 163 cent works have examined the a_dsorptlon of [RQ],
CaTiOs _088 0.69 1.93 H>0[28,30]and SQG [22,28]on this surface. The bot-
SITiOs —-0.88 0.68 1.96 tom panel offFig. 2 shows a N 1s XPS spectrum ac-
PbO -0.92 - 0.92 quired after dosing NO to a SrTg(L 00) surface at
gacc” —i-gg - 1-22 100K [27]. Only a single peak is observed-a#01 eV.

I —1. - . . .. .
Ti03 (rutile) _0.67 134 - This peak position corresponds to chemisorbed NO.

TiO» (anatase) —0.68 1.37 _ Upon heating from 100 to 300 K, most of the NO sig-
nal disappears and no new peak is detected in the N

ggérrg; :8:82 8:3‘11 igi 1s region. The center and tpp panelslﬁig. 2 iII_us— .
Srzros —0.96 0.90 1.97 trate the effect of O vacancies (associated with Ti
ZrO, (cubic) -0.78 1.56 - and T#* sites) on the chemistry of adsorbed NO. On
ZrO, (monoclinic) -0.78 1.55 - the fully oxidized surface only NO is present, whereas
LiNbO3 —0.74 1.19 1.03 a mixture of NO, NO and N. species is seen on the
NaNbQy —-0.74 0.91 1.30 partially reduced SrTig{100) surfacg27]. Oxygen
KNbO3 —0.83 0.94 1.56 vacancies are also necessary to induce the dissociation
Egg‘gg g o 1% of H0[28,30]and SQ [22,28]

NbO, ~0.70 1.40 _ Fig. 3 shows a series of NO-TPD spectra for

NO/SrTiOz(100) as a function of exposure at 100 K
[27]. The TPD results indicate that there are at least
three different types of adsorption states on the ox-
ide surface. The peak near 125K can be assigned
in all the cases examined there is a large decrease into desorption of a physisorbed multilayer of NO.
the positive charge on the B element (Ti, Zr, Nb) when The main peak at 260K probably corresponds to
going from a single oxide in éormal oxidation state NO bonded to Ti@ terraces of strontium titanate,
of “+4” (TiO3, ZrO2, Nb(Oy) to perovskite structures  and the long tail to NO bonded to defects or imper-
in which the formal oxidation state of B is alsa-4". fections in the oxide surfac7]. The experiments

Ti is the most affected, and Nb the least. The crystal of TPD show that at small coverages, NO desorbs
structures of PbO, CaO and SrO are well knddh at much higher temperatures from SrE{®00),

For the cations in these oxides, we calculated charges~260K [27], than from TiGQ(110), ~130K [32].

of +0.92 (Pb), +1.66e (Ca) and+1.6% (Sr) [11]. From these experiments, one can estimate NO ad-
These charges are smaller than those found for the Asorption energies of 16 kcal/mol on SrEQ00)
cations in the PbBg) CaBQ; and SrBQ systems of and 8kcal/mol on Ti@(110). Density functional
Table 1 Thus, it appears that metabk oxygen < (DF) slab calculations predict adsorption energies of
metal interactions affect the electron density of both 14.1 and 9.4 kcal/mol for NO on Ti sites of perfect
the A and B cations in the perovskite. In this respect, SrTiO3(100) and TiQ(110) surfaceqg27]. Since,

the ABO; compounds follow the phenomenological the Ti—-O bonds in SrTi@are more covalent than in
model proposed by Barr et &2,25,26} in the mixing TiOy, the Ti centers in the mixed-metal oxide can
of two oxides (AO and B®), the cation of the more  respond better to the presence of an adsorbate that
ionic oxide is expected to become even more ionic, has electron-acceptor properties like N8B]. SO
while the cation of the more covalent oxide should also has electron-acceptor propert@d] and bonds
experience a corresponding increase in covalency. Thisstronger to SrTi@(1 0 0) than to TiQ(1 1 0) (adsorp-
phenomenon opens the possibility of large variations tion energies of 14.4 and 10.3 kcal/mol, respectively)
in the chemical properties of the metal atoms and must [22]. An opposite trend can be expected for the ad-
be taken into consideration when mixing AO andBO  sorption of molecules that are good electron-donors
oxides for catalytic applicationd1,22,27,28] or have a high basicity. Indeed, TPD spectra show

aObtained from DF calculations using the Mulliken approach
for charge partitio{11].
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Fig. 2. N 1s XPS spectra for the adsorption of NO on Sg(i® 0) and SrTi@_,(100) surfaces at 100 K. The Sr§O,(100) substrates
were prepared by ion sputtering SrE@00). For the reduced surface in the center panel, the Ti 2p spectrum contained 159 of Ti
and 4% of T#t before the dosing of NO. The corresponding values for the reduced surface in the top panel are 22%a0fdTi% of
Ti2t. After the dosing of 0.51 of NO at 100K, each system was heated to 300K (from[ZR&j.

that water desorbs at much lower temperatures from mixed-metal oxide is the better catalyst. The strong

the TiOx-terminated face of SrTig§l 00) than from
a TiOz(1 1 0) surfacd30]. The relatively low positive
charge on the Ti cations of SIT¥L 00) leads to
weak bonding interactions with the O lone-pairs of
water[28].

When comparing the catalytic activity of SrTiO
and TiQy for the reduction of NO (or S§& and
other chemical process¢s,7,10] one finds that the

metal:oxygen:metal interactions that drastically mod-
ify the electron density of Ti in SrTi@are also present

in the other ABQ compounds listed ifable 1 These
electronic perturbations could eventually affect the
chemical properties of the metal cations as seen for
the case of SrTi@ This type of phenomenon must be
taken into consideration when dealing with the design
of ABO3 perovskite catalystf22,27,28] In general,
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Fig. 3. NO-TPD spectra for NO/SrTgpL 00) as a function of NO exposure at 100 K. Heating rate2 K/s (from Ref.[27]).

a simple extrapolation of the catalytic performance of
the individual AO and B® oxides is not a reliable
assumption.

3. Electronic and chemical properties of
molybdates

Molybdenum is able to form stable oxides in com-
bination with many metalf8,35]. Molybdates of the
XMoOy4 type (X = Mg, Fe, Co, Ni) have been de-
tected in industrial catalysts used for hydrodesulfuriza-
tion processes or for the partial oxidation of alcohols
and hydrocarbon$36,37] At atmospheric pressure,
two phases, usually designed @and 3, are known
of CoMoOy and NiMoQy (seeFig. 4) [20,35,37] The
main difference between them is in the coordination
of the Md&* ions, pseudo-octahedral in thephase
and tetrahedral in thg-phase. In both isomorphs, the
Co?t and NPt ions occupy sites with octahedral coor-
dination. FeMoQ and MgMoQ, adopt only 3-phase
crystal structure under normal conditiof29,21]

Table 2shows charges obtained in DF calculations
for the B-phases of MgMo@, FeMoQ;, CoMoQy and
NiMoOg [38].1 In these systems, no big variations

1 calculated as in Ref11] using a Mulliken population analysis.

were found between the calculated charge distribu-
tions in thea- and B-phases[20,38] (see footnote

1). For comparison the calculated cation charges for
MoO3, MgO, FeO, CoO and NiO are also listed in
Table 2 In these single-metal oxides the cations are
always in an octahedral coordinati¢29,39] MgO,
FeO, CoO and NiO adopt a rock-salt struct{s8].
After taking into consideration the stoichiometry of
oxygen in each compound, the calculated charges on
the metal cations indicate that the metal-oxygen bonds
in MoO3 are somewhat more covalent than in MgO,
FeO, and NiO (1.683 versus 1.4 0.73and 0.6&).

Table 2

Calculated charges in XMaQ) MoO3 and XO oxides (electron)
Compound q(x) g(Mo)
MoOs - 1.60
B-MgMoO4 1.72,1.78 1.43, 1.46
MgO 1.40 -
B-FeMoQy 0.88, 0.91 151, 1.52
FeO 0.73 -
-CoMoQy 0.54, 0.56 1.54, 1.58
CoO 0.54 -
B-NiMoO4 0.78, 0.87 1.56, 1.57
NiO 0.68 -

aThere are two types of X and Mo atoms within the unit cell
of the B-XMoO,4 compoundg20,21]
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beta

Fig. 4. Primitive cells for thex- (left-side panel) ang-phases (right-side panel) of XM@QX = Mg, Fe, Co or Ni) molybdates. The

dark spheres represent O atoms. The metal atoms are represented by the small (Mo) or large gray spheres (Mg, Fe, Co or Ni). As an

example, the crystal structures of NiMg@re shown in the figure.

The XMoO, mixed-metal oxides obey the Barr model
[2,25,26] in the mixing of XO and MoQ@ oxides, the
cation of the more ionic oxide (XO) becomes even
more ionic, while the cation of the more covalent ox-
ide (MoQs) experiences an increase in covalency. But
in the XMoOy systems the variations in cation charge
with respect to the corresponding XO and Mp@x-
ides are not bigB-MgMoO, exhibits the most sub-
stantial perturbations in cation charge (MgdGe —~
1.73e; Mo: 1.60e —~ 1.44e) and they are not as large
as those seen ihable 1for the cations of ABQ per-
ovskites.

The left-hand panel ifrig. 5shows calculated (DF)
density-of-states plots foB-MgMoQO,4, B-NiMoOg4
and B-FeMoQy [20,21] Only occupied states (OS)
are included in the graph. Fop-MgMoQOg,, the

tive than FeMoQ, MgMoO,4 or MoQO;3 [20,21] The
right-hand panel irFig. 5 displays results of X-ray
absorption near-edge spectroscopy (XANES) col-
lected after dosing the same amount ¢fSHo MoG;
and XMoQy oxides at 400C [21]. The molybdates
were only partially sulfided, and the XANES data
indicate that their chemical reactivity increases in the
sequence: Mo® ~ 3-MgMoO, < B-FeMoQy <
B-NiMoOg4. An identical sequence is obtained after
analyzing experimental data for the reaction of H
with the molybdates[20]. Results of temperature
programmed reduction show that the consumption of
H, starts around 500C for B-NiMoO4, 600°C for
B-MgMoQ4, and 650C for MoOs [20,37,40] For
the oxidative dehydrogenation of alkan@sNiMoO4

is a much better catalyst thgs+MgMoQO,4 [40,41]

density-of-states plot near the top of the valence band Therefore, one can conclude that there is a corre-

is very similar to that of pure Mo@[20]. B-NiMoO4

lation between the electronic and chemical proper-

displays a large density-of-states near the top of the ties of the XMoQ molybdates: the less stable the

valence band that is not observed f3MgMoQO4 or
MoOg3 [20]. In this respectp-FeMoQy is an interme-
diate case betwedgB-NiMoO4 and 3-MgMoO4 [21].
Also, the Ni 3d states ir3-NiMoOg4 are energeti-
cally less stable than the Fe 3d stateireMoQy
or the Mg 3s states iB-MgMoQO4. These trends
suggest that NiMo@ should be more chemically ac-

top of the valence band in the mixed-metal oxide,
the higher the chemical reactivity of the system.
In the next section, we will show that such cor-
relation is also valid for explaining the chemical

behavior of metal-doped MgO, and it can be a use-
ful criterium in the design of mixed-metal oxide

catalysts.



399

26T-L.T (£002) S8 Aepol sisAfere) /zenblipoy v'C

7 ] MgM004 s 5 MgMoO4+S MoOs
6 02s < i FeMoO4+S \
b c L
5 | 2 398 - NiMoO4+S % AMoOg
O 2p + Mo 4d + Mg 3s e i
¢ x L
[u]
3 4 g L
397
2 [72] L
1 w
E i
1] L
0 . . i . . = 396 O/Mo(110)
. NiMoO, 20 L Mo(110)
i S i
3 Ni 3d L
L
= 4 | 02s O2p + Modd /\ 395 I . I ' : ] :
R d
N 0 1 2 3 4 5 6
o 3 |
i Mo Oxidation State
2 2
% . 5 12
=) 5 Sulfur uptake
° T T T 'E 1.0 -
FeMoO, %
54 S o8l 1
0O 2s c v
- 9]
o] 02p+Modd [|-F€3d b=
S 06 |
©
> ?
3
2 | 2 04t )l
®
q 9 o2 i
A
0 X
-15 -10 5 0 5 » 00 ' : , ,
Energy (eV) MoO3 MgMoOy4 FeMoOy4 NiMoO4

Fig. 5. Left: calculated (DF) density-of-states for the occupied bandisMfMoO4, B-NiMoO4, andB-FeMoQy. The “zero” of energy is not the vacuum level. Right: results
of XANES for the adsorption of b5 on MoG;, B-MgMoO4, B-NiM0O4, and B-FeMoQy at 400°C (from Ref.[21]).

€8T



184 J.A. Rodriguez/ Catalysis Today 85 (2003) 177-192

4. Electronic and chemical properties of experiments and DF calculations show big changes in
metal-doped M gO the electronic properties of TNg;—.O depending
on the nature of the dopant ag¢h®,15,16]

Doping with a transition metal can drastically The right-hand panel irFig. 6 displays valence
change the catalytic properties of magnesium oxide, spectra for a pure MgO(100) film, and systems
making it very active for the activation of methane and containing a small amount of Zn, Ni, Fe and Cr
the destruction of NQand SQ specie$4,7,8,13—16] [16]. The valence spectrum for the MgO(100) film
At low concentrations, many transition metals form agrees very well with spectra reported in the lit-
solid solutions in magnesium oxide (TMg;—,O, erature for bulk MgO[29]. In these spectra, the
TM = Cr, Mn, Fe, Co, Ni, Rh, Pd, Pt, etd},13,14] dominant O 2p band has a width of6eV, and
In these solid solutions, the second metal (dopant appears at-4eV below the Fermi level (0O of en-
agent) occupies magnesium sites within the typical ergy). Doping induces the appearance of occupied
rock-salt structure of MgO. From a charge balance, electronic statesbove the valence band of MgO.

a formal oxidation state of£2” can be expected for ~ The presence of these states is also observed in DF
the metal dopant if one assumes formal charges of slab calculations for the TMMg; .O(100) sys-
“—2"and “+2” for O and Mg[12,42] Photoemission  tems (left-side ofFig. 6) [12,15,16] In the case of

m
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Fig. 6. Left, top: calculated (DF) density-of-states for the occupied bands of gMgo.040(100) slab. The zero of energy is not the
vacuum level. Left, bottom: average position of the dopant levels i deMgo.040(100). Results of DF calculations and photoemission
(PE) experiments. Right: valence UPS spectra for MgO(100) and a series @1diM,O(1 00) systems (from Refl16]).
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Fig. 7. NO thermal desorption spectra for MgO(100),

Nig.06M00.940(100), and Cgp7Mgo.030(100) films. The NO
molecule was dosed at 80K. In the final step of each experiment,
the oxide surface was saturated with NO. Heating rat@ K/s
(from Ref.[12]).

Zno.06Mgo.040(1 00), the new states almost overlap
with the valence band of the host oxide. On the other
hand, for Cg07Mgo.930(1 00), the Cr-induced states
are located well above the MgO valence band.

The bottom panel irFig. 7 shows NO-TPD data
acquired after saturating the surface of a MgO(100)
film with NO at 80K [12]. A small amount of
NO (~0.2ML) is present on imperfections of the
MgO(100) surface and desorbs around 140 K. From

a Redhead analysis, one can estimate a NO ad-

185

sorption energy of~8kcal/mol [12]. Fig. 7 also
displays TPD data for NO/NbsMgo.940(100) and
NO/Cry.07Mgo.930(100) systems. Photoemission
measurements indicate that NO does not dissoci-
ate on these surfaced5]. The NO-TPD spectra
for NO/Nig 0sMg0.940(100) are characterized by
desorption features between 100 and 250K. The
peak around 135K corresponds to Mg-bonded NO,
whereas the broad peak near 240K can be assigned
to Ni-bonded NO[12,43] An adsorption energy of
~15kcal/mol can be estimated from the TPD data
for NO on Ni sites of Nj.0sMgo.940(100). An even
larger NO adsorption energy is found for Cr sites of
Crp.07Mgo.930(100). The NO-TPD spectra for the
NO/Cry,07Mgo.930(1 0 0) system (top panel fig. 7)
exhibit two well-separated desorption features at
100-160 and 250-340K. The features around room
temperature correspond to Cr-bonded NO and are as-
sociated with an adsorption energy 20 kcal/mol
[12].

A comparison of the results iRigs. 6 and 7oints
to a strong link between the electronic properties of
the TM;Mg1_,0(100) systems and the NO adsorp-
tion energy. An identical result is found in DF slab cal-
culations examining the adsorption of NO or CO (see
Fig. 8 [12]. The extent of band (oxide)—orbital (ad-
sorbate) mixing varies substantially from one dopant
to another[12]. This can be explained using simple
models for adsorbate bondifit2,33] One can get an
approximate expression for the bonding ener@y (
derived from the interaction between the lowest un-
occupied molecular orbital (LUMO) of the adsorbate
and the OS of an oxide

@)

whereSLumo-os is the resonance integral for the in-
teracting levels, aneos andE_ymo are the energies
of the oxide OS and the adsorbate LUMO, respec-
tively. Clearly, there is a relationship between the en-
ergy position of the dopant electronic levels and the
chemical reactivity of a mixed-metal oxide. This rela-
tionship is not linear, because one must also consider
the number of states with low stability provided by a
dopant agenf9,12]. In addition, several factors can
affect the strength of a metal-NO or metal-CO bond
[12,33,44,45]

Metal-doped MgO can be very efficient as a cat-
alyst for the destruction of S0[7,16,46,47] Fig. 9

Qa(BLumo-09%/(ELumo — Eos)
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Fig. 8. Top panel: DF calculated position for the dopant levels iny §d¥go.940(100) surfaces (TM= Zn, Ni, Fe, Cr). The values are
reported with respect to the top of the MgO valence band. Bottom panel: calculated (DF) adsorption energies for NO (solid dots) and CO
(empty triangles) on the ThbsMgo.940(1 00) surfaces (from Refl12]).

displays S 2p photoemission spectra recorded after ad-calculations indicate that the Zn and Ni atoms embed-
sorbing SQ on TM;Mg1-,0(100) surfaces at 300K ded on the magnesium oxide lattice interact weakly
[16]. In the case of S@on Zny gsMgo.940(1 00) and with the LUMO of SQ, inducing a negligible elonga-
Nip.06M00.940(1 00), the spectra are well fitted by a tion of the S—O bondl 6]. A different behavior is seen
set of two doublets that indicate the formation of$SO on Fe 07Mgo.930(100) and Cdo7Mgo.930(100),
and SQ on the mixed-metal oxides. There is no dis- where the complete dissociation of S@roduces fea-
sociation of S@ and the chemistry of the adsorbate is tures for atomic sulfur in the S 2p regi¢h6,42] An
similar to that found on pure MgO(1 0 $32]. DF slab identical trend is found with XANES after adsorbing
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Fig. 9. S 2p spectra for the adsorption of S&n TM,Mg;_,0-
(100) surfaces at 300K (from R€fL6]).

SO on TMo.06Mg0.940(1 0 0) powder catalystd 6].
Results of photoemission, XANES and DF calcula-
tions suggest that the Bdg;_,O and CtMg;_,O
systems should be the best catalysts for DeB®-
cesse$16,42] This expectation fully agrees with the
results of catalytic tests, which show ,Gtg;_,O
as a very efficient DeSQcatalysts and Zyvig;—,O
as a very poor on¢7,47]. The catalytic activity of
Fe.Mg1—,O is not as high as that of @vlg;—_, O, but
this can be compensated by promoting,Mg;_,O
with alkali metalg[46,47]

The cases of GMgi_,O and FgMg;_,O are
particularly interesting because the dopant element is
“trapped” in a relatively low oxidation state. D3
and FeOj3 (with the metal cations in a+3" oxida-
tion state) are the most common oxides of chromium
and iron. But C#* and Fé* can be expected from
a charge balance in TNAg;_,O. Indeed, results
of core-level photoemission and XANES indicate

187

that the formal oxidation state of Cr and Fe atoms
in TM;Mg1_,0 is close to 42" [42,47] The be-
havior of CrMg1_,O and FgMgi1_,O illustrates a
fundamental property for designing chemically active
mixed-metal oxides: the second metal or dopant agent
is not fully oxidized (i.e., not in a high oxidation
state) and provides occupied electronic states with a
low stability. This property makes possible effective
interactions between the oxide surface and the LUMO
of SO, [16,42), with subsequent S—O bond cleavage.

5. Electronic and chemical properties of
Ce_,Zr,05 and Ce;_,,Ca, 0o

The studies discussed in the previous three sec-
tions show the importance of electronic effects when
dealing with the activity of mixed-metal oxide cat-
alysts. To enhance the redox properties and thermal
stability of pure ceria in automobile-exhaust catalysts,
zirconia is often mixed as an additive to form solid
solutions of the Ce_,Zr, O, type[17,18] It has been
suggested that ceria structural modifications mediated
by zirconia[19,48] and zirconia-stabilized defects in
ceria[49] are responsible for the special properties of
Ce_,Zr,Oy. Contributions from “electronic effects”
cannot be ruled oJtL8].

Fig. 10. Structure for pure CeOThe dark spheres represent O
atoms.
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Fig. 11. DF results for bulk Ge,Zr,O, in a cubic structure. The two top panels show the calculated Zr charge and average Zr—O bond
length. The bottom two panels display the calculated Ce charge and the average Ce—O bond length (ffb&j) Ref.

Pure ceria adopts a fluorite structurBig. 10 result has been found in XRD studies for several
[17,39] In Ce_,Zr,O> the cations are distributed in  Ce_,Zr,O2 systems[48]. The lattice constant de-
a fluorite-type subcell; tetragonal and cubic structures crease is a consequence of the smaller size f Zr
are possibld18,19,48] Table 3lists lattice constants  (0.84 A) with respect to C¥ (0.97 A) [18,48] The
calculated (DF) for bulk Ce®and cubic Ce_,Zr,O» DF calculations indicate that this difference in size
[18]. As the content of Zr increases, there is a reduc- is quite important for the local structure of the metal
tion in the lattice constant of the oxide. An identical cations[18]. Even within a cubic structure, the Zr
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Table 3 acter. Upon the addition of Zr to CeQthe positive
DF calculated lattice constana)(for CeQ, and Ceg_,Zr,0O; charge on Zr is smaller than in pure ZrQvhereas

a (A) the positive charge on Ce is larger than in pure &eO
CeOr 5.46 (5.4108) This is |Ilust_rated in _the results dfig. 11 for _bulk
Ces7Z0.1250% 5.44 Ce_,Zr,O7 in a cubic _structgre[lS]. Interestl_ngly,
Cey 75202502 5.39 when Zr replaces Ce in ceria, the Zr—O distances
Cens5Zros02 5.30 obtained are larger than in the corresponding ZrO
Cen 25207502 5.17 system, and at the same time the Ce—O distances
g%;zszro'moz 21? become shorter than in the initial Ce@ompound.

The variations in cation charge seenHiy. 11 track

?XRD value for bulk CeQ [18]. changes in cation—oxygen distances: the larger the
metal-oxygen bond length, the smaller the positive

atoms exhibit a structural perturbation that leads to charge on the cation (i.e. less interaction with oxy-

different types of Zr—O distances and non-equivalent gen). Thus, structural and electronic perturbations go

O atoms in the Cg ,Zr,O2 compounds. This pre- together in the Ce ,Zr, O, systems.

diction is consistent with the results of XANES Calcium can be used as a dopant agent instead of

measurements at the O K-edff8,50] In essence, zirconium[19,51] Because Ca is bigger than (&],

it is very difficult for the Zr atoms to adopt the large the Cea_,Ca,O, mixed-metal oxides have larger cell

metal—oxygen distances expected in a lattice of £eO parameters than pure Ce(b2]. The doping of ce-

The perturbations in the Zr-O coordination sphere ria with Ca induces an elongation in the Ce—O bond

could enhance the mobility of oxygen when going lengths that leads to a reduction in the charge of the

from ceria to ceria—zirconia mixed oxidgE3]. Ce cationg52]. For example, in CgpsCey 7502, the
Several theoretical studies indicate that there is positive charge on the Ce centers~4.32 versus

a large degree of covalency in CgOzZrO, and 1.4%ein pure CeQ [52]. In contrast, the charge on the

Ce_,Zr,Oy [50]. In the valence bands of these ox- Ca cations (1.84) is bigger than in pure CaO (1.66

ides there is a very significant amount of metal char- These trends (the more electropositive cation becomes

i with O
CeO, CeygZr,,0, CeygTiy,0, CeysCay,0, vacancies

-3

|
|
|
|
|

e —————
L
i
L

-7 -‘ Ce3+

Energy (eV)

Fig. 12. Energy position for the valence and conduction bands of,CE@) gZrp20,, CaygTio202 and CeggCa 20, (DF calculations).
The empty and OS are indicated by dashed and solid lines, respectively. The right side of the figure shows the position for the occupied
“Ce3t” states when O vacancies are introduced in the oxides (from [B&}.
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more ionic, whereas the less electropositive undergoeswith Zr, Ti or Ca induces relatively minor narrowing
an increase in its covalency) agree with the Barr model of the band gap (less than 1eV), and no OS appear
[2,25,26] but the increase in the charge of calcium is well above the host valence band ($6g. 12. How-
expected since it has a formal oxidation state-pf" ever, the dopants produce structural perturbations in
in stoichiometric Ce_,Ca,05. In fact, since calcium the lattice of ceria that make easier a loss of oxygen
cannot reach a+4” oxidation state, the mixed-metal [17-19,51] which leads to the appearance of cerium
oxide may be forced to release oxygen to achieve a 4f OS~2 eV above the Cefvalence bandKig. 12.

charge balancg1,52] These “Cé&*” states are well positioned for bonding
A dopant agent can enhance the chemical reactiv- interactions with orbitals of adsorbatf.
ity of a host oxide by facilitating the formation of Fig. 13 shows N 1s and valence spectra for the

O vacancied5,8,29] For example, doping of ceria adsorption of N@ at 300K on a partially reduced

Ce, 421, ,0,., + 3L NO, at 300 K Ceq gZry .0, + NO, Ce®
N 1s VB
hv=500 eV L hw=500 eV |
NO, }
|
I |
I I
|
L l
—_ —_ |
2 2 |
S 5 Sputtered Ce, /Zr, ,0, I
g £ !
G N |
2 = |
‘@ N o I
c o
[ ]
< =
£ = | +3LNO,at300K
300 K g
400 K
i 500 K i
650 K
800 K i
Annealing to 800 K
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Binding Energy (eV) Binding Energy (eV)

Fig. 13. N 1s spectra (left panel) and valence-band spectra (right panel) for the adsorptiop @f B@artially reduced @GgZrp202_,(111)
surface. NQ gas was dosed at 300K, and the surface was progressively annealed at the indicated temperatures ([0 Ref.
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CengZro202_,(111) surface[50]. Upon dosing of me into the “magical world” of mixed-metal oxide
the molecule there is a large drop in the intensity of catalysis and for pointing out interesting issues in
the “Ce*t” feature in the valence region. This fea- this area. The research carried out at Brookhaven
ture regains intensity when the sample is annealed National Laboratory was supported by the US De-
to 800K for inducing the desorption of the adsorbed partment of Energy (Chemical Sciences Division,

NO,. From these results, it is clear that the adsorbate
preferentially interacts with the “Ge” sites of the
oxide surface. An identical conclusion can be reached
after examining the adsorption of NO and £@h the
CengZro202_,(111) surface[50,52] Furthermore,
the presence of “Ce” centers allows the cleavage
of N-O or S0 bonds.

6. Conclusions

From the studies discussed in this review, it is
clear that electronic effects cannot be easily neglected
when explaining the behavior or dealing with the
design of mixed-metal oxide catalysts. Metab
oxygen<> metal electronic interactions are common
in mixed-metal oxides and can lead to substantial
changes in the chemical properties of the cations. This
is particularly true in the case of AB{Operovskites
(A =Pb, Ca, Sr, Li, K, Na; B=Ti, Zr, Nb), and it is
an important phenomenon to consider when mixing
AO and BQ oxides for catalytic applications. The
trends in the behavior of metal-doped MgO illustrate
a basic principle in the design of mixed-metal oxide
catalysts for DeN@and DeSQ operations. The gen-
eral idea is to find metal dopants that upon hybridiza-
tion within an oxide matrix remain in a relatively low
oxidation state and at the same time induce occupied

electronic states located well above the valence band

of the host oxide.
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